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Abstract

Probing quantum materials is important. Only thanks to a detailed under-
standing of materials and phenomena can one hope to manipulate them. In fact,
understanding the organization of atoms and the “hidden” electronic structures
in crystals has been one of the main endeavors of solid state physics since its
very beginnings. Crystalline orders (e.g. via X-ray scattering) and magnetic or-
ders (e.g. via neutron scattering) of materials have been investigated for decades.
More recently, other types of orders falling out of the Landau paradigm of sym-
metry breaking (e.g. topological orders and fractional excitations) have been dis-
covered. These rely deeply on the quantum nature of the underlying degrees of
freedom (namely, electrons), and will be of prominent importance in the develop-
ment of new technologies. Such behaviors are often looked for in novel synthetic
materials, grown in the laboratory. The main issue then becomes to probe and
characterize these new quantum materials, in search of interesting properties.

However, probing quantum materials is hard. The large diversity of behav-
iors that electrons can collectively adopt in solids can only be probed via a
handful of experimental methods, each with its own (sometimes narrow) range
of applicability. Thermal transport is a universal probe, in that any particle,
more generally any mobile excitation of the hamiltonian, contributes to it to
some extent. A challenge, both theoretical and experimental, then consists of
separating the different contributions to thermal conductivity, so as to identify
which kind of excitations account for (part of) the energy transport in a given
material.

What is sometimes perceived as a thorn in the side of any attempt at inter-
preting a thermal transport measurement is the inevitable presence of phonons.
Indeed, in any crystal, phonons propagate and carry energy, and acoustic (i.e. linearly
dispersing) phonons survive down to zero temperature. Therefore it is crucial to
understand in detail thermal conductivity due to phonons.

One of the purposes of this thesis is to show that, in fact, the thermal con-
ductivity of phonons itself contains valuable information about all the other ex-
citations of the material. Indeed, all the degrees of freedom in a solid are to some
extent coupled to the lattice, i.e.to the phonons. In this work, I show how the
latter, whose thermal conductivity is usually dominant in electrical insulators,
can consequently be used as a probe of all the other degrees of freedom. More
precisely, I show that the phonon thermal conductivity contains information
about dynamical correlation functions of all other excitations. Because thermo-
dynamics imposes certain reciprocity and detailed balance relations, the form of



these correlation functions is highly constrained. In particular, I show that the
thermal Hall conductivity of phonons is related entirely to non-gaussian corre-
lation functions. It thereby provides direct information about structures richer
than gaussian correlations, which almost systematically dominate the signal in
other types of measurements.

It is well known that Hall conductivity coefficients vanish in the presence of
given symmetries, such as some mirror symmetries and, crucially, time reversal.
Therefore in insulators, where most of the excitations are electrically neutral,
the existence of a thermal Hall effect is far from obvious. Even less obvious is
the existence of a phonon Hall effect, since phonons carry neither charge nor spin
through which they could “feel” magnetic fields. In this work, I elucidate mech-
anisms whereby a phonon Hall effect is generated in insulators. In particular,
I consider a two-dimensional Néel antiferromagnet on the square lattice, and a
disordered magnetic phase (a spin liquid) with fermionic excitations.
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Chapter 1

Introduction

1.1 Motivation for the study of thermal transport by
phonons

1.1.1 Transport properties in condensed matter

Arguably one of the experimental challenges of solid state physics consists in
measuring the microscopic properties of crystalline materials. Experimental
probes can be roughly divided in three kinds: spectroscopic, where one studies
the absorptivity, emissivity and scattering properties of a material for a certain
kind of excitation (light, neutrons); thermodynamic measurements, such as spe-
cific heat or magnetic susceptibility; and transport experiments. Here we focus
on the latter.

1.1.1.1 An example: the early theory of electronic conduction

The study of transport properties of materials has been instrumental in elaborat-
ing the theories which are now the fundamentals of solid state physics. A major
historical example is charge transport. In that case, the phenomenological for-
mula relating the charge current J* to the applied electric field E¥, J# = o** E",
which is Kirchhoff’s microscopic formulation of Ohm’s law, was established be-
fore the underlying mechanisms accounting for the electric conductivity tensor o
were known. Experimental data on electric conductivity in a variety of materials
could thus be used as a basis for theoretical models thereof.

An instance of this is the theory of electronic transport in metals, initially
proposed by Drude [Drude, 1900] soon after the discovery of the electron. Exper-
iments on conductivity in narrow wires then led to a correction of the electrons’
mean free path by two orders of magnitude from that predicted by Drune, and
to the theory of Sommerfeld [Sommerfeld, 1928], who correctly evaluated the
Fermi velocity for a sea of free fermions — two orders of magnitude larger than
the velocity predicted by the Maxwell-Boltzmann kinetic theory of gases. Sub-
sequent developments were made by Bloch [Bloch, 1929], who introduced the
notion of electron bands (labeled by s) and thus the electron group velocity

vly = Oeg/Ok,, and the effective mass m} = |8265k/8kuak’y}71.



1.1.1.2 A few more modern examples

More exotic phenomena in solid state physics were also discovered thanks to
conductivity measurements. In particular, the temperature dependence of the
resistivity p(T) played a key role in these breakthroughs.

Perhaps one of the most famous examples is the experimental discovery that
in conventional metals, especially Hg, the resistivity drops to zero below a given
critical temperature T,. |Onnes, 1911] This property could later be interpreted
as the hallmark of a new phase of matter [London, 1937], and the power-law be-
havior p(T') o< /T — T, in terms of critical exponents following Laudau’s theory
of phase transitions. A satisfactory microscopic mechanism was found much later
[Bardeen et al., 1957], which shed new light onto the physics of electron-phonon
interactions. [Frohlich, 1952]

Another example is the experimental discovery of a resistivity minimum
at low temperatures in certain alloys in the presence of magnetic impurities
[De Haas et al., 1934]. Much later, an explanation was proposed, which involved
a new microscopic mechanism of interaction between conduction electrons and
localized magnetic moments [Kondo, 1964]. This, in turn, led to a deeper un-
derstanding of the formation of a local Fermi liquid near a magnetic impurity (a
“Kondo singlet”) [Nozieres, 1974].

More recently, a linear p(7") behavior was found in some compounds, in par-
ticular the “strange metal” phase of the cuprates. Such a behavior, in the very
large temperature limit of metals — the “bad metal” limit, beyond the Mott-
Ioffe-Regel bound [Mott, 1960, [Toffe and Regel, 1960] —, is known to correspond
to the breakdown of the Fermi liquid theory and of the quasiparticle construction,
which generally predicts p(T') ~ T2. This linear behavior was also measured at
quite low temperature in doped perovskites [Lin et al., 2017]. More generally,
understanding the relation between a linear resistivity at much lower tempera-
tures, like in the cuprates, and non-Fermi-liquid behavior is an active subject of
theoretical research. [Chowdhury et al., 2021]

1.1.1.3 Insights from p(7T") in metals

Even in conventional metals, the form of the electrical resistivity as a function of
temperature can be far from simple, with different contributions resulting from
different physical processes. Various contributions to p(7") are summarized in
the Bloch-Griineisen formula [Bloch, 1930, |Griineisen, 1933]:

T)=p0)+ A (—) / du . 1.1

p( ) p( ) n @R 0 (e“—l)(l—e‘”) ( )

In this formula, p(0) is the residual zero-temperature resistivity due to boundary
scattering and static defects, and ©p = 2hvpnvr/kp is the Bloch temperature,
with vp), the sound velocity and vg the Fermi velocity. The index n corresponds
to the dominant electron-phonon scattering process: n = 5 for the usual scat-
tering of conduction electrons by phonons, n = 3 for s — d electron scattering,
and n = 2 for electron-electron interactions — or more generally quasiparti-
cle interactions in Landau’s Fermi liquid theory. When several physical pro-




cesses contribute to the electrical resistivity, their scattering rates, and therefore
their electrical resistivities, add up; this is the content of Matthiessen’s rule.
[Matthiessen and Vogt, 1864]. Then, two limits can be considered in Eq. :
when T' < Op, the integral depends little on T' so that p(7T") < T™; meanwhile
when T > ©Op, the denominator in the integrand can be expanded at small u,
yielding p(T') oc T'. Such arguments, often used in experiment to determine the
temperature scaling of the conductivity depending on the dominant scattering
process and ratios between quantities such as T'/Opg, will be pervasive in the
following.

Conversely, knowledge about the temperature dependence of the conductivity
in a given material, and especially about the crossovers between two different
behaviors, provides important insight about the scattering processes at work,
and the value of material-dependent physical parameters such as Op.

1.1.2 Thermal transport and the lattice contribution
1.1.2.1 Definition of the thermal conductivity

In this thesis, I focus on thermal transport, i.e. the transport of energy, which is
always a conserved quantity in time-translational invariant physical theories. Its
linear response coefficient is the thermal conductivity tensor, xk*¥, which relates
the energy current j* to the gradient of temperature 9,7 through Fourier’s law
[Fourier et al., 1822]:

gt =—k"0,T, (1.2)

which is the analogous to Ohm’s law in the case of energy conduction. Equiv-
alently, one defines the thermal resistivity tensor o = k™! as the inverse of the
thermal conductivity tensor.

1.1.2.2 Phenomenology in metals and insulators

A rough estimate of the longitudinal thermal conductivity in a solid can be
obtained for well-defined energy-carrying particles with population density n
and elementary specific heat ¢,. Indeed their total increase of internal energy
U through displacement in a temperature gradient is 0;U = nc,v*0,T', and the
corresponding average energy current density is J, = —nch%GMT, where 7 is
the typical scattering time of a particle. This yields the longitudinal thermal
conductivity

1
R ~ gZCvJUjlj, (13)
J

where j indexes the different particle flavors involved in energy transport. Here
l; = v;j7j is the mean free path with 7; the average scattering time of the j
particles. [Peierls, 1955 Kittel, 1953]

In conventional metals, thermal conductivity is usually dominated by the
electronic contributions, because of the large Fermi velocity. Since then both
energy and charge are carried by the same quasiparticles, this results in the



Wiedemann-Franz law [Franz and Wiedemann, 1853]: k = 7;)—2(":71:’)2T0'; the lat-
ter states that the thermal and electrical conductivity tensors are proportional to
each other. In particular, the Bloch-Griineisen formula Eq. can be straight-
forwardly translated to give the temperature dependence of the thermal resis-
tivity, in any material where the Wiedemann-Franz law applies.

In insulators, mobile electrons can no longer be the main energy carriers.
Thermal conductivity in insulators results from energy transport by various
neutral excitations, which therefore do not enforce the Wiedemann-Franz law.
[Ziman, 1960] In particular, at low temperatures, only those excitations which
have a vanishingly small energy at long wavelengths can significantly contribute
to the thermal conductivity. This includes the slow modes associated with broken
continuous symmetries — in particular, acoustic phonons are usually among the
main energy carriers in any insulator. Other low-energy excitations include spin
waves in ordered magnetic materials, or emergent gapless neutral fermions in
some disordered antiferromagnets. Further contributions can come from gapped
particles such as optical phonons, gapped spin excitations, etc. In this work, I
focus on the role of phonons in energy transport.

1.1.2.3 Phonons and their role in thermal conduction

Phonons are defined by the canonical quantization of the lattice displacement
field [Ashcroft and Mermin, 1976]:

1

o (M, (1))
nk — m .

u(r) +1i TPC(I“)
(1.4)
In Eq. (1.4), n is the phonon band index, k the phonon momentum, Ny is the
number of unit cells, ¢ indexes the different atoms in the unit cell with mass
M¢€, u¢(r) is the displacement of atom c in the unit cell with average location r,
and p°(r) is the momentum of the said atom — which is canonically conjugate
to u’(r), namely [a%(r), pY (r')] = ih6ap0,0r v Finally, e (k) is the polarization

vector of atom ¢ in phonon band n, which satisfies 3, [€% (k)*].[€% ()], = Sap6 -

M¢ew,, (k)
2h

e—ik-rsc (k) .

n

From this definition, it follows that [a,x, aIL,k,] = Opn/Ok K/, 1.€. the phonons are
well-defined canonical bosons.

In contrast to other quasiparticles which can emerge e.g. in magnetic phases,
phonons (as the vibration modes of the lattice) are always present in a crystal.
Moreover, the polarization index ranges in n = 1, .., 3p where p is the number of
atoms in the unit cell, so that there are typically many excited phonon modes as
compared to other excitations. In particular, the three acoustic phonons, which
are the Goldstone modes |Goldstone et al., 1962] associated with the transla-
tional symmetries broken by crystalline order, remain present down to zero
energy (i.e. zero temperature), and therefore contribute to the thermal con-
ductivity down to the lowest temperatures.

The thermal conductivity of phonons depends on the interactions of phonons
with all other degrees of freedom present in the material, as well as with the sam-
ple boundaries, etc. Analogously to Matthiessen’s rule, the phonons’ scattering
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rate 771 is the sum of all the partial scattering rates resulting from different
scattering processes. [Iritt, 2004] This can be written in compact form as a
formula similar to the Bloch-Griineisen one for the lattice thermal conductivity
k(T), see for instance [Klemens, 1951].

1.1.2.4 Usually dominant contributions to the phonon resistivity:
purely from the lattice

Early in the theory of lattice thermal conductivity, it was realized by Peierls
[Peierls, 1929] that a pure theory of harmonic phonons yields an infinite thermal
conductivity (i.e. zero resistivity). This can be understood, for instance, from
Eq. with a vanishing phonon scattering rate, 7=! — 0. However, the ar-
gument is in fact more general, and holds even in the presence of inter-phonon
interactions (related to phonon anharmonicity [Ashcroft and Mermin, 1976]), as
long as only “normal” (N) processes, i.e. processes which conserve the total
phonon momentum, are involved. [Ziman, 1960, Krumhansl, 1965] At large tem-
peratures, Peierls understood the prominent role of the (U) “umklapp-prozesse”,
which are interactions between (at least) three phonons where the total momen-
tum is only conserved up to a reciprocal lattice vector K, i.e. p1 = p2 + p3 + K.
More details concerning U-processes and phonon anharmonicity, as well as many
references, are provided in [Han and Klemens, 1993]. The contribution of U-
processes to the thermal resistivity is exponential, py(T) ~ e=/T with Op
the Debye temperature; this accounts for the decay of thermal conductivity at
temperatures larger than fp, but does not explain why thermal conductivity
vanishes at T' — 0.

A power-law behavior x7(T) ~ T3 at low temperatures can be obtained
from Eq. assuming a constant scattering rate 7. This can follow, notably,
from phonon scattering on the boundaries of the sample. An elegant derivation
of the corresponding 7 was proposed by Casimir |[Casimir, 1938], using the di-
rect analogy between a phonon gas and a photon gas, whose energy transport
(i.e. radiation) properties are well known and given by the Stefan-Boltzmann
law. Since naturally Lh_{r;o Thoundary = 00, Where L is the smallest dimension of

the sample, this term can only play a role in samples with at least one small
dimension.

1.1.2.5 Many more contributions purely from the lattice

Beside these two contributions, many other scattering processes can contribute to
the phonon thermal conductivity, some of which are summarized in [Tritt, 2004];
see also the review paper by [Carruthers, 1961].

Three-phonon N-processes were considered by Callaway [Callaway, 1959]; al-
though these alone cannot yield a finite thermal resistivity (because of the Peierls
argument described above), they still play a role through a phonon relaxation
rate 771 o w273, which puts a bound on the validity of Matthiessen’s rule
[Krumhansl, 1965, [Tritt, 2004]. Finally, it should be mentioned that phonon
scattering by a quadratic band of conduction electrons was considered in [Ziman, 1956].
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The phonon scattering rate due to point-like defects in the lattice, be it a
local substitution by an atom of different mass or a local change of the elastic
constant, was calculated by Klemens [Klemens, 1955]; in both cases, 771 oc w?,
where w is the phonon frequency. The same author also calculated the scattering
rate due to screw and edge dislocations, which behaves like 771 o w! — this
recovers Nabarro’s result [Nabarro, 1951]. He also considered phonon scattering
by grain boundaries, which yields (like in [Casimir, 1938] ) a constant scattering
rate 771 ~ vph/L, where now the typical distance L depends on many features

of the grain boundaries and is not related to the size of the sample.

1.1.3 Thermal Hall conductivity and the role of symmetries

In this work, I am particularly interested in the thermal Hall conductivity tensor,
Ky = % (m — nT), and the thermal Hall resistivity tensor, g = % (g — QT). The
thermal Hall conductivity tensor has several unusual properties. For instance,
by definition, it does not contribute to the entropy production, since the latter
is proportional to —j - VT, with j the energy current. I will also show in the
following that it is primarily related to non-time-ordered four-point correlators,
instead of two-point correlations as is customary in linear response theory (see
below). I will also consider in detail its symmetry properties, in particular
its behavior under the time reversal operation.

1.1.3.1 Time reversal symmetry

The time reversal operator, @, is an anti-unitary operator which can be decom-
posed as © = UK, where K stands for complex conjugation (i.e. KUK-1 =y~
for a complex function W) and U is a unitary operator. [Sakurai, 1994] In the
case of a spin % system, time reversal acts as ©oO~! = —¢. Thus the operator
U must anticommute with both ¢% and ¢%, and commute with o¥; therefore a
possible choice is U = o¥.[Wigner, 1959]

Time reversal plays an important role in thermal transport. Indeed, a quasi-
particle energy wyx is even under © while its velocity v,y is odd, so C:)jnké)_1 =
évnkwnk@_l = —jnk: a quasiparticle energy current is odd under time reversal.
Note that applying time reversal naively to both sides of Fourier’s law, Eq.7
would lead one to conclude that the whole thermal conductivity tensor  is odd
under time reversal. This is because dissipative quantities are not straightfor-
wardly described in the framework of unitary time evolution where O is well
defined. By contrast, this naive approach yields the correct result in the case
of the thermal Hall conductivity tensor, which is non-dissipative and indeed
vanishes in the presence of time reversal as a symmetry of the system — these
properties can be derived rigorously using Kubo’s formula and the Lehmann rep-
resentation. Consequently, time reversal symmetry (TRS) is an obstruction to
the existence of a thermal Hall effect. In this work, I also consider time reversal
as an effective symmetry of the system of energy-carrying quasiparticles. In other
words, “does the energy carrying (phonon) system know about the lack of time
reversal symmetry in the entire system?”, or more precisely “does the effective
theory describing the phonon system (with the @ fields “integrated out”) lack
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TRS?”. This will prove crucial in the case of phonons which, being electrically
neutral, do not couple directly to the magnetic field.

1.1.3.2 Omnsager-Casimir relations

Linear response coefficients are also strongly constrained by close-to-equilibrium
thermodynamic identities. In time-reversal-invariant systems, these are the On-
sager relations. [Onsager, 1931] The latter are statements about sets of con-
served extensive quantities FE;, labeled by ¢, with conserved current J_;, each
of which is the thermodynamic conjugate of an intensive quantity ¢; (so that
dS = >, ¢;dE;). Then one can show that the linear response coefficients L;;
appearing in the linear response equation J!' = L;;0"¢; satisfy the reciprocity
relations L;j = Lj;. [Callen, 1985, Pottier, 2009]

As was emphasized by Casimir [Casimir, 1945], strictly speaking the Onsager
relations directly apply to conductivity tensors only in one-dimensional systems.
Indeed, in the continuity equation 9, E;+08,J!" = 0 (with implicit summation over
i = x,y, z the spatial coordinate index) the 7 index is not a spatial orientation
x,y, z of a conductivity tensor, as would be necessary for L;; to be one. In 1D this
not an issue, since then one of the linear response equations reads J* = L;;0%¢;
(and the conductivity coefficient L;; is a “scalar” with respect to x). Onsager’s
argument was nevertheless adapted in [De Groot and Mazur, 1984] (and proven
more rigorously in [Garrod and Hurley, 1983]). The authors established the fol-
lowing result (still named after Onsager in the literature): in a time-reversal-
invariant system, a conductivity tensor must be symmetric, namely o*¥ = og"#.

A further generalization to systems without time-reversal symmetry was
given by Casimir [Casimir, 1945]; if €;, ¢; denote the signature of E;, ¢; under
time reversal, the linear response coefficients satisfy the Onsager-Casimir rela-
tion, L;j(B) = €ijL;;(—B). Here B stands for all TR-odd parameters such
as the magnetic field, magnetization, angular velocity of the sample, etc. An
extension of this relation to the thermal conductivity tensor establishes that

K(B) = k" (—B). (1.5)

In particular, a thermal Hall conductivity can only exist if time reversal is broken.
A brief review of Onsager-Casimir arguments applied to transport properties,
and an extension thereof to boundary transport (with the same conclusions), is
due to Biittiker. [Buttiker, 1988]

1.1.3.3 Other symmetries from the Curie principle

In addition to the Onsager relations, some symmetry properties of the conduc-
tivity tensor come simply from a direct application of the Curie principle of
symmetry. In particular, if the system possesses a mirror symmetry with re-

spect to the (z, z) plane, or the (y, z) plane, or the (%, z) plane, then it is easy

to see from Fourier’s law (i.e. the very definition of the conductivity tensor) that
mﬁy = 0. A more general analysis, based on the representation theory of the Dyy,

group, is provided in Sec[3]
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In the case where energy is solely carried by the phonons, a very impor-
tant (although simple and intuitive) result, which I want to emphasize, is that
the above argument still holds true provided that the said transformations are
symmetries of the phonon system, even if they are not symmetries of the entire
system. Here “the phonon system” means the theory of the phonons and of all
the degrees of freedom which they couple to. In other words, a phonon Hall
effect can only exist if the symmetries mentioned above are broken either by the
phonons themselves, or by at least one degree of freedom coupled to the lattice
— note that this is a necessary condition but not a sufficient one.

Finally, note that the pure phonon theory — i.e.the dynamical theory of
the lattice alone — inherits all the symmetry properties of the lattice. This
includes mirror symmetries if the lattice has them, and most importantly, time
reversal symmetry in any lattice. [Maradudin and Vosko, 1968] Therefore, the
pure phonon system can never exhibit a thermal Hall effect.

This makes the possibility of phonon thermal Hall conductivity an interesting
theoretical question, which is a central focus of this thesis. For a phonon Hall
effect to exist, time reversal — along with symmetries such as mirror, if they are
present in the pure lattice theory — must be broken indirectly, through coupling
the lattice to other degrees of freedom. In the following, I derive expressions
for the phonon thermal Hall conductivity in terms of these other degrees of
freedom, both as fully general formulae and explicitly in particular cases of
special relevance.

1.1.4 Experimental aspects
1.1.4.1 Schematic experimental setup and method
Thermal conductivity coefficient measurements are usually performed using ex-

perimental setups similar to that represented pictorially in Fig[T.1]

e I

Hot source
324Nn0s p|o)

Figure 1.1: Schematic experimental setup for thermal conductivity measurement.
The three black empty squares represent contact points where the temperature
T is measured, and j is the energy current.

The experimentally tunable parameter is the total energy flux sent through
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the sample — from which the local energy current j can be deduced in the perma-
nent regime since it is divergenceless. Another tunable parameter is the applied
magnetic field H, which is important for instance in thermal Hall conductivity
measurements.

Temperature is the parameter which is measured; it is probed simultaneously
— note that this is not a strong requirement since usually experiments are carried
out in the permanent regime — at (at least) three different contact points, as rep-
resented in the figure. To extract the thermal conductivity tensor, temperature
differences in the directions parallel to the current (AT}) and perpendicular to
it (AT ) are needed, which are accessible directly by a voltage measurement in
a thermocouple. This is based on the Seebeck effect, which provides a propor-
tionality relation between the measured voltage and AT. The proportionality
coefficient is a property of the metals in the contacts, tabulated with very good
accuracy.

From AT}, the longitudinal conductivity coefficient k** is easily determined
(here z is the longitudinal direction, i.e.the horizontal direction in Fig.
Meanwhile, AT| only gives access to the transverse thermal conductivity co-
efficient %%, and not directly to the thermal Hall coefficient jf = (k™ — k¥7).
Experimentally it is not feasible to simply rotate the sample by 90 degrees with
respect to the energy current, so that x¥%* cannot be measured directly. For-
tunately, the aforementioned Onsager-Casimir relation implies that k*Y(—H) =
kY*(H), so that by experimentally reversing the magnetic field it is possible to
subtract the symmetric component of the conductivity tensor, and thus obtain
the proper Hall conductivity.

It is worth mentioning that the contacts are contacts with the lattice. There-
fore, any measurement, notably a temperature measurement, ought to involve
phonons, even though energy is partly or even mostly carried by “electronic” (in
a broad sense) degrees of freedom. Therefore, the question of thermal equilibra-
tion between the “electronic” system and the lattice is an important question
with direct experimental implications. [Ye et al., 201§]

1.1.4.2 Recent experimental results

Thermal conductivity in insulators has become recently of great experimental
interest, in the wake of several important experiments looking to probe neutral
excitations in quantum materials. The current lack of precise theoretical un-
derstanding of any of these experiments also motivates this thesis. In Tables
[LII-2 I review the known experimental values in many insulating compounds,
grouped in (quite arbitrary, but hopefully relevant) families. The value of H is
taken as large as possible, provided that the values of both Ky and kj, are known
for this magnetic field. The value of T' is taken close to the Hall conductivity
peak, which means a maximum of kg or ki /T depending on the cited papers.
In the latter case (kg /T), the temperature in the table is indicated with a star
— see for instance ThoTisO7. When kg is zero, the value of T is taken equal
to that of a similar material with finite kg, as a means of comparison — see for
instance Y2 Ti2O7. In the case of a single temperature measurement (e.g. for the
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Material P(HT) - r(HT) . g Reference(s)
(W/K/m) — (mW/K/m) (T)  (K)
TbyTisO7 0.27 1.2 12 15* [Hirschberger et al., 2015b
(Tb3Y 7)2TixO7 ~ 0.5 3.0 12 11* [Hirokane et al., 2019
155) = Yo TisOr 18 0 8.0  15* | [Hirschberger et al., 2015b] [Li et al., 2013
g é LusV50r 0.7 ~1 0.1 50 [Onose et al., 2010 Ideue et al., 2012
Q? e HoyVo0r 1.0 ~ 0.5 0.1 50 [Ideue et al., 2012
InsMnsOr 3.1 ~—2 0.1 102 [Ideue et al., 2012
See also [Kolland et al., 2012 [Toews et al., 2013 for studies of xj, in several other compounds.
FeaMo3zOg 5.0 27 10 45 [Ideue et al., 2017
(Zn; ;gFe;/3)2Mo3Og 9.0 30 0.1 30 [[deue et al., 2017
2 SrTiOg 36 80 12 20 [Martelli et al., 2018] [Li et al., 2020a
'% KTaOs3 32 2 12 30 [Martelli et al., 2018] [Li et al., 2020a
% BiMnOg ~ 2.7 ~ —0.7 0.1 48 [Ideue et al., 2012
a YTiO3 ~ 2.7 0 0.1 48 [[deue et al., 2012
LasTiMnOg ~ 0.4 0 0.1 48 [[deue et al., 2012
BagCuSbyoOg 0.8 —0.08 15 50 [Sugii et al., 2017
é Vi, 4.0 ~ 10 >0.1 20 [Zhang et al., 2021a
S CusTeOg 3.3-102 —1.1-10* 15 20 [Chen et al., 2021

Table 1.1: Experimental results for the longitudinal and Hall thermal conductiv-

ity of several insulators, at fixed temperature T' — corresponding approximately
to the peak in sy, see text — and fixed magnetic field H. At T, the x symbol

indicates a peak of kg /T while the absence thereof indicates a peak of k.
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kL(H,T) wu(H,T) H T

Material Reference(s)
(W/K/m)  (mW/K/m) (T)  (K)
- ; [Strohm et al., 2005
£ w Tb3GazO12 0.19 2.0-107 3 5.1¢
g ‘qg [Inyushkin and Taldenkov, 2007
d =
,;E % | (TbsY 7)3Gas019 0.1 9.5-1072 10  8.0* [Hirokane et al., 2019
_ [Bourgeois-Hope et al., 2019
- dmit-131 0.05 ? 0-10 2*
5 8 [Ni et al., 2019
T =
T:' E See also [Yamashita et al., 2010| where quantitatively different values are obtained.
= ]
a8 15 8 12 20 [Kasahara et al., 2018b
a-RuCls
8 3.5 16 35 [Hentrich et al., 2019
See also [Czajka et al., 2022| Bruin et al., 2022a| for consistent results at lower 7.
LasCuOy 12 —38 15 20* [Grissonnanche et al., 2019
w0
)
‘5 SroCuO2Cly 7 —21 15 20* [Boulanger et al., 2020
o8
8 NdyCuOy 56 —200 15 20* [Boulanger et al., 2020
Note that doped cuprates are explored in |Grissonnanche et al., 2020] [Boulanger et al., 2022|.
Cu(1,3-bdc) ~ 0.07 ~ 0.2 0.1 0.82% [Hirschberger et al., 2015a
v 4
g £ Volborthite 1.9 —0.66 15 22* [Watanabe et al., 2016
o &
G- Ca-Kapellasite ~ 0.2 ~1 15 20 [Doki et al., 2018
Cd-Kapellasite 1.7 11 15 10* [Akazawa et al., 2020

Table 1.2: Experimental results for the longitudinal and Hall thermal conductiv-

ity of several insulators, at fixed temperature T — corresponding approximately
to the peak in kg, see text — and fixed magnetic field H. At T, the x symbol

indicates a peak of /T while the absence thereof indicates a peak of kg. The

< symbol indicates a single temperature measurement.
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early experiments on Th3Gas0O12) I used the symbol T°. References where only
Kk is presented, or where only a range of temperatures below the kg peak is
explored, are mentioned as comments but their results are not displayed in the
table. A notable exception to the above is the case of the spin liquid candidate
dmit-131, where kg is not known as far as I can tell; the displayed temperature
is then defined with respect to the peak of kr, (here, in fact, k1 /T"). When ex-
perimental results present a discrepancy between different papers (as is the case
for dmit-131), I displayed the most recent results.

Note that Tables are inspired, and parts of them are adapted, from a
few summaries which already exist in the literature: [Chen et al., 2021} Ideue et al., 2017].
In the following I provide some more detail about the data displayed in the ta-
bles, and their possible interpretations as given in the referenced experimental
papers — and the theory literature when it exists.

In the following I use the word “large” (as a qualifier for k) as it is used
in the experimental literature. This means sometimes that sy is large on an
absolute scale (i.e. typically |kp| 2 10 mW/K/m), sometimes that rp is large
relatively to rp, (i.e.typically |kg|/kr 2 1073), sometimes both.

(i) Rare-earth garnets These are the first insulators where a “large” ther-
mal Hall signal was measured, in the pioneering experiments of [Strohm et al., 2005,
Inyushkin and Taldenkov, 2007] with Tb3GasO12 (and a variant thereof), in
which magnetism is carried by the localized spins of Th3* ions — plus those
of superstoechiometric Thb3T impurities. The temperatures where these exper-
iments were conducted are much above the Néel temperature. Since in the
paramagnetic phase the low-energy modes which can efficiently carry energy do
not include spin waves, this thermal Hall effect was soon identified as a phonon
contribution. The mechanism whereby phonons, by interacting with magnetic
impurities, can acquire chirality and contribute a finite Hall conductivity, was
investigated theoretically in [Mori et al., 2014].

(ii) Pyrochlores A thermal Hall effect was found in several pyrochlore ma-
terials displaying various magnetic behaviors. A finite thermal Hall effect was for
instance measured in LusVoO7, HooVoO7 and IngMnsO7, which at the consid-
ered temperatures are ferromagnetic [[deue et al., 2012]. It is interesting to note
that kg can be positive or negative, depending on the material. A quite large
thermal Hall conductivity was also measured in the “quantum spin ice” material
ThboTisO7, while the signal seems to vanish in YoTioO7 which is non-magnetic
[Hirschberger et al., 2015b] — this is in accordance with the necessity to break
time-reversal symmetry to obtain a nonzero Hall effect. It is also interesting
that the “intermediate” compound (Tb3Y 7)2Ti2O7 has a larger peak thermal
Hall conductivity (at about the same temperature) than the “pure” magnetic
compound TheTisO7. [Hirokane et al., 2019

(iili) Kagome materials Thermal Hall conductivity signals — again of both
signs — have been measured in kagome materials, such as the layered ferromag-
net Cu(1,3-bdc) [Hirschberger et al., 2015a], both above and below its Curie
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temperature. More exotic magnetic phases in kagome frustrated antiferromag-
nets were also explored: in volborthite, suspected of hosting a gapless spin liquid
[Watanabe et al., 2016]; in Ca-Kapellasite [Doki et al., 2018] and Cd-Kapellasite
[Akazawa et al., 2020], which seem to be well approximated by the kagome
Heisenberg antiferromagnet model. A derivation of the magnon thermal Hall
effect in the latter material is proposed in [Mook et al., 2019]. As for phonons,
it is worth mentioning that the lattice dynamics in herbertsmithite was re-
cently investigated, both experimentally and by ab initio DFT calculations, in
[Li et al., 2020D].

(iv) Spin liquid candidates In the layered triangular organic dmit-131,
the linear (or affine) behavior of kp(T) was suggested to bear the hallmark
of exotic phenomena [Yamashita et al., 2010], and was further investigated re-
cently [Ni et al., 2019 Bourgeois-Hope et al., 2019]. Meanwhile, the nature of
the energy carriers responsible for this signal remains so far unclear, and the
role played by phonons has not yet been identified — note that in Chapter [4
a series of arguments are presented, which might shed light on this particular
aspect.

The thermal Hall conductivity of the famous Kitaev compound a-RuCls has
been the focus of intense experimental activity over a large range of temperatures
[Kasahara et al., 2018bl [Hentrich et al., 2019]. The longitudinal thermal con-
ductivity too was reported to be unusual [Hentrich et al., 2018]. Temperatures
below the peak of kg were explored more specifically in [Czajka et al., 2022,
Bruin et al., 2022a], partly motivated by the reported measurement of a Hall
conductivity plateau at half-quantization [Kasahara et al., 2018a]. Magnetoe-
lastic coupling in a-RuCls was investigated in [Kaib et al., 2021] using first-
principles methods. The particular role played by phonons in Kitaev materials
was studied in a series of theoretical papers [Metavitsiadis and Brenig, 2020],
Ye et al., 2020, [Feng et al., 2021], [Feng et al., 2022]. One of these partly ad-
dresses the phonon thermal Hall conductivity via the phonon Hall viscosity,
while [Ye et al., 2021] emphasizes the role that phonons play in the majorana
Hall conductivity.

Besides, [Koyama and Nasu, 2021] addresses the question of magnon Hall
conductivity in related (Heisenberg-Kitaev) compounds where magnetic ordering
has developed.

(v) Perovskites Measurements on the thermal Hall conductivity of the per-
ovskite BagCuSbyOg are reported in [Sugii et al., 2017]. Because spin excitations
are gapped in this material, thermal Hall transport was argued to be due to the
phonons. This is also supported by the spin-lattice coupling being particularly
strong in this compound. In fact, since this is known to be the case in several
perovskites, most of the thermal conductivity features in these compounds have
been attributed to the phonons.

In particular, an unusual behavior of the longitudinal thermal conductiv-
ity was found in the SrTiOz compound, which is insulating, nonmagnetic and
nearly ferroelectric (a “quantum paraelectric”) [Martelli et al., 201§]. This ma-
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terial also appears to exhibit an unusually large thermal Hall conductivity, as
shown in [Li et al., 2020a]; this paper identifies quite conclusively this signal as
a phonon Hall effect. A much smaller (although, arguably still quite large) kg
signal was also measured in the structurally very similar material KTaOgs. The
phenomenology of phonon thermal Hall transport near the ferroelectric transi-
tion in the presence of large quantum fluctuations was subsequently discussed
theoretically in [Chen et al., 2020].

Other experimental studies include the multiferroic FeoMogzOg, which ex-
hibits spontaneous electric polarization and ferrimagnetic ordering, and strong
magnetoelectric coupling; a very large Hall conductivity was found in this com-
pound and another parent multiferroic. [Ideue et al., 2017]

Thermal Hall conductivity measurements have also been conducted on sev-
eral perovskite ferromagnets, namely YTiOs, LasTiMnOg and BiMnO3. While
a finite signal was indeed measured in the latter, the two others do not exhibit
a measurable thermal Hall effect; this was interpreted as a magnon Hall effect
(or the absence thereof) [Ideue et al., 2012], which arguably has little to do with
the phenomenology of the other perovskite materials cited so far.

(vi) Cuprates Even in conventional magnets, such as the undoped LasCuQOy4
cuprate, a surprisingly large thermal Hall conductivity was found |Grissonnanche et al., 2019].
A striking feature of this signal is that it remains large in a vast region of the
phase diagram, being of the same order of magnitude in the Mott insulator
phase, the pseudogap regime and deep in the metallic phase. The thermal Hall
conductivity was also shown to be little sensitive to the choice of the Hall plane,
ie. k™ =~ k" [Grissonnanche et al., 2020]. Because of the layered structure
of magnetic ordering in these materials, this conclusively shows that magnons
(or any other spin/electronic excitations) cannot account for this signal, which
thus corresponds to a large phonon thermal Hall effect. A large xjf was also
measured in the undoped cuprate SroCuQO2Cly, and an exceptionally large one
in NdyCuOy4 [Boulanger et al., 2020]. Interestingly, i has the same negative
sign in these three materials, which is opposite to what would be expected from
the Wiedemann-Franz law at finite doping, if the thermal Hall effect were of
electronic origin — this was investigated further in [Boulanger et al., 2022]. This
may indicate that a similar mechanism is responsible for the (phonon) ther-
mal Hall effect in all three cuprates, and that it survives beyond the Mott
insulating phase, as a negative signal is also found in the pseudogap phase
[Grissonnanche et al., 2019].

(vii) Others Recently, an exceptionally large kg, presumably of phononic
origin, was found in the 3D collinear antiferromagnet CusTeOg with cubic sym-
metry, and reported in [Chen et al., 2021]. The authors argue that this result
is striking, because it shows that no special properties such as ferroelectricity,
strong correlations, or the presence of magnetic impurities are required to gen-
erate a very large thermal Hall conductivity. Indeed, the authors argue that
CuzTeOg (and their samples in particular) lack all of these. Moreover, the effect
survives above the Néel temperature. Some insight on these results can proba-
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bly be gained from Chapter [3| There, we compute xy from phonon scattering
in a 2D Néel collinear antiferromagnet with tetragonal symmetry; the coupling
mechanism which we identify, whereby chirality is transferred to the phonons,
depends strongly on anisotropies of the spin model (whose symmetries would
also apply to the cubic case) but not much on the dimensionality of the spin
waves (CugTeOg is a 3D magnet). Moreover, as we emphasize in Chapter
the phonon Hall conductivity calculated in our approach depends on dynami-
cal four-point correlation functions of the spin degrees of freedom. These may
indeed survive above the Néel temperature, even though the static correlations
do not: the general framework which we develop in Chapter [2] might be a good
starting point to explain the large thermal Hall conductivity of CusTeOs.

For the sake of completeness, I note here that a finite ki was found in the 2D
van der Waals ferromagnet VI3. The authors argue that it might be of similar
origin as in kagome magnets, namely that this anomalous thermal Hall effect is
driven by the magnon band topology.[Zhang et al., 2021a] They also claim that
phonons should play a role at lower temperatures.

1.1.4.3 Motivation

The present work is motivated by the fact that phonons should always be consid-
ered good candidates to account for a thermal conductivity signal, and the latter
begs for a thorough theoretical understanding. It is therefore important to un-
derstand precisely the role played by phonons in thermal conduction, especially
as far as subtle effects such as thermal Hall conductivity are concerned, for two
essential reasons: (1) they might indeed be responsible for the signal, perhaps
via a subtle interaction with other excitations, which can thus be probed through
the phonon thermal transport; or (2) they might not be the only energy carriers,
in which case being able to subtract their contribution from the experimental
signal could prove very helpful. In this work, I focus on the role of phonons in
thermal transport, and show that the phonon thermal conductivity tensor (in
particular its Hall component) contains valuable information about interactions
and correlations in the material.

1.2 Theoretical approaches to thermal conductivity

1.2.1 Hydrodynamical approach to transport theory

Several theoretical frameworks have been developed to study transport prop-
erties of quantum systems; I review some of their properties and differences
in Sec.[[.2.3] In the present work, we use the hydrodynamical approach. The
latter relies strongly on the concept of a quasiparticle [Landau, 1957]. The trans-
ported quantity (charge, energy, etc) is assumed to be carried by well-defined
excitations called quasiparticles, whose energy is a narrowly peaked function of
momentum and whose self-energy has a very small imaginary part. In other
words, the quasiparticle’s velocity divided by the width of the spectral function
peak (which gives an estimate of the mean free path) is very large compared to
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the quasiparticle’s wavelength. |[Coleman, 2015] This is true for phononsﬂ

1.2.1.1 Hydrodynamic equations from quantum field theory

Hydrodynamic equations can be derived as an approximation from exact quan-
tum field-theoretical formulas, notably in the Schwinger-Baym-Kadanoff formal-
ism [Kadanoff and Baym, 1962] [Prange and Kadanoff, 1964], or the closely re-
lated Keldysh formulation [Keldysh et al., 1965]. For a parallel derivation of
some of our results from the Keldysh formalism, see App. More recent
discussions of this formalism, and of the derivation of “quantum Boltzmann
equations” therefrom, are in [Mahan, 1987, [Kamenev, 2011].

I want to emphasize an important step in the derivation. Green’s functions
and self-energies are a priori functions of four variables (r,t, p,w): they are ob-
tained by a Wigner transform of the two-point correlation functions, where r, ¢
account for the slow variations of statistical properties while p,w contain infor-
mation about fast variations of the quantum fields. The hydrodynamic approxi-
mation consists in removing the w dependence from G, ¥, etc. This corresponds
to assuming that the spectral function of the excitations is a pure Dirac delta
distribution located at w(p), so that p and the dispersion relation contain all the
information about the quasiparticles. [Hansch and Mahan, 1983] This assump-
tion leads to considerable simplifications of the problem, while maintaining a
very accurate description of the transport properties, as these are usually mainly
governed by slowly-varying, classical statistical quantities [Chaikin et al., 1995]
(with the notable exception of coherent effects in mesoscopic physics, as I men-
tion later).

Therefore the hydrodynamic approach is often referred to as “semiclassical”.
This is also because the hydrodynamical equation is ultimately an equation of
motion for the particle population density, which is essentially a classical func-
tion, as it appears on the diagonal of the density matrix. Note, nonetheless,
that semiclassical kinetic equations for the full density matrix can also be de-
rived. [Sekine and Nagaosa, 2020]. For completeness, I should mention that it
is also possible, starting from Kubo formulae (or related formulations), to derive
Boltzmann (or related) hydrodynamic equations. This was shown, notably, by
Eliashberg [Eliashberg, 1962]. The two approaches have been shown to yield
identical results in some cases [Gangadharaiah et al., 2010, |(Chen and Su, 1989].

1.2.1.2 Boltzmann’s equation

From the above, it follows that the out-of-equilibrium dynamics of a system
of well-defined quasiparticles indexed by momentum k and an extra index n
can be described using Boltzmann’s equation. The latter is valid provided that
quasiparticles are well defined, so that their one-particle distribution function
Npx(r,t) yields an accurate description of their statistical properties. Then, the
equation of evolution for N,i(r,t) is Boltzmann’s equation:

[0 + vnk - Ve + Frxe - Vi) N (1, 1) = Coxe [{ N }] - (1.6)

!(except in a few cases like the polaron limit, which I mention later)
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On the left-hand-side, v, is the group velocity of the (n,k) quasiparti-
cle, defined by vﬁk = Ognepx wWhere €, is the quasiparticle’s energy; and f,,,
is a generalized force felt by the (n,k) quasiparticle. It can be a genuine
force (for instance f,, = —e(E + v,k x B) if the quasiparticles are electrons)
or an emergent force proportional to the Berry curvature of the quasiparticle
band — see pioneering works by Wannier, Kohn and Luttinger [Luttinger, 1951,
Luttinger and Kohn, 1955, [Kohn, 1959, Wannier, 1962] and a more recent re-
view reinterpreting these results in modern terms [Xiao et al., 2010].

In the right-hand-side, Cpx [{ Npx }] is the collision integral, accounting for
collisions (i.e. interactions) between quasiparticles and other degrees of freedom,
or between quasiparticles. Crucially, the collision integral depends on all the out-
of-equilibrium quasiparticle populations N, (r, t), so that Eq.(L.6) (for all n, k)
is a system of (a priori nonlinear) equations with unknowns N, (r,t).

In the present work, we use Boltzmann’s equation to describe the out-of-
equilibrium dynamics of phonons. In our case k is the phonon momentum, n is
a band index, and we neglect the f,, - Vi term since we focus on the role of
scattering, i.e. the C,x side of the equation.

1.2.1.3 Thermal conductivity from Boltzmann’s equation

Energy transport by phonons, in particular, can be studied through Boltzmann’s
equation — which in this context is sometimes called the Boltzmann-Peierls equa-
tion. [Peierls, 1955, [Krumhansl, 1965] The gradient of temperature typically
appears in the lhs by rewriting V, = V,T - a%, but some authors prefer using
Luttinger’s trick [Luttinger, 1964] (analogous to the usual minimal coupling for
charged particles — see Sec. for a discussion) to make it appear in the V)
term.

Meanwhile, expanding the out-of-equilibrium quasiparticle populations around
the equilibrium solution, N, = N zﬂ + 0N, and keeping only the linear order
in the expansion of the collision integral, Eq. (for all n, k) becomes a system
of linear equations with unknowns d N, (r,t). This is sometimes referred to as
Callaway’s procedure [Callaway, 1959], and this is what we follow in the present
work.

Solving the aforementioned system of equations, which schematically is of the
form X; = M;;0N; for some quantities X;, M;;, provides the out-of-equilibrium
populations d N,k — here the index i, j stands for (n,k) the phonon band and
momentum. This is a trivial step when only the lowest-order contributions to
Ky, are considered, because in that case the problem’s matrix M is diagonal
with coefficients My; = Mpk i = —T;kl, the phonon “Drude-like” scattering
rates. More generally, in the following we use the fact that for a matrix M
with dominant diagonal (i.e. M| > |[M;|), to linear order in the off-diagonal
coefficients [M~1];; ~ —(—1)% Mi_ilMiij_jl. This solves the problem to linear
order in the perturbed populations, i.e.to the order of linear response. From
the out-of-equilibrium phonon populations dN,x, the phonon energy currents
I =k U enkd Nk are deduced as a function of 9,T'; this gives access to the
linear response coefficients k and o, as is shown in Chapters[2|and [3| In fact this
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procedure is general and could apply to other bosons as well; however, I have
argued in Sec that phonons as energy carriers are of particular relevance.

1.2.2 Scattering theory and correlation functions
1.2.2.1 Master equation

The collision integral can be obtained, under certain approximations which are
discussed with great detail in [Pottier, 2009] in the context of Markov chains,
from the “master equations” for the population density. Quite generally, given a
population or probability density p,, its collision integral is given by the master
equation:

Dipr = Z {Fr<—r’pr’ - Fr—>r’pr} . (17)

"

In the above, D; is the particle derivative appearing in the lhs of Boltzmann’s
equation, r is a generic index for quantum states, and I',._,» = I',v_,,. are transi-
tion rates between the states indexed by r and r’. We apply this master equation
to express the collision integral of phonons. In this case, the quantum states |r)
are the full many-body states of the entire system of phonons and all other de-
grees of freedom. The density p must then be understood as labeled by an extra
phonon index, nk, so that p, = Np(|r)) is the population of (n,k) phonons
in the |r) many-body quantum state. Here we make the assumption that the
phonons are good particles, defined independently from any other degree of free-
dom, so that it is possible to express the state of the full system in a basis where
the number of phonons is always a well defined quantity. This also makes it
possible to consider N, the population of (n,k) phonons averaged over all the
many-body quantum states, and to deduce its collision integral C,) from the
master equation Eq. . In fact, N,k in Boltzmann’s equation Eq. should
be understood as N,i. More details are given in Chap

1.2.2.2 Fermi’s golden rule

The transition rates I' appearing in the collision integral (cf Eq. can be
evaluated using scattering theory |[Lifschitz and Pitajewski, 1983, [Baym, 1969).
The latter is a particular instance of time-dependent perturbation theory, i.e. the
problem of solving H = Hp+V where Hj is soluble and V' is an (arguably small)
interaction term, where the interaction is a collision. This last statement means
that the system is assumed to be non-interacting at ¢t — +oo, and only at inter-
mediate times (i.e. when the “collision” happens) does the interaction manifest
itself. This assumption achieves considerable simplification of the perturbation
problem. The scattering rate I'; s between the initial |i) and final |f) states
(defined in the unperturbed theory) is expressed using Fermi’s golden rule,

2
Tis= %mi\?a(Ef — E5). (1.8)

In this formula, F; and F; are the unperturbed energies of the i, f states, and
T; are matrix elements of the T-matrix. The latter is defined from the S-matrix
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via the formula S¢; = d¢ 3 — 2mi0(Fs — E)T¢;. The S-matrix, in the interaction
picture, reads Sz; = (£f|U(+o00,—00)|i), with U(¢,t') the quantum evolution
operator in the interaction picture.

1.2.2.3 Scattering theory

The central result of scattering theory is the Lippman-Schwinger equation, which
formulated in terms of the T-matrix reads [Merzbacher, 1961]:

f]V|n Tfl
Trs = (£|V]1) ZE B in (1.9)

where n — 07 is a regularization keeping track of the time-ordering of the
evolution operator U. By iterating the formula, one obtains the Born’s expansion
[Cohen-Tannoudji et al., 1997] of the T-matrix:

{£[Vin)(n[V]i)
FE; — E, +1in

k
Z( 1% (Ei_;0+inV> i), (1.10)

k=2

The initial assumptions of scattering theory thus appear to considerably sim-
plify the perturbation expansion. Indeed, the form Eq. is both much sim-
pler than the usual Rayleigh-Schrodinger expansion, and much more tractable
than the seemingly simple Brillouin-Wigner expansion, since here all the energies
appearing in the denominators are unperturbed energies. In our treatment of en-
ergy transport by phonons, we will keep only the first two terms of the expansion,
thus making the second-order Born’s approximation (although for completeness
we also use the third-order contribution in an appendix), in Chapter

1.2.2.4 Scattering rates as correlation functions

In this thesis, I use scattering theory to express the phonon collision integral in
terms of scattering rates, resulting from the phonon interactions with generic
fields @; the interaction hamiltonian is

V=>a,Ql +he. +..., (1.11)
nk

” includes terms

where n is a phonon band index, k momentum, and “+...
with a larger number of phonon operators. Here I want to emphasize that
() can be any operator, which in practice can contain any number of particle
creation-annihilation operators. Please note that @),k in Eq. also includes
the coupling strength. In fact, () may even involve phonons, so long as they
belong to bands which are not spanned by the n index — see below for a comment
on this.

An important result, which I then use extensively in the applications, is that
the phonon scattering rates can be expressed in terms of correlation functions
of the @ operators. This can be derived in the basis {|n)} of eigenstates of the
Hamiltonian of the @ system, sometimes called the Lehmann representation.

[Bruus and Flensberg, 2004]
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Let us consider Ty, (w) = 27 [(n|Q|m)|* 6(E, — Ep, + w). This is the scat-
tering rate of the process whereby the ) system transitions from state n to state
m while a phonon of energy Aw is absorbed. It was obtained from Fermi’s golden
rule and the first Born approximation.

Let us now consider the quantity + > onm e P, (W), where Z = 3, e PEn
is the partition function of the @ system. Using the Heisenberg picture for time-
evolved operators, Q(t) = e!tQe~H* along with the integral representation of
the Dirac delta distribution, §(€2) = o= [ dte™¥, it follows that

T I (ulQlm) 3B ~ B +) = [ e (QOQUO),, (112

where (-)g denotes the thermal average at inverse temperature .

In the present work, we find that the phonon diagonal scattering rate — which
can be identified with the Drude inverse scattering time Tn_kl, see Sec -
is expressed in terms of two-point equilibrium correlation functions of the @,k
degrees of freedom, with the specific form

DY) = —% / dt e~ wnict <[an(t),QLk(O)]>ﬁ. (1.13)
This identifies (up to a factor of 7) as the spectral function of the @, excitations,
evaluated at wy,k frequency of the (n,k) phonon. Here the (-)s average is the
expectation value, at finite temperature, computed with the free action of the
Q. excitations, decoupled from the phonons.

Similar formulae have been derived in neutron scattering theory. [Squires, 2012]
In this context, the neutron cross-section is related to two-point correlations of
the magnetic texture, and the relation is very similar to Eq..

In this thesis, I go beyond the first Born approximation, and show how
phonon scattering rates obtained from the second Born approximation can be
expressed as correlation functions as well. This makes use of the formula

ToT =
PP% —imd(Q2) among other identities, where PP is Cauchy’s principal part. The
result is that, at second Born’s order, four-point correlation functions of the @
operators are involved, which are not time-ordered. This is one of the main
results presented in Chapl2} I formulate it more explicitly below, after a few

preliminary comments.

1.2.2.5 Detailed balance relations

Certain relations on the scattering rates are directly required by the assump-
tion which we make, that all degrees of freedom () are at thermal equilibrium,
while only phonons are out of equilibrium. E| Their correlation functions are

2This would be an important caveat, should @,k involve phonons (from bands which, as
we have already emphasized, cannot be spanned by the index n). Then, our approach requires
that the phonons involved in ) relax much faster to equilibrium than the ones spanned by n;
in some cases this might apply to acoustic vs optical phonons. In other cases, other methods

should be used — see e.g. Sec@.
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therefore related by the Kubo-Martin-Schwinger relations: their structure fac-
tor S(w) := fj;o dt e {Q(t)Q(0)) can be easily shown to satisfy the relation
S(w) = S(—w)eP™ . [Pottier, 2009] The latter can also be understood as a con-
sequence of the quantum fluctuation-dissipation theorem. It is a well-known
fact — for instance in the theory of thermal neutron scattering [Squires, 2012]
— that these identities between two-point equilibrium correlators, once plugged
into Fermi’s golden rule at first Born’s order as outlined above, become rela-
tions about transition rates. In this guise, they are known as detailed-balance
relations, and take the following form:

B_ﬂhEiFin = 6_’BthFf*>i. (114)

Here the states |i), |f) are eigenstates of the hamiltonian with energies Ej, F.
Clearly, the detailed-balance relations express the fact that at equilibrium, the
probabilities to transition from |i) to |£) and from |f) to |i) exactly compensate
each other, so that the system is indeed at equilibrium.

In the following, I will show that similar relations can be derived for cer-
tain kinds of four-point correlation functions (and their associated two-particle
transition rates), as generated by the second Born’s approximation and Fermi’s
golden rule.

1.2.2.6 The particular case of thermal Hall conductivity

A central result of our work is that, in the phonon thermal Hall conductivity,
the contribution of two-point correlations like Eq. adds up to zero. Only
four-point correlations with a very specific structure ultimately contribute to K
— along with yet higher-order correlations. The corresponding scattering rates
read

, 2N, , [sod AT e
Qn,@ﬂﬁ]/k/ = ucfﬁe/dtldtgdt sign(t2) el[ nkn'k nienric/ (11 2)}

o (1.15)

([@uit(—t = t2), Qi (=t + 12)] { Qe (—11), Q2 (1) })

where ¢,¢' = +, we use the convention QT = QT,Q~ = Q, Ny is the total
number of unit cells, Eflﬁ;/k, = qupk + ¢ wy and AZﬁ;,k, = qupk — ¢ Wprk!-

This nontrivial result entails that the phonon Hall conductivity is a probe of
rich structures of the material, which appear in kg unobscured by e.g. two-point
correlations.

Here a few comments are in order. The time points at which operators are
evolved, and the phonon energies in the exponentials, are imposed by the per-
turbation theory at second Born’s order, and our assumption that the phonons
can be “factorised”, being well defined independently from the @) system — this
is shown more clearly in the appendices of Chap.[3] The presence of  commuta-
tors, 2 — x anticommutators, and = sign functions, for x between 0 and 2, is due
to certain symmetries of scattering theory (typically, [(n|Qm)|? = [(m|QT|n)|?)
and our representation of delta functions and energy denominators as time inte-
grals. The particular structure with one commutator, one anticommutator, and
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one sign function, is imposed by the generalized detailed-balance identity

/

!
WO, = PP (116)

and related formulae. Their derivation is exposed with greater detail in Chap[2]

1.2.2.7 Wick’s theorem

To summarize, we have shown show that the thermal conductivity of phonons
can be expressed in terms of two-point and four-point finite-temperature corre-
lation functions of certain composite operators ). We then consider @) to be a
product of two (bosonic or fermionic) operators; thus, correlations with four to
eight fields must be computed. Computing correlation functions of any (even)
number of fields larger than two is a priori a difficult task. A dramatic sim-
plification occurs when the fields have a quadratic hamiltonian: in that case,
Wick’s theorem [Wick, 1950] can be used. This theorem has several formu-
lations. [Evans and Steer, 1996] One of these expresses the finite-temperature
correlation of 2n fields (pk,go};,, k=1,..n, K =1,..n, as the (signed in the
fermionic case) sum of all products of n two-field correlations:

{1(11) - on (Tl (7o) . @l (1)) (1.17)
= Pz; ex(P)(@1(11) @by (Tpy)) - - (@n(T0) @by (To(y)-

Here P € G,, is a permutation of n elements, e (P) is either +1 if the ¢ fields are
bosonic, or the signature of the permutation P if the ¢ fields are fermionic. In
this version of the theorem, the correlation functions need not be time-ordered.
The ¢, o' fields are free but need not diagonalize the (quadratic) hamiltonian,
and only (p;p;) =0 = <<pjg0;> is assumed. Provided that @) is expressed as a
product of any number of free fields (in our case, two), it is thus possible to
compute explicitly correlations like in Eq. .

1.2.2.8 Consequences of symmetries of the scattering rates

In the present work, we thus obtain detailed and explicit expressions for the
skew-scattering rate Qﬂflggk/, as it appears in the collision integral. From this,
we deduce an explicit formula for the thermal Hall conductivity tensor, namely

uro_ v
KZH 2 Z J k k,n’k’ Jn’k” (118)
T V nkn'k’ "

where J8 = Nlw,koh, is the equilibrium phonon current, and Nyyl is the
equilibrium bosonic distribution. To keep the discussion simple, I do not provide
the expression of KM kol 1L this introduction, and simply mention that it is

proportional to ?Zﬂelff,k, The nonvanishing of the Hall conductivity depends

crucially on the symmetry properties of the kernel K k k- For instance, if the

relation Knk,n’k’ = KH _yo is verified, then it is easy to see that kg = 0.

n—k,n
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In Sec.[3] we show that this is a manifestation of time reversal symmetry being
effectively preserved in the phonon scattering rates (even though it might be
broken in the full system). One can proceed similarly with mirror symmetries;
a discussion including general group-theoretical statements and some nontrivial
examples is presented in Sec.[3}

1.2.3 Other approaches to transport theory

I will now review some other methods which are commonly used to solve trans-
port problems, which we do not use in the present work.

1.2.3.1 The Kubo formulae

Another traditional approach to the theory of transport (and more generally
linear response) coefficients is via Kubo’s formulae, derived in several differ-
ent contexts in [Kubo, 1957, [Kubo et al., 1957, [Mori, 1958]. These are valid in
full generality in the theory of linear response; namely, for a perturbed hamil-
tonian H(t) = Hy — F(t)A where F(t) is a function of time and A a hermi-
tian operator, the response of some other hermitian observable B is given by
(B(t)) = [dt'xpa(t —t")F(t'). Here xpa is the generalized susceptibility, and
the expectation (-) is relative to the perturbed density matrix. Kubo’s formu-
lae express the linear response coefficient (i.e. the susceptibility) in terms of a
two-point correlation:

B . N
xa(t) = (1) /0 AMA(=iBN) B())o, (1.19)

where ©(t) is the Heaviside function ensuring the response’s causality, A is the
time derivative of fl, operators are time-evolved in the Heisenberg picture, and
the expectation (-)g is relative to the unperturbed density matrix. [Pottier, 2009

The particular case of transport coefficients can be obtained as follows: F'(t)
is an external classical field, A is the position operator weighted by the local
charge (so that A is a current operator), and B is a current operator. Con-
sequently xpa is a conductivity coefficient. Kubo’s formula Eq. thus
expresses conductivity coefficients in terms of equilibrium two-point current-
current correlations, as is well known in special cases such as the electric con-
ductivity o,, or thermal conductivity &, .

1.2.3.2 Remark about thermal transport

It is worth noting that, although Kubo’s formula in its final form does not
make explicit reference to the perturbation term —F(t)A in the Hamiltonian,
an implicit assumption is that there exists a classical external field F'(t) under
which particles are charged. For instance, in the case of electric conductivity
(the Kubo-Nakabo formula), F(t) := E,(t) is the electric field and A := ¥, ¢;#7,
where ¢ indexes small volume elements, v a spatial direction, and ¢; is the charge
of the elementary volume.
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The case of thermal transport is more subtle. Indeed, while one can define
A= > hit? (with h; the elementary volume’s energy, playing the same role as
the local charge), it is unclear what the classical field F'(¢) should be. Therefore
the validity of Kubo’s formula for thermal transport is a priori questionable.
However, an argument known as “Luttinger’s trick” [Luttinger, 1964], based on
the fact that such an F(t) exists in general relativity, proves that one can safely
apply Kubo’s formula to thermal transport as well. Then, the thermal con-
ductivity tensor is expressed in terms of a (thermal current - thermal current)
two-point correlation function at equilibrium.

The expression of linear response coefficients provided by Kubo’s formula is
eract. However, the current-current correlation which it involves contains, in
principle, all the diagrams generated by the energy-carrying-quasiparticle inter-
actions with all the other degrees of freedom in the theory. Starting from Kubo’s
formula, is therefore often necessary to make subsequent approximations.

1.2.3.3 Approximation schemes from Kubo’s formulae: memory ma-
trix formalism

One instance of such approximation schemes is the “memory matrix formal-
ism”, first introduced in [Mori, 1965] and applied successfully to several transport
problems, especially in one dimension [Shimshoni et al., 2003], |Giamarchi, 1991].
This method is a particular choice of self-consistent perturbative expansion
derived from Kubo’s formula [Gotze and Wolfle, 1972]; it consists in rewrit-
ing Kubo’s formula while implementing an effective separation between faster
modes and slower modes. The latter are the ones which efficiently carry con-
served quantities such as charge and energy. [Forster, 1975, [Chaikin et al., 1995]
Therefore, the memory matrix formalism can be understood as a generaliza-
tion of a hydrodynamic approach, applicable in cases where quasiparticles are
not well-defined, such as strange metals [Lucas and Sachdev, 2015], other non-
Fermi liquids and other models where the Wiedemann-Franz law breaks down
[Mahajan et al., 2013].

In the present work, we do not resort to this formalism, which usually re-
quires to carry out uncontrolled approximations, and is unnecessary in our case.
Phonons in our derivation are treated as well-defined quasiparticles, so that their
out-of-equilibrium dynamics is well described by the familiar (and slightly sim-
pler) framework of Boltzmann’s equation. In particular, the phonons’ collision
integral can be computed directly from scattering theory, and has a direct phys-
ical interpretation.

1.2.3.4 Approximation schemes from Kubo’s formulae: Kubo-Streda
formula and diagrammatics

Another set of approximation schemes used to compute the Kubo formula consist
of resumming only certain subsets of diagrams in the perturbative expansion of
the correlator. This is used, in particular, in mesoscopic physics, where diagrams
with high-order vertex corrections can become relevant in some cases such as
localization effects. [Rammer and Smith, 1986, (Coleman, 2015] This is usually
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made easier by using certain rewritings of the Kubo formula — e.g. “Kubo-Streda

formulae” — in terms of retarded and advanced Green’s functions [Akkermans and Montambaux, 2007];
then, statistical properties of the disorder can help in identifying the most rele-

vant diagrams.

We do not resort to this method in the present work for three reasons. First,
as mentioned just before, it is mostly relevant in situations with disorder where
high-order vertex corrections are important, which is sometimes the case with
electrons but less often with phonons as far as I am aware. Second, like the
memory matrix formalism, it lacks the simplicity of the Boltzmann equation
formalism. Third, this method was engineered to deal with problems where
interaction vertices have at least three legs. Because we leave () unspecified, the
number of legs is also arbitrary, and the method unpractical.

1.2.3.5 Single-particle descriptions

In contrast to the above approaches, where vertex corrections often play an
important role, some successful approaches to quantum transport — especially
electronic transport — use a single-particle viewpoint, where the response func-
tion is computed at the one-loop order using approaches like the random phase
approximation. [Bruus and Flensberg, 2004] These calculations are thus some-
times called “semiclassical”, because they consider well-defined quasiparticles in
an equilibrium field-theoretical framework, while replacing the bare propaga-
tor of the initial quasiparticle by a dressed propagator with a finite self-energy.
[Rammer and Smith, 1986, Rammer, 1991] The latter has a real part, account-
ing for an energy shift as well as non-dissipative effects such as the single-particle
Berry curvature, and an imaginary part, governing the quasiparticle lifetime and
accounting for dissipative effects.

Such single-particle approaches are particularly well defined when the said
quasiparticles are electrons in a metal, because their very small mass (or cor-
respondingly the inverse of their very large Fermi velocity) is a suitable small
parameter guaranteeing that loop corrections to the propagator can be neglected;
this is the essence of Migdal’s theorem [Migdal, 195§|. By contrast, no such con-
trolled approximation exists for phonons. Moreover, and most importantly, these
are bosons instead of fermions, and their particle number is not conserved, so
that many-particle approaches are more likely to yield accurate results in their
case. This is why, in the present work, we prefer to study the out-of-equilibrium
dynamics in a framework where the particle number is treated explicitly as the
unknown of the problem, which is the essence of Boltzmann’s equation.

1.2.3.6 Coupled systems of quasiparticles out of equilibrium

Our hydrodynamical derivation of thermal transport by phonons relies on the
assumption that phonons are long-lived modes which alone carry the out-of-
equilibrium current. Other degrees of freedom coupled to them are treated as
short-lived modes, which relax much more rapidly to equilibrium. Thus the
phonon populations § N, are out of equilibrium, whereas the @, degrees of
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freedom have equilibrium correlations and dynamics — which are directly involved
in the phonon scattering rates.

Other approaches, such as “thermal drag” considerations [Bartsch and Brenig, 2013],
treat both the energy carriers (say, the phonons) and the other degrees of free-
dom (say, magnons) in a combined out-of-equilibrium framework. The thermal
transport in the system is then obtained by solving a system of two (or more)
coupled Boltzmann equations, one for each nonequilibrium population of par-
ticles. See for instance [Gangadharaiah et al., 2010], where this approach was
used to reconcile the general Kubo formula for the full thermal current of both
phonon and magnon quasiparticles with the formalism of Boltzmann’s equation
— both approaches yielding the very same result for the longitudinal thermal
conductivity, at the perturbative order considered.

This approach would be well-suited to study the out-of-equilibrium dynamics
of phonons coupled to known quasiparticles. E] Here, we are interested in a case
where the other degree of freedom, @, is not specified — and might well have
no quasiparticles at all. This is why we do not resort to this formalism in the
present work.

1.2.4 Other mechanisms for (phonon) thermal Hall conductivity

Here, for completeness, I briefly review some approaches to thermal Hall conduc-
tivity (some of which involve phonons, in various ways) which we do not follow
in the present work.

1.2.4.1 Thermal Hall current of spin excitations

Thermal Hall effect in quantum magnets has been considered by several au-
thors, in the case where the transverse energy current is not carried by phonons
but by magnetic excitations. In this context, it is usually called anomalous
thermal Hall effect. [Katsura et al., 2010] It was shown by several authors
[Samajdar et al., 2019, [Han et al., 2019, [Han and Lee, 2017] that thermal Hall
conductivity by magnetic excitations in magnets is made possible by the presence
of a spin chirality in the magnetic texture. These results could be interpreted as
the manifestation of the magnon Berry curvature. [Matsumoto and Murakami, 2011],
Murakami and Okamoto, 2017] In fact, although spin chirality was shown to en-
hance the magnon thermal Hall effect in some models [Koyama and Nasu, 2021,
it does not seem to be a necessary ingredient: see [Mook et al., 2019] for some
arguments based on symmetry, and [Teng et al., 2020] for a study in a magnet-
ically disordered phase.

From the existence of a thermal Hall conductivity for magnetic excitations,
in particular magnons, it becomes a priori possible for the phonons to exhibit
a thermal Hall conductivity as well. Indeed, since the seminal work of Holstein
[Holstein, 1959a, [Holstein, 1959b], it has been known that strongly interacting

3In particular, this would be an appropriate framework to study the interaction between
several phonon branches, in cases where the separation outlined in the footnote of Sec.[1.2.2.5
cannot apply.
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phonons and magnons can merge into emergent quasiparticles known as po-
larons [Mahan, 1981]. This results from the fact that a quadratic hamiltonian of
magnon and phonon operators can be readily diagonalized by means of a Bogoli-
ubov transformation, whose eigenstates are a new type of bosons interpolating
between the initial two families of bosons. This effect, however, cannot yield a
large contribution to thermal transport at low temperatures. Indeed, the phase
space of such phonon-magnon interactions is typically very small: the constraint
of both energy and momentum conservation by the interaction requires a cross-
ing between the bare phonon and magnon bands. [White et al., 1965] This, for
acoustic phonons and (almost) gapless magnons, can only occur close to zero
energy and momentum — where no current is carried —, except if magnons and
phonons have similar velocities, as was studied in FeCl, [Laurence and Petitgrand, 1973]
and FeFy [Lovesey, 1972].

These approaches are of course completely distinct from our problem, since
phonons are not the energy carriers there. Now I will consider more specifically
approaches to the phonon thermal Hall conductivity, which have been proposed
in the literature. In the following cases, phonons remain well-defined quasiparti-
cles (as opposed to the polaron case, notably) and are alone responsible for the
transport of energy through the sample. Other excitations or quasiparticles may
still interact with the phonons (and e.g. scatter them), but their role as energy
carriers is not considered.

1.2.4.2 Phonon Berry curvature from Raman-type interactions

A model for thermal Hall conductivity has been proposed in paramagnetic di-
electrics, based on a Raman-type coupling between the unit cell orbital momen-
tum and the local magnetization in the presence of a magnetic field. [Sheng et al., 2006,
Kagan and Maksimov, 2008] I briefly explain the physical origin of this mecha-
nism in Sec. This interaction appears as a two-phonon term in the energy
current, and directly enters the thermal conductivity via Kubo’s formula. This
mechanism involves explicitly the local magnetization m and the unit cell an-
gular momentum p, namely H' = m - (u X p) with u the displacement field.
In a single-particle picture, this H' can also be interpreted as a redefinition of
the phonon energies, including a time-reversal-breaking term responsible for a
thermal Hall conductivity.

This single-particle contribution was subsequently interpreted in terms of the
Berry curvature of the phonon bands. [Qin et al., 2012, [Zhang et al., 2010] This
is why it is often referred to as an intrinsic phonon thermal Hall conductivity,
although the breaking of time reversal is provided by the local magnetization
appearing in the Raman coupling. Note, however, that this mechanism is also
possible in nonmagnetic materials, if one considers deviations from the Born-
Oppenheimer approximation for the charged nuclei of the lattice, subject to a
Lorentz force in an external magnetic field. [Saito et al., 2019

This approach is very similar to the next one. I comment on their common
interpretation in the next subsection.
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1.2.4.3 Phonon Hall viscosity

A related approach to the phonon thermal Hall effect uses the concept of phonon
Hall viscosity (PHV) [Barkeshli et al., 2012]. This is the coefficient 775576 appear-
ing in the antisymmetric, time-reversal-odd term Ly, = nfﬁw (5 aBgyd _ gob 576)
in the strain field’s lagrangean, where & is the strain field and € its time deriva-
tive. [Ye et al., 2021] Such a term in the phonon’s action is usually obtained by
integrating out other degrees of freedom coupled to the phonons and sensitive to
the breaking of time reversal. For instance, in [Zhang et al., 2021b], these other
degrees of freedom are spinons in a chiral spin liquid — with a Zeeman coupling
of the spins to an external magnetic field and a spin chirality term S; - (S; x Sy,)
around triangular plaquettes —, and the resulting phonon Hall viscosity is ex-
plicitly calculated. In [Feng et al., 2021], these other degree of freedom are the
emergent Majorana fermions in the Kitaev spin liquid; in the presence of a mag-
netic field these exhibit a chirality, which is transferred to the phonons as a
PHV coefficient. Finally, in [Zhang et al., 2019], these other degrees of freedom
are magnons, made chiral by a staggered Dzyaloshinskii-Moriya interaction in
the presence of a magnetic field (however the PHV is not explicitly calculated,
and only the thermal current is “renormalized” accordingly). The phonon Hall
viscosity term is a non-dissipative contribution to the phonon’s action; it thus
provides an intrinsic, single-particle contribution to the phonon Hall conductiv-
ity.

This approach and the previous one both account for an intrinsic contri-
bution to the conductivity. In Boltzmann’s equation their effect would appear
as a force term f, - Vi, since a Berry curvature has the interpretation of a
force of geometric origin. While such approaches have led to interesting findings
in the theory of phonon Hall conductivity, they are known [Ye et al., 2021] to
yield a very small phonon Hall effect if not enhanced by an extrinsic mechanism
[Guo and Sachdev, 2021]. In this work, on the contrary, we focus on that other
side of Boltzmann’s equation that can generate a phonon Hall effect, namely the
collision integral C,), which is a different problem.

1.2.4.4 Extrinsic phonon Hall effect from scattering by impurities

Finally, many works focus on phonon scattering by defects. This was studied
in the case of magnetic impurities, where the breaking of time reversal by the
external magnetic field is directly mediated by the impurities’ inner structure.
Energy transport was studied both via Boltzmann’s equation [Mori et al., 2014,
Sun et al., 2021] and via Kubo’s formula [Guo et al., 2022]. Phonon scattering
by defects was also studied in the case of “simple” ionic crystals in [Flebus and MacDonald, 2021],
where the breaking of time reversal comes from the Lorentz force felt by mov-
ing charged defects. Finally, phonon scattering by defects was studied in a re-
cent work [Guo and Sachdev, 2021, as a means to enhance an already existing
phonon Hall effect (generated by an ansatz phonon Hall viscosity term) through
resonant skew-scattering.

These works provide mechanisms which can explain phonon thermal Hall
conductivity in materials with a specific model for defects. These defects are,
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almost by definition, independent objects, and translational invariance is thus
explicitly broken in the derivation. In the following, on the contrary, we show
how the thermal conductivity of phonons coupled to degrees of freedom @i
provides information about the correlations between the ) objects, which may
as well be (periodic) defects or continuous fields in the description which we use.
In particular, we apply our formalism to continuous fields (both bosonic and
fermionic). Thus we are focusing on the clean limit, which is a different problem
to that studied in the works cited above.

1.2.4.5 Remark about a pioneering work on phonon Hall effect

Here, a remark about the work of [Mori et al., 2014] is in order. Indeed, in this
paper, the phonon Hall conductivity in rare-earth garnets is computed using
the Boltzmann’s equation formalism and scattering theory. Application of the
formalism introduced in this thesis to defects in rare-earth garnets would provide
a generalization of the results of the cited paper in at least two respects.

First, the model of spin-strain interaction which the authors of [Mori et al., 2014]
consider is a particular case of our Eq., where the field @,k is a compos-
ite of spin operators localized at the impurity, and thus does not depend on k.
Nevertheless, correlations of the impurities’ positions are introduced, in an ad
hoc manner, at the end of their derivation, and appear to be necessary for a
net phonon Hall conductivity to appear. Our formalism, where @, is a pri-
ori momentum-dependent, provides a natural framework where such effects of
impurity positional correlations can be incorporated.

Second, the scattering rates considered in [Mori et al., 2014] are those of
a particular type of scattering events, where one phonon is absorbed and one
phonon is emitted. Although these appear to be sufficient to capture a phonon
Hall effect, they arise at the same perturbative order as processes where two
phonons are emitted or two phonons are absorbed. In our derivation, all such
processes are considered, so that we provide the complete expression of scatter-
ing rates at second order in perturbation theory. We also consider carefully the
detailed balance relations between these scattering rates, which provides an in-
terpertation, in terms of general properties of linear response, of the cancellation
of Wik fx — Wik fi (in the notations of [Mori et al., 2014]).

1.3 Dynamics, correlations and phonons in Néel an-
tiferromagnets

In this section, I briefly introduce some concepts which we use in the bulk of
this thesis, when studying the dynamics and correlations in antiferromagnets in
general, and 2D tetragonal collinear Néel antiferromagnets in particular.
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1.3.1 Introduction to antiferromagnetism
1.3.1.1 A rough definition

Antiferromagnetism is a form of magnetic ordering, i.e. a magnetic phase char-
acterized by long-range spin-spin correlations, which does not exhibit any net
spontaneous magnetization: (Stot) = 0. The order parameter is not the local net
magnetization vector (S(r)), and its orientation is site-dependent. For instance,
the Néel order on a bipartite lattice is characterized by a finite staggered mag-
netization . ((—1)"S(r)), where (—1)" alternates between neighboring sites.
Antiferromagnetic ordering typically arises as the classical ground state of

magnetic models like
Hiag = ZZ rl:./Sa (1.20)

r,r’ ab

where a,b = x,y, z is the spin orientation index and Jfl:,/ the magnetic exchange
constant between spins at sites r and r/, for large positive isotropic exchange Jis,
between nearest neighbors.

1.3.1.2 Where to find it

Antiferromagnetism is most common in insulators.
A first way to see this is as follows. Starting from the Hubbard model,

Hy=-t Y. cwcr,a+Uanan (1.21)
(r,r)o

due to the strong electron-electron repulsion the system undergoes a Mott metal-
insulator transition as U/t increases [Mott, 1960, [Marino, 2017]. The electrons
are then localized on atomic orbitals, and can only hop between sites via virtual
processes. Second order perturbation theory in large U/t, around the ground
state in which each orbital is half-filled, leads to an antiferromagnetic interaction
(i.e. a positive J© ~ 2/U exchange) between neighboring spins. This is the
Anderson superexchange mechanism. [Anderson, 1959]

A second way to see this is to start from the Fermi surface description of
conduction electrons. At specific fillings (notably, half-filling), the existence of
nesting wavevectors between opposite sides of the Fermi surface is responsible for
an antiferromagnetic instability of the Fermi surface, and a (typically, twofold)
enlargement of the unit cell. [Fradkin, 2013 [Mahan, 1981]. This changes the
filling by a multiplicative factor (typically, 2), and leads to an (“Slater”, band)
insulating state.

In both cases the insulating state is associated with some form of antiferro-
magnetism. By contrast, the Stoner mechanism [Stoner, 1938|, whereby a Fermi
sea of itinerant electrons spontaneously spin-polarizes due to Pauli exclusion,
leads to ferromagnetic exchange (J° < 0).

Antiferromagnetism can also be induced in the presence of itinerant elec-
trons by RKKY interactions [Yosida, 1957, [Coleman, 2015]. Conversely, ferro-
magnetism can of course also be induced in insulators, for instance by dipolar
interactions between two orthogonal orbitals, or by superexchange between one
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half-filled and one filled or empty orbitals, following the Goodenough-Kanamori
rules [Goodenough, 1955 [Kanamori, 1959]. Notably, this is the case in per-
ovskite materials.

1.3.1.3 What to expect from an antiferromagnetic ansatz

It should be noted that antiferromagnetism is not a priori a good description of
the quantum ground state. For instance, the Néel state on a bipartite lattice

) = ( R m) o ( R rw) (1.22)

r even r odd

is not an eigenstate of the hamiltonian Eq. — even with only isotropic ex-
change. [Anderson, 1952] Exact solutions (especially in 1D systems) for some
antiferromagnetic models exist, such as the Bethe and Lieb-Schultz-Mattis so-
lutions for spin chains [Bethe, 1931} [Lieb et al., 1961], which show that the true
quantum ground state is not well described by the Néel ansatz.

However, while the antiferromagnetic classical ground state is not exact, it
may still lie in the same phase as the true ground state. Moreover, the excita-
tions above the ground states are well captured by spin wave theory above the
Néel classical order [Kubo, 1952]. It is therefore possible to understand with
good accuracy the quantum dynamics and correlations of the spins above the
ground state, starting from a rough approximation thereof by a classical antifer-
romagnetic ansatz. [Anderson, 1952] This is even true in some two-dimensional
antiferromagnets, which are very common and particularly well described by clas-
sical spin wave theory [Auerbach, 1994)], e.g.layered materials such as cuprates
below their Néel temperature [Stein et al., 1996], even though such a phase is
in principle forbidden by the Berezinskii-Hohenberg-Mermin-Wagner theorem
[Berezinskii, 1971} [Berezinskii, 1972].

In the remainder of this section, we therefore describe the spin dynamics of a
2D magnet on the square lattice using a low-energy theory for spin waves above
a classical Néel order.

1.3.2 Spin waves from a nonlinear sigma-model

1.3.2.1 Low-energy approximation of the local spins

To derive the low-energy theory of a collinear S = 1/2 antiferromagnet, it is
useful to rewrite the local spin operators in terms of two fields, the staggered
magnetization n(r) and the net magnetization m(r):

S(r) = (-1)"Sn(r) + m(r), (1.23)

where (—1)" changes signs between neighboring sites (here I assume a bipartite
lattice). This is referred to as Haldane’s mapping in the literature. [Haldane, 1983b|
Haldane, 1983a] The classical spin vector S(r) is assumed to be of fixed length
S = 1/2, which is enforced by assuming the local constraints n-m = 0 as
well as n? + m?/S? = 1. In terms of the spin operator, one should notice that
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the quantum rotor algebra [Sachdev, 2011] for the n, m fields, [m*(r),n”(r’)] =
€M A 5p M (1), [mH(r), m” (r')] = ie 6y ym?(r), [n”(r),n”(r')] = 0, reproduces
the spin algebra [S*(r), S¥(r')] = i€y 0 SM(r).

1.3.2.2 Expansion around the classical order

For concreteness, let us now assume Néel ordering along the X axis, such that
the classical ground state is ng = X, mg = 0. The low-energy theory is obtained
by expanding the spin field at linear order around this classical state, namely
n = nyg +n and m = m, where now m,n are small perturbations. Plug-
ging this into constraint equations on m, n, the components m, and n, become
functions of (m,,m,,n,,n,). Moreover, it is clear that at linear order in the
perturbation, m,; =~ 0 =~ n,. The commutation relations for the four remain-
ing fields are [my(r),n.(r")] = 6y = —[m.(r),ny(r")] and [my(r),m,(r")] =
0 = [ny(r),n.(r")]. The two Goldstone modes associated with the spontaneous
breaking of O(3) rotational symmetry by the Néel order, n, and n,, are thus (in
this linear approximation) independent, and their canonical momenta are —m,
and my, respectively. It is thus possible to perform a canonical quantization of
these fields in terms of bosonic operators, by and b;k, which are identified as
magnon creation-annihilation operators, where £ = 0, 1 is a magnon flavor index.
Then, all the magnon correlations can be computed — these are free bosons, once
their hamiltonian is specified.

Here, for simplicity I assumed that the classical configuration is a Néel order
along the % axis. This is not enough to warrant a nonzero phononic thermal
Hall effect: one can understand this from the fact that time reversal followed by
a translation by half a magnetic unit cell is a symmetry of the system, which
forbids any Hall conductivity. Therefore, in the next chapters, we will include an
external magnetic field h. In response, the spins are slightly tilted off the Néel
axis toward the direction of h; this is captured by a nonzero mg value. The spin
wave expansion which I described above can still be performed around this new
classical order, without any further conceptual difficulty. Details are provided
in Chapter

1.3.2.3 Phenomenological model from symmetries

The semiclassical action for a Heisenberg magnet can also be derived from the
path integral, and is known to be the nonlinear sigma-model [Fradkin, 2013
Marino, 2017]. The representation of spins using coherent states produces a
topological (Wess-Zumino) term in the action, which in the antiferromagnetic
case takes the simple form m x 9;n, where the m and n fields identify as those
of Sec[I.3.2.1] This has the familiar form @« - p of the kinetic term of canonical
position and momentum variables, which confirms the identification of “posi-
tion” and “momentum” variables made in Sec[1.3.2.2] above. [Auerbach, 1994
Thus, in the antiferromagnetic case it is sufficient to know the nonlinear sigma
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hamiltonian, which can be written on symmetry grounds:

1 r
Holo = g (IVny* + |Vn.|?) + E(mj +mi)+ Y (;b + ;hahb> NNy
a,b=y,z

(1.24)
If I' = 0 = h, the slow field n is indeed a gapless mode, while the fast field m re-
mains gapped, as is the case for half-integer Heisenberg antiferromagnets. Here I
used the words “slow” and “fast” in the traditional sense of [Chaikin et al., 1995]:
a “slow” variable appears in the hamiltonian predominantly through its spatial
derivatives, while a “fast” variable appears predominantly within a mass term.

The first two terms of the hamiltonian Eq. form the simplest quadratic
hamiltonian with linear soft modes n,, n. and fast modes m,, m., with the same
symmetries as the magnetically ordered phase (recall we choose it to be antifer-
romagnetic on the square lattice, with a Néel axis along the % direction). Note
that in Eq. the —m - h coupling is effectively taken into account in the
possibly nonzero expectation value (m) (and we disregard the modification of
the value of the gap of the fast mode m due to h).

The third and fourth terms give a (small) mass to the Goldstone modes, and
are a priori not diagonal in the (n,,n.) basis. In particular, the fourth term
captures the coupling between an external applied field h and the slow mode n,
so that there exists an explicit dependence of the magnon gap on the magnetic
field.

When the external magnetic field is oriented purely along the ¥ axis or purely
along the Z axis, then the combination of a Cs rotation around the field’s axis
and a translation by half a magnetic unit cell is a symmetry of the system, under
which the last two terms of Eq. for a # b are not invariant. Therefore, this
symmetry restores the independence of the n,,n, fields, which are then indeed
the eigenmodes of the low-energy hamiltonian Eq. .

We use this method in the next two chapters to write down the effective
dynamics for the spin variables interacting with the phonons.

1.3.2.4 Derivation from the microscopic theory

This low-energy theory can also be derived directly from a microscopic model,
such as a spin hamiltonian of the form Eq. . For instance, p and x can
be derived from the magnetic exchange constant in the Heisenberg spin model,
namely p = 2J52 and y~! = 4Ja? with a the lattice spacing.

Similarly, the third term in our continuous hamiltonian Eq. originates
from anisotropies in the spin model. These anisotropies are due to spin-orbit
coupling, which breaks the O(3) spin rotational invariance while preserving the
crystalline symmetries. The I'y, parameters can be derived, for instance, from
an XXZ interaction between neighboring spins, as I show in Chap[3|

Finally, the last term is written on symmetry grounds (as the lowest-order
term preserving the Cy symmetry mentioned above), but the value of the x/2
constant can be derived from the continuous description above (see Chap ap-
pendices), or it can be identified from microscopics [Benfatto and Silva Neto, 20006].
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1.3.3 Magnetoelastic coupling

Here I review a few theoretical descriptions of magnetoelastic (i.e.spin-lattice)
coupling in ordered magnets. In particular, I briefly present the method used in
the next two chapters.

1.3.3.1 Generic coupling to boson bilinears

In Chapters[2and [3] we consider the case where the Qi operators are bilinears of
bosonic creation-annihilation operators, so that the interaction hamiltonian takes
schematically the form Hiy = (a! + a)(bTb! + bb + bb), where a is the phonon
creation operator and b' that of the other bosons. A term of the form (af +
a)(b' +b) could in principle be included, but it can be readily removed from the
interaction through a redefinition of the a and b operators. Indeed, as mentioned
in Sec[1.2.4.1] the phonon-boson hamiltonian restricted to its quadratic order Hy
is always diagonalizable by means of a Bogoliubov transformation, so that a and
b are its eigenbosons: Hy contains a'a and bb terms, but no mixed (afb,...)
terms. Therefore H;, as written above is the lowest-order nontrivial interaction
term that can be written between one phonon a and bosons b.

This was also the starting point in [Chernyshev and Brenig, 2015, |Gangadharaiah et al., 2010],
which considered the longitudinal conductivity of coupled phonon-magnon sys-
tems. Here we do not yet specify the nature of the b bosons, and compute the
Hall conductivity as well. Importantly, all the information about the original
quasiparticles and their dynamics is contained within the coupling constants. In
Chap[3] these are denoted B, so that

¢ 1
nk /Nuc

n,01,219192q9 1 q1 q2
Z Bk;P b51,p+%kb52,*P+%k' (1.25)
p,f1,02

q1,92==%

Here q,q12 = %, £1,2 is a boson valley index, and the b bosons are eigenbosons of
the free hamiltonian Hy. Note that the breaking of time reversal and other sym-
metries which are obstacles to a phonon Hall effect is solely contained within the
B coupling coefficients. A realistic theory of phonon thermal Hall conductivity
thus requires a detailed understanding of these phonon-boson coupling constants
and their symmetries; we undertake this task in the present work, both in general
terms and more specifically in the case of phonon-magnon interactions.

1.3.3.2 Phonon-magnon coupling from the microscopic model

The existence of a coupling between phonons and magnons — or, in fact, between
the displacement field w and spins — can be understood intuitively from simple
considerations. The magnetic exchange constants Jlfil;,, appearing in the spin
hamiltonian Eq. depend strongly on the distance between the sites r,r’
— in fact exponentially so, as they are typically proportional to an overlap of
atomic orbitalsﬂ Therefore, the displacement field u is coupled to the spins

4except, notably, dipolar interactions between spins; these are only polynomial wrt the
distance.
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already at first order in the Taylor expansion of Hy,g, through an interaction
term of the form H' = w - VJ%S%S?. This intuitive approach was followed
in [Cottam, 1974] to study the longitudinal phonon thermal conductivity in a
Heisenberg magnet. More recently it was used in [Ye et al., 2020] to study the
dynamics of phonons in the Kitaev spin liquid. The same authors and coworkers
explored the consequences of spin-phonon coupling in this phase in terms of
specific heat, sound attenuation and phonon Hall viscosity in [Feng et al., 2021],
and of Raman spectroscopy in [Feng et al., 2022].

The same form of coupling was also used in [Zhang et al., 2019] to study the
phonon thermal Hall conductivity in a collinear ferromagnet. In the latter, it
is worth noting that an external magnetic field as well as a strongly anisotropic
magnetic exchange (namely, a staggered Dzyaloshinskii-Moriya interaction) are
involved in ky.

Finally, we note that the same form of coupling was used in [Ferrari et al., 2021]
to study the role of phonons in the dynamics of frustrated magnetic models.

This intuitive derivation from the spin hamiltonian assumes implicitly a
Born-Oppenheimer approximation, because in principle the local spins Sy be-
come ill-defined quantities if the dynamics of w happens on the same timescales
as the dynamics of electronic orbitals. Because of the very small ratio m/M,
with m the electron’s mass and M the typical mass of the lattice ions, the lat-
tice motion can always be treated as very slow and this intuitive approach is
well-founded. This assumption is also made in [Lovesey, 1972], which uses a
similar derivation as above, but at the more fundamental level of Coulomb inter-
actions between electronic orbitals, to account for the longitudinal conductivity
of phonons in antiferromagnets.

1.3.3.3 Phenomenological expansion in terms of w and p

A more phenomenological approach consists in writing all possible coupling terms
allowed by symmetry, up to a given order in powers of the displacement field
u or of p its conjugate momentum, |[u,p] = ¢ (i.e. in the number of phonons
involved, see Eq. ) A list of the lowest-order terms allowed by time reversal
symmetry is provided in [Toselevich and Capellmann, 1995]:

llab b 2|abe 3|abe
Hint = Z Sg er/ pl" + Ur/ Z (BI‘,I‘/,I'” IC.// + BI‘,I",I‘” pg//> (126)
r,r r’

where the Bs are phenomenological coupling parameters. Note that the depen-
dence on a, b, ¢ spatial indices is constrained by spatial symmetries of the crystal.
This is because the larger symmetry group of the “initial” spin operators, corre-
sponding to the symmetries of the non-interacting magnetic ions, is broken by
crystal fields and spin-orbit coupling down to the spatial symmetry group of the
crystal. [Laurence and Petitgrand, 1973]

The first term in Eq. can be derived as a coupling between the local
spin and the magnetic field generated by the oscillatory motion of the ions; the
coupling parametr Bi ‘f,b is thus typically proportional to vien/c (with ¢ the speed
of light), and as such is utterly negligible.
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The third term in Eq.(1.26) corresponds to the Raman coupling which I
mentioned in Sec[T.2.4} its derivation as a coupling between the local spin Sy and
time-dependent crystal fields — or equivalently between S, and L, := uy X py
the unit cell angular momentum — is discussed in [Manenkov and Orbach, 1960,
Abragam and Bleaney, 1970]. This is a two-phonon term which has been shown
to generate a finite, but small, phonon Hall viscosity.

Finally, the second term in Eq. is a one-phonon term which corresponds
to the intuitive picture given above in terms of spatial derivative of magnetic
exchange. Since it has the smallest number of phonon operators, and is thus the
most likely to contribute to the phonon skew-scattering rate at low temperatures,
this is the term which we consider in more detail in the following.

1.3.3.4 Phenomenological expansion with tetragonal symmetry

In this case, we do not consider directly the local spins S} but rather the slowly
varying fields m, n of the nonlinear sigma-model. To derive the coupling between
one phonon operator and two such fields, we follow the method outlined above:
we write down all interaction terms between the strain tensor and bilinears of
the m, n fields which are allowed by symmetriesﬁ

This method requires to select a crystal symmetry group; we choose the
largest tetragonal symmetry group, Dgp, which is for instance that of the low-
temperature crystalline phase of LagCuQOy4. Because the form of the coupling
shoud not depend a priori on the magnetic phase, the symmetry group of the spin
variables — which is also that of the crystal itself, because of the aforementioned
spin-orbit and crystal-field effects — is the largest possible one, i.e. that of the
paramagnetic phase. The interaction hamiltonian then takes the following form:
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where ng is the ordered antiferromagnetic moment density. Here each A®) tensor,
which we define to be symmetric in both ab (direction in spin space) and «f
(direction in real space) variables, has seven independent coefficients, which are
related by symmetries. All technical details are provided in the appendices of
Chapter 3| Note also that m®n® couplings are forbidden by the combination of
time reversal and translation by one (lattice) unit cell.

The last step in our derivation of the phonon-magnon interaction consists in
expanding the m, n fields around the classically ordered configuration mg, ng,
which comprises the Néel antiferromagnetic spontaneous ordering and the para-
magnetic response to an applied external magnetic field. I outlined this proce-
dure in Sec[T.3:2.2] The choice of the Néel vector along the crystal’s X axis, and

®In principle, one could also consider coupling of the magnetic fluctuations to the “small
rotation tensor”, which is the antisymmetric cousin of the strain tensor: Q. 1= 2 (9uuy —dvuy).
Because of global rotational invariance, the latter does not appear in the hamiltonian of linear
elasticity, and only manifests itself at higher orders in the theory of elasticity. Thus we expect
it to yield much smaller contributions than the strain tensor to the magnetoelastic coupling,
as it already yields much smaller contributions to pure elasticity itself. Therefore, we consider
only the symmetric strain tensor in the magnetoelastic hamiltonian density.
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of the applied magnetic field along either of the (¥,Z) axes, makes more explicit
the role of anisotropic couplings — such as XXZ exchange — and spin-orbit cou-
pling in the phonon Hall effect. In Chapter we show precisely which of the A©)
coupling constants are involved in kg, and what this implies, notably, in terms
of the temperature and field dependences of the conductivity. In particular, the
sign of kg is determined by a nontrivial combination of these parameters.

1.3.3.5 Remark about a pioneering work on spin-phonon coupling

Here, a remark about the work of [Cottam, 1974] is in order. There, the au-
thor uses the method outlined in Sec.[1.3.3.2] to study the interactions between
phonons and magnons in a Heisenberg antiferromagnet. The interaction kernel
has one phonon line and two (each incoming or outgoing) magnon lines, and
is therefore a particular case of our interaction Eq. where the coupling is
isotropic in spin space.

The author computes, among other quantities, the phonon self-energy arising
from this phonon-magnon interaction, and in particular the phonon damping
rate 771, We also compute this quantity, which we denote D,i, except that our
result corresponds to the one-loop diagram in the expansion. Therefore our result
coincides with that of [Cottam, 1974] only at leading order in the perturbation
expansion.

On the other hand, our result for the phonon longitudinal thermal con-
ductivity is more general than that of [Cottam, 1974], where only a Heisen-
berg exchange is considered. This corresponds, in our Eq., to considering
A((l?’a”g X d4p- By contrast, we consider the most general exchange allowed by
symmetry. This enables us to derive the scaling behavior s, (7") for the full
temperature scale, while Cottam’s result captures only the high-temperature
limit. Moreover, as mentioned in the previous subsubsection, we show that the
phonon Hall conductivity arises from coupling constants which are anisotropic in
spin space, so that the model considered in |[Cottam, 1974] leads to a vanishing
phonon Hall effect.

1.4 Dynamics, correlations and phonons in insulators
with emergent fermions

In this section, I briefly introduce some concepts which are used in the fourth
chapter of this thesis, when studying the dynamics and correlations in disordered
antiferromagnets with neutral fermionic excitations.

1.4.1 Fermionic phases in insulators

1.4.1.1 Disordered magnetic phases and fractional excitations

The previous section dealt with models where antiferromagnetic exchange be-
tween neighboring spins on the square lattice induced the formation of a Néel-
ordered phase. However, antiferromagnetic exchange sometimes favors disor-
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dered phases at low temperatures. This occurs especially on frustrated lattices
[Balents, 2010], such as the two-dimensional triangular and kagome lattices or
the three-dimensional pyrochlore lattice. This property has been kown for a very
long time, even at the classical level with purely Ising spins: see for instance the
extensive entropy in the ground state of water ice [Pauling, 1935] — this is in
the pyrochlore lattice — or the disordered phase down to zero temperature of the
triangular lattice Ising model [Wannier, 1950].

An extension of this concept to quantum magnetic phases was proposed by
Anderson, in the particular case of the resonating valence bond state [Anderson, 1973].
This led to the more general concept of quantum spin liquids, which have at-
tracted much interest in the last few decades; two recent reviews are [Savary and Balents, 2016/,
Zhou et al., 2017]. One pervasive feature of spin liquids is the existence of frac-
tional excitations, i.e.emergent degrees of freedom whose charge, spin, central
charge, or statistics are a fraction of that of the initial degrees of freedom of
the model. [Wen, 2004] In the following, I will be particularly interested in
emergent fermionic phases of quantum magnets. The physics of such systems is
well described in terms of emergent neutral fermions, even though (1) the initial
model was written purely in terms of local spins — which have bosonic statistics
—and (2) the elementary constituents of any such degrees of freedom are always
electrons, and it is far from obvious how neutral fermions could be built out of
electrons while not contradicting the spin-statistics theorem.

1.4.1.2 Parton representation of spin models

To theoretically describe spin liquids, and more generally phases of matter host-
ing emergent fractional excitations, it is often useful to resort to parton con-
structions. In Sec.[d] of this thesis, we resort to the Abrikosov fermion rep-
resentation of spin operators, which are the fermionic counterpart of Schwinger
bosons [Auerbach, 1994], and were first introduced in the context of Kondo prob-
lems [Abrikosov, 1965]. Introducing fermion operators ¢m,¢ia, where o =1, |
is a spin—% index (although this construction can be generalized to higher spin
[Coleman, 2015]), it is possible to construct spin operators from these “partons”:

1
S: =3 > Wl aptes. (1.28)
af

This construction faithfully reproduces the spin operators: provided that the
fermionic algebra {war,wgr,} = Joa'Or s satisfied, the spin algebra [S#, S¥] =
e S holds.

This construction also faithfully reproduces the states of a spin—% system,
provided that the local constraint wiawm =1 Vr is enforced exactly at each
site (this ensures that the Hilbert space has two dimensions instead of four,
as would be the case without the constraint). [Baskaran and Anderson, 1988|
Marston and Affleck, 1989]. This local constraint can be implemented by means
of a Gutzwiller projection (i.e.a projection onto the space of “physical” states
where the constraint is satisfied), or via a Lagrange multiplier term, —A%( flr far—
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1), where functional integration over the time fluctuations of A? enforces the con-
straint.

1.4.1.3 Redundancy and constraint as gauge theories

Besides, two sets of SU(2) operations can act on this fermionic representation.
First, the rotations of the physical spin, which transform S — RF”SY; these are
physical symmetry operations, which can be broken by the initial spin model in
the presence of spin-orbit coupling, or spontaneously in some magnetic phases.
Second, there is an SU(2) redundancy in the above description of spins in terms
of Abrikosov fermions, i.e.a set of SU(2) gauge transformations which modify
the fermion operators (j}T — oszT + B, etc) but not the physical spin Sy — S;.
In some phases this SU(2) gauge symmetry is broken down to U(1), e.g. by
a Higgs mechanism whereby some components of the gauge field are gapped
out.[Wen, 2004] In such phases, the low-energy theory retains a U(1) gauge in-
variance Yoy — €., and the fermions are coupled to a lattice gauge vector
potential A, ,.». The latter contains the space components of the full D = d + 1
emergent gauge field, while A? is the time component.

The existence of phases of spin models well described by a U(1) gauge theory
can be questioned. Indeed, in D = 2 + 1 the existence of deconfined U(1) pure
gauge theories is forbidden because of the strong fluctuations of the gauge field,
in particular by the proliferation of instantons [Polyakov, 1977]. However, in the
presence of matter fields, D = 2 4+ 1 abelian gauge theories have been shown
to be stable in several cases [Hermele et al., 2004]. This, as shown already by
Ioffe and Larkin [Ioffe and Larkin, 1989], is due to the fact that the presence
of charges modifies the action of the gauge field, in particular in the form of
Landau damping — see Sec. for further details, so that the instantons’
action becomes infinite, and the deconfined emergent electromagnetism is stable.

1.4.1.4 Free fermion theory from a mean-field ansatz

The above procedure (plugging Eq. (1.28)) into Eq. (1.20))) replaces the spin hamil-
tonian by a four-fermion interaction. It is then possible to decouple this in-

teraction in various mean-field channels, for instance by means of a Hubbard-
Stratonovich transformation [Hubbard, 1959, [Stratonovich, 1957]. Different the-
ories obtained from different mean-field decoupling channels can subsequently be
interpreted as describing different emergent fermionic phases [Nagaosa and Lee, 1990,
Lee and Nagaosa, 1992 [Lee et al., 2006]. Note that although the hamiltonian is
now quadratic in the fermions, they are not really free fermions since they are
still coupled to the fluctuating gauge field.

A next approximation step often consists in neglecting the time fluctuations
of the AY(7) gauge field. Then, the local constraint of single occupancy is only
enforced on average, in the ground state, and the consequence is that A? acts
only as a local chemical potential for the fermions [Nagaosa, 1999]. Whether
this approximation is also true (for a given gauge choice) for the spatial compo-
nents Ay, of the gauge field, and which ansatz is taken for the corresponding
expectation values, leads to a panoply of different quantum phases. [Wen, 2004]
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One particular instance of such an emergent fermionic phase is a spinon
Fermi surface spin liquid, in which the essentially free spinons exhibit a Fermi
surface and are charged under an emergent U(1) gauge field. This phase has
been argued to occur in two-dimensional models of strongly correlated electrons
[Marston and Affleck, 1989], and to be stable against gauge field fluctuations
[Lee, 200§].

In Chapter [d we also consider the case of Dirac fermions in two dimensions.
These are of course well known in the context of graphene, and they also theo-
retically emerge in (insulating) magnetic phases, for instance in the 7-flux phase
of the model described above[Fradkin, 2013, [Wen, 2004, Misguich, 2011]. In the
latter case, the mean-field ansatz for the emergent gauge field displays a uniform
magnetic flux per plaquette. Such a phase has also been argued to be stable if
the matter fields satisfy some conditions [Hermele et al., 2004].

1.4.2 Dynamics of the emergent gauge field

I now consider more specifically the case of a U(1) spinon Fermi surface [loffe and Larkin, 1989
Kim et al., 1994]. The physics is that of a Fermi sea of fermions charged under

a U(1) gauge field, and is therefore very similar to electrodynamics in metals

[Abrikosov et al., 1976, [Lifshitz and Pitaevskii, 1980] — except that the values of

the fundamental constants are very different.

The fermions are coupled to the gauge field via the minimal coupling term,
Lme = —F - A, where j ~ fIV £ is the fermion current and A the vector po-
tential. Diagrammatically, the minimal coupling can therefore be represented
as a vertex with one gauge boson line and one incoming, one outgoing fermion
lines. This, as is well known from the quantum theory of the electron gas,
leads to a renormalization of the gauge field’s propagator. The latter is tra-
ditionally treated in the random phase approximation, and the renormalized
dielectric constant is expressed in terms of the fermion “polarization bubbles”.
[Bruus and Flensberg, 2004]

Thus the emergent electromagnetic field, because of its interaction with the
spinon Fermi surface, has the same propagator as an electromagnetic wave in
a metal, at low momentum and frequency. Namely, its scalar (time) compo-
nent acquires a mass because of Debye screening, while the vector field’s action
contains a Landau damping term, which accounts for the wave’s dissipation by
fermion-hole pair fluctuations. [Giuliani and Vignale, 2005]

At the end of Chapter [, we consider the coupling of phonons directly to
the emergent electromagnetic field. The latter has a quadratic action — once
the fermions have been integrated out, yielding the aforementioned mass and
damping terms. Therefore the two-point correlator involved in the phonon’s
longitudinal thermal conductivity, Eq., can be directly evaluated from the
action, either by analytic continuation |[Coleman, 2015] or by performing a Mat-
subara summation [Matsubara, 1955] and a Fourier transform.
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1.4.3 Magnetoelastic couplings
1.4.3.1 Generic coupling to fermion bilinears

Like in the previous section, where the coupling of a phonon operator to boson
bilinears contributed to the phonons’ collision integral, in Chapter [4| we consider
the coupling of a phonon operator to fermion bilinears. We write an interaction
hamiltonian of the form Hiy ~ B(a' + a)fTf, with f the fermion destruction
operator and B a generic coupling constant:

N
Quc= Y B flofv o (1.29)
p7€7£l

Hin = a'QT + h.c. is the most general hamiltonian with one phonon operator
and two fermion operators which conserves the total fermion number — i.e. the
system’s total charge with respect to the U(1) gauge theory. Like in the bosonic
case, £, (' is a fermion flavor index and the free fermion hamiltonian is diagonal
in the f basis. Note that our calculations are valid regardless of the nature
of the fermions, which may just as well be spinons coupled to an emergent
electromagnetism, or mobile electrons coupled to “true” electromagnetism.

Our calculation of the phonon’s longitudinal conductivity involves two-point
correlations of the form Eq., which more precisely can be identified to the
Qnx field’s spectral function. Since here we have @ ~ fTf (so that Q,x can
be schematically interpreted as a fermion current or density), this calculation
involves the same “bubble” diagram as mentioned in the previous subsection,
with a phonon line instead of a photon line. In both cases, this amounts to
computing a quantity very similar to the Lindhard function [Coleman, 2015] of
a sea of non-interacting fermions.

1.4.3.2 Phonon-spinon coupling from the microscopic model

Now again, I consider more specifically the case of a spinon Fermi surface U(1)
spin liquid. Then, the above fermions are spinons, defined from underlying spins
via the parton construction Eq.. The coupling constant B, similarly to
the magnons’ case, can be obtained from spatial derivatives of the magnetic ex-
change constants of the initial spin model Eq.. The phonon-spin coupling
thus obtained, H' ~ (a + a')SS, can then be expanded in terms of Abrikosov
fermions, yielding an interaction of the form H’ ~ fff(a + a')fTf. The mean-
field treatment outlined in Sec[I.4.I] completes the derivation. A very similar
derivation was proposed in [Zhang et al., 2021b], where the phonon-spinon cou-
pling constant is derived directly from spatial derivatives of the spinon hopping
amplitudes ¢, ;.

1.4.3.3 Specific terms: Dzyaloshinskii-Moriya and Rashba couplings

In addition to the Heisenberg exchange between spins, we also introduced a
Dzyaloshinskii-Moriya interaction — namely, a contribution of the form Hpy =
> oer nn, JD(Sr X Sp) - D(r —1') to the initial spin hamiltonian Eq.(1.20)). Here
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Jp is the strength of the Dzyaloshinskii-Moriya interaction, and we choose a
particular bond-dependent D(r — r’) = (2 x [r — r]) always orthogonal to the
bond. For such an interaction to exist, inversion symmetry must be broken;
depending on the lattice, this is also the case for other discrete (for instance,
mirror) symmetries.

Once treated following the procedure described in Sec[1.4.1.4] the Dzyaloshinskii-
Moriya interaction between spins becomes an interaction between spinons which
takes the form of a Rashba term, i.e. Hpy — Hr = ag fIT, zZ-(pxo) fp
in the free spinons’ hamiltonian. The Rashba term is a typical spin-orbit effect
in electronic conductors, which can be derived by a simple argument in the case
of electrons; here is an outline of this argument. [Petersen and Hedegard, 2000]
The starting point is an electron orbiting in the zy plane and placed in an elec-
tric field E = FEpz. While inversion symmetry in the xy plane seems to be
preserved, it is actually broken in the electron’s rest frame because of special
relativity — here it is worth recalling that spin-orbit couplings are essentially
relativistic effects [Atkins and de Paula, 2014]. The electron interacts with an
effective magnetic field Beg = yv X E, and the corresponding Zeeman interaction
takes the form of a Rashba term, Hgoc = ar(p X o) - 2 with a coupling constant
ar x Eoup/m.

1.4.3.4 Phenomenological phonon-photon coupling

Finally, as already mentioned, for completeness we also consider the coupling
between phonons and the emergent electromagnetic field — that is to say, the
electric or the magnetic field, since phonons can only couple to gauge-invariant
quantities. We consider a general, phenomenological interaction between the
phonons and the electric field only. This coupling requires a lack of inversion
symmetry (either inherited from the lattice structure itself, or occurs sponta-
neously in the spin liquid’s mean-field ansatz) but not of time reversal. In turn,
this coupling does not contribute to the phonon Hall conductivity. Nonetheless
it produces a contribution to the longitudinal thermal conductivity, which we

compute in Sec[4.H]

1.5 Summary of the following chapters

In this thesis, I study the thermal transport induced by the intrinsic scattering
of phonons by a generic quantum degree of freedom. This means a field @), whose
correlations are a priori completely general, and whose coupling to the phonons
is constrained only by unitarity and translational invariance. The scattering
rates resulting from this interaction have direct consequences on the phonon
thermal conductivity tensor. We compute them in the framework of quantum
scattering theory. Then, we study the phonon out-of-equilibrium dynamics via
kinetic theory, in particular Boltzmann’s equation.

At lowest order, the diagonal scattering rate, which determines the longi-
tudinal conductivity, is controlled by two-point correlation functions of the @
field. A central result of our work is that off-diagonal scattering rates which are
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involved in the thermal Hall conductivity do involve at least three-point corre-
lation functions (and at least four-point correlators in the case of one-phonon
interactions). We obtain general and explicit expressions for these correlations,
carefully isolating those contributions that are specific to the Hall conductivity.
From these, we provide a general discussion of how symmetries of the system
on the one hand, and local thermal equilibrium on the other hand, imply im-
portant constraints on the thermal conductivity tensor and in particular its Hall
component.

We then compute explicitly these two-point and four-point correlation func-
tions, and the thermal transport coefficients which follow from them, in the
case of a completely generic interaction between one phonon and two bosonic
creation-annihilation operators. The coupling strength is only constrained by
hermiticity and translational invariance. To illustrate this formalism with a
concrete example, we then consider the specific case of a two-dimensional anti-
ferromagnet with tetragonal symmetry. In this case, the @) field is a composite of
two magnon creation-annihilation operators, which arises from spin-lattice cou-
pling. We assume that the low-energy dynamics of spins, from which we compute
the aforementioned correlation functions, is given by a nonlinear sigma-model.
We consider the most general coupling between the low-energy magnetization
fields and the strain tensor allowed by symmetry. This model allows for an an-
alytical calculation of the scattering rates, which we perform. We then analyze
the integrals involved in the theoretical expression of thermal conductivity (both
longitudinal and Hall) in terms of these scattering rates; from this we can extract
the temperature dependence of thermal conductivity, which depends on various
parameters of the model. We then evaluate these same integrals numerically.
Thereby we show explicitly that our results account for a nonzero thermal Hall
conductivity due to inelastic phonon-magnon scattering. Chapter [2] provides
a compact and streamlined presentation of our main results, while Chapter
contains detailed discussions, derivations and generalizations of various aspects.

In Chapter ] we apply our general results to fermions. To do so, we then
compute the very same two-point and four-point correlation functions, and the
resulting thermal transport coefficients, in the case of an interaction between
phonons and fermions. The interaction vertex involves one phonon operator and
a number-preserving fermion bilinear; the coupling is again completely generic
and only constrained by hermiticity and translational invariance. We compute
explicitly the diagonal and off-diagonal scattering rates generated by this inter-
action. This is performed analytically in two tractable cases: fermions with a
linear dispersion (and at any filling), and a Fermi surface of fermions with a
quadratic dispersion. As a concrete example, and in order to elucidate the role
of correlations in a magnetically disordered phase, we then consider the partic-
ular case of a U(1) spinon Fermi surface spin liquid. We propose a model of
spin-lattice interaction which, in the emergent fermionic phase, accounts for a
phonon Hall effect induced by scattering with fermion bilinears. We show explic-
itly that this model meets all the symmetry requirements for a phonon Hall effect
to exist. Finally, the emergent electromagnetic field associated with the spinons
can fluctuate and interact with the lattice as well. For completeness, we thus
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propose a phenomenological phonon-photon coupling, and explicitly compute its
contribution to the lattice thermal conductivity.

A final appendix, Sec.[5.1], describes an alternative derivation of some of our
general results using the Keldysh formalism. There, we discuss in particular
the set of physical assumptions leading from the exact equations of quantum
dynamics to hydrodynamics and Boltzmann’s equation.

1.6 Outlook

1.6.1 Summary

In this work, we focused on the thermal transport by phonons governed by their
collisions with other degrees of freedom. Our derivations were entirely analyt-
ical, based on the assumptions of hydrodynamics, perturbation theory in the
second Born approximation, and within linear response. Analytical calculation
of the eight-boson and eight-fermion correlation functions were tractable using
Wick’s theorem because we considered quadratic hamiltonians. The bosonic and
fermionic dispersion relations which we considered also allowed for analytical
solutions of the energy conservation constraints. Except for these few assump-
tions, our derivations are general and apply to a wide range of models. In the
bosonic case, we considered the particular case of a 2D Néel antiferromagnet
with tetragonal symmetry, but our calculations could be easily adapted to many
other models of ordered magnets with spin waves as low-energy excitations. In
the fermionic case, we kept the discussion as general as possible, so that it applies
to any free fermions with either linear or quadratic dispersion. We presented a
microscopic derivation in the case of a 2D spinon Fermi surface U(1) spin liquid,
which could be adapted to other cases as well.

1.6.2 Possible applications

It would be interesting to apply the formalism introduced here to other problems.

For instance, we derive general formulae for phonon transport due to phonon-
fermions scattering, which we then apply to a specific case of neutral fermions.
A possible extension of our work would be to consider charged fermionsEl, which
in particular might shed light onto the phenomenon of quantum oscillations
of the thermal conductivity. This is a problem of current interest, partly be-
cause such oscillations were reported recently in a-RuCls [Czajka et al., 2021
Bruin et al., 2022D).

It would also be interesting to consider models with different kinds of orders
or excitations which are not covered in this thesis. In quantum magnets, for

51n the sense that the Aharonov-Bohm phase accumulated by fermions as they move around
is not negligible (e.g.it cannot be gauged out). Equivalently, it means that the lack of trans-
lational symmetry due to the space-dependent gauge field impacts the fermion dynamics and
(technically) their quantization. This may refer to “true” electromagnetism, or another gauge
theory. For instance, spinons are neutral for standard electromagnetism but a priori charged
under an emergent U(1) gauge theory. However, in the zero-flux phase they feel no Aharonov-
Bohm phase, and are also “neutral” in that sense.
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instance, phonon thermal transport and in particular the phonon Hall effect in
skyrmion phases [Mihlbauer et al., 2009], or the influence of vortex dynamics
[Seifert et al., 2022] in 2D magnets on thermal transport, could be investigated.

Our formalism could also be applied to instances of @, which involve other
degrees of freedom than spin. For instance, the local electrical polarization was
shown to play a role in the phonon Hall conductivity in a theoretical model
[Chen et al., 2020]. There, its role on the phonon band geometry (in particular,
the phonon Hall viscosity) was studied, but the resulting collisional thermal
transport remains thus far an open question.

1.6.3 Possible extensions

Our formal results could also be extended in several ways.

Notably, I have already mentioned that phonon-phonon interactions can be
considered within our formalism, under certain conditions. When these condi-
tions are not fulfilled, “thermal drag” [Bartsch and Brenig, 2013] methods may
be used, where a system of Boltzmann’s equations is considered — one for each
flavor of energy carriers. Therefore it would be interesting to extend our results
to the problem of several systems of energy carriers, interacting with each other
and with other fields @ relaxing rapidly to equilibrium.

Also, in the present work, disorder is introduced in the form of a diagonal
scattering rate an, which adds up to the calculated D;lk) following Matthiessen’s
rule, and which we take to be a constant in our numerical evaluations. Our
results could be extended by including disorder in a more systematic way, e.g. by
introducing the scattering of phonons with impurities as an extra term in the
perturbation hamiltonian H'.

1.6.4 Numerics

As already mentioned, the calculations presented in this thesis are analytical.
This includes the sections where we apply our general formulae to given specific
problems, which were analytically tractable. However, numerics could be intro-
duced at several stages in applications of our general results to other (or the
same) problems, and prove very helpful.

First, numerics are needed to evaluate momentum integrals. Indeed, the
general expressions we derived for the thermal conductivities kr,kp involve
3- and 6-dimensional integration over phonon momenta, respectively. In ad-
dition, the phonon scattering rates also involve integration over “internal mo-
menta” of the bosons/fermions that interact with phonons. In the particular
case of 2D magnons in a Néel antiferromagnet, we evaluated these multidimen-
sional integrals numerically by a C code using the Cuba and Cubature libraries
[Hahn, 2005], but a more general numerical implementation adaptable to other
cases is missing. Moreover, the aforementioned integral over “internal momenta”
is partly collapsed, due to the energy conservation constraints. In our applica-
tions to gapped magnons, Dirac fermions and quadratic fermions, we were able
to perform this analytically, thanks to the specific shape of the dispersion rela-
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tions. It would be desirable (and in some sense “straightforward”) to turn our
codes into a more general toolbox for other magnets.

Second, because our general formalism applies to any operator @, , a wider
set of applications will become accessible through the calculation of interacting
correlation functions from numerical simulations. Indeed, here, we considered
particular instances of () fields coupled to the phonons where ),k is expressed
as a bilinear of free particles (bosons and fermions). Consequently, their two-
and four-point correlation functions could be computed analytically using Wick’s
theoremm However, this is not possible for general degrees of freedom @Q,,;c which
do not have a quadratic hamiltonian. To compute the @) correlation functions in-
volved in the scattering rates, and in particular the specific correlation functions
with structure ([Q(1), Q(0)]) and {[Q(—t—t1), Q(—t+t){Q(—t2), Q(+£2)}) that
we have identified, it will be crucial to access the latter from numerical simula-
tions such as DMRG, QMC, ED, DMFT...

Third, numerics could be instrumental in estimating microscopic parameters.
Here, in our numerical evaluation of the integrals, the values which we assigned to
the spin-lattice coupling constants were only rough estimates of the values they
might have in a given material. From our work, it appears that spin-lattice cou-
pling constants typically appear in the thermal conductivity tensor as intricate
combinations, so that even the sign of the thermal Hall conductivity depends
nontrivially on these parameters. This, in turn, implies that extracting the value
of each spin-lattice coupling constant independently, e.g. from experimental data,
should be hard. Indeed, spin-lattice coupling constants are typically not tabu-
lated quantities. To obtain correct estimates of the values of these constants
(as well as other microscopic parameters) in a given material, a promising way
would be to resort to numerics. In particular, ab initio calculations based e.g. on
DFT have been successfully applied to such problems [Riedl et al., 2019, and
could become an important tool in the theory of phonon thermal conductivity
in quantum materials (be they magnetic or not).

1.6.5 Experiments

Where to look for a “large” phonon Hall conductivity (in the sense of large
kp/kr) in insulators? Although a complete answer to this question is not known,
I have emphasized in this thesis that any mechanism whereby the phonons can
“feel” the lack of time reversal and mirror symmetries is certainly a good starting
point. In our application to a Néel antiferromagnet, spin-orbit coupling was a
key ingredient in that regard, and we showed that sy in that case is proportional
to a combination of anisotropic magnetic exchange constants.

Phonon thermal Hall effects are often considered a measure of the chirality of
phonons. In fact, we have emphasized that gy is a more proper measure thereof
than kg, since it does not depend on diagonal scattering rates D,, at least in
the dirty limit where these are well approximated by an isotropic Drude rate

"In fact, in the bosonic case where we considered all possible boson bilinears (bTbT, b'b, bb)
in @, even the Wick’s theorem expansion of the eight-boson correlator was performed with the
help of mathematica, because of the large number of terms in the expansion.
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771, More generally, the information carried by og or kg may only be correctly
interpreted if the diagonal scattering rates (involved, notably, in k) are well
characterized. This may involve other types of measurements, such as that of
specific heat. [Martelli et al., 2018]

Finally, where could one want to measure thermal Hall conductivity? As
discussed at length in this thesis, the scattering-induced phonon thermal Hall
effect probes a specific kind of four-point correlation functions which are entirely
non-gaussian. Therefore, it might be an interesting tool to characterize mate-
rials exhibiting weak signatures for other experimental methods, where mainly
two-point correlations are probed, and whose signal is typically dominated by
gaussian fluctuations. In particular, thermal Hall conductivity might be usefully
measured in materials that exhibit disordered magnetic phases, quantum phases
without quasiparticles, etc.
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Chapter 2

Phonon thermal Hall
conductivity from scattering
with collective fluctuations

In this chapter, excerpts and figures are reprinted with permission from L. Man-
geolle, L. Balents, L. Savary, authors of https://arziv.org/abs/2206.06183v1.
Copyright 2022 by the American Physical Society.

Because electrons and ions form a coupled system, it is a priori clear that
the dynamics of the lattice should reflect symmetry breaking within the elec-
tronic degrees of freedom. This has been recently clearly evidenced for the
case of time-reversal and mirror symmetry breakings by observations of a large
phononic thermal Hall effect in many strongly correlated electronic materials.
The mechanism by which time-reversal breaking and chirality is communicated
to the lattice is, however, far from evident. In this paper we discuss how this
occurs via many-body scattering of phonons by collective modes: a consequence
of non-Gaussian correlations of the latter modes. We derive fundamental new
results for such skew (i.e. chiral) scattering and the consequent thermal Hall
conductivity. We emphasize that these results apply to any collective variables
in any phase of matter, electronic, magnetic or neither, highly fluctuating and
correlated, or not. As a proof of principle, we compute general formulae for the
above quantities for ordered antiferromagnets. From the latter we obtain the
scaling behavior of the phonon thermal Hall effect in clean antiferromagnets.
The calculations show several different regimes and give quantitative estimates
of similar order to that seen in recent experiments.

2.1 Introduction
Thermal conductivity is the most ubiquitous transport coefficient, being well-

defined in any system with sufficiently local interactions, irrespective of the
nature of the specific low energy degrees of freedom. It is particularly im-
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portant therefore in systems for which charge transport is either strongly sup-
pressed (i.e. insulators) or singular (i.e. superconductors). Moreover, the ther-
mal Hall conductivity plays a particularly special role in the theory of exotic
topological phases, as it can be related to the chiral central charge, to the pres-
ence of edge modes, etc. For all of the above reasons, experiments on ther-
mal conductivity have played a pre-eminent role in establishing the nature of
the most interesting strongly correlated states of matter. A few notable ex-
amples are the observation of metallic-like transport in an organic spin liquid
[Yamashita et al., 2010], a quantized thermal Hall effect in the Kitaev mate-
rial a-RuCl; [Kasahara et al., 2018a], taken as evidence for Majorana fermion
edge states, and an exceptionally large and yet unexplained thermal Hall effect in
under-doped cuprate high-temperature superconducting materials [Grissonnanche et al., 2019
Boulanger et al., 2020].

[

Figure 2.1: Hlustration of a scattering mechanism responsible for a Hall effect.
Only scattering processes which involve at least two (virtual) collisions with
collective fluctuations can contribute to a Hall effect.

Arguably the Achilles heel of thermal conductivity measurements is the con-
tribution of lattice vibrations/phonons to heat transport. Phonons are present
in any solid, and indeed, except at very low temperature, usually dominate the
thermal properties of materials. A common approach to this fact is to attempt
to separate electronic and lattice contributions by some subtraction scheme, for
example based on measuring two electronically different but vibrationally similar
analog materials, or on dependences on temperature, field, etc., which might be
attributed uniquely to only one of the lattice or electronic degrees of freedom. Of
particular significance in this regard is the thermal Hall effect, which by Onsager
relations can only exist when time-reversal symmetry is broken [Casimir, 1945].
The Hall conductivity is captured by the antisymmetric components of the ther-
mal conductivity tensor k, namely

KIY(TH ) = (5" — K71) /2, (2.1)
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It has been often assumed that the charge neutrality of phonons and the large

ionic mass are sufficient to prevent them from coupling effectively to inter-

nal or external magnetic fields, and therefore that large thermal Hall signals

must arise uniquely from the electrons in a material. Many recent theoreti-

cal works have thus focused on the thermal Hall conductivity of spin excitations

[Katsura et al., 2010, [Han and Lee, 2017, Han et al., 2019, Samajdar et al., 2019,
Teng et al., 2020, in particular spin waves [Matsumoto and Murakami, 2011,

Murakami and Okamoto, 2017, Mook et al., 2019, [Koyama and Nasu, 2021].

Recent experiments, however, have conclusively shown that this assumption
is incorrect, via the simplest and most persuasive of arguments [Hirokane et al., 2019]
Li et al., 2020al |Chen et al., 2021]. In particular, studies of materials which are
electronically (or magnetically) two-dimensional have observed that the thermal
Hall conductivity is three-dimensional, and remains large when the thermal cur-
rent within the sample is normal to the two-dimensional planes [Grissonnanche et al., 2020].
One has no choice but to conclude that the transported heat is carried by
phonons.

The problem posed by these observations is then to understand how lattice
vibrations “sense” time reversal symmetry breaking. This must indeed be by an
indirect process, as ultimately it is the electrons which interact directly and sig-
nificantly with magnetic fields. In principle there are two broad ways in which the
transfer of information, i.e. the breaking of time-reversal symmetry, can occur
from electrons to the lattice. First, it can occur via the quasi-adiabatic adapta-
tion of electronic states to slow phonon motions, which may modify the phonon
dispersion relations and generate dynamical Berry phases [Sheng et al., 2006,
Kagan and Maksimov, 2008, [Zhang et al., 2019, [Chen et al., 2020]. While this
is certainly possible in principle, numerous estimates indicate that this mecha-
nism is unlikely to explain the large magnitude of thermal Hall signals seen in
experiments. The second type of information transfer, depicted in Fig. is
through scattering of phonons from the electronic modes, which can be “chiral”
when the latter break time-reversal and reflection symmetries. In the electrical
anomalous Hall effect, such “skew scattering” is known to dominate in the most
highly conducting samples [Saito et al., 2019], and for similar reasons, we expect
it to do so for heat transport when thermal conductivity is large.

With this in mind, it is critical to ask how time-reversal symmetry break-
ing of electronic degrees of freedom is communicated via scattering to phonons
in clean systems. We assume perturbative coupling of some set of collective
fields @ to the lattice, which is generally valid away from the limit of polaron
formation [Holstein, 1959al, [Holstein, 1959b]. To account for the diversity of dif-
ferent electronic and magnetic phases being studied, we allow the fields @ to be
general, restricted only by the requirements of unitarity of quantum mechanics
and equilibrium. We show that the full scattering data needed to understand
the thermal conductivity (both longitudinal and Hall components) can be ob-
tained from the time and space-dependent correlation functions of the () fields.
Crucially, we show that the standard two-point correlation functions of Q give
vanishing contributions to skew scattering and the Hall effect. Consequently
the skew scattering can be attributed entirely to non-Gaussian fluctuations of
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Figure 2.2: Calculated skew-scattering rate QUSI’(;{(, /Y0 (see Egs. 1 )
to transfer a phonon in mode n'k’ into mode nk induced by coupling the

lattice to a two dimensional antiferromagnet. The density plot shows the
angular dependence as a function of 6(k’) € [0,7/2] (horizontal axis) and
ok, k') = ¢(k') — (k) (vertical axis) for fixed [k’| = 0.8/a, k; = 0.2/a, k, =0,
k, = 0.1/a, my = 0.052 and temperature T = 0.57y. Here a is the in-layer
lattice spacing, ¢(k()) and A(k()) are the azimuthal and polar angles of k()
defined in the usual way. Note that the colorbar is not scaled linearly.
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the collective modes. This is a challenge theoretically (because as we discuss
below, beyond-Gaussian fluctuations are significantly more complex than Gaus-
sian ones) but also an opportunity. The absence of lower-order contributions to
skew scattering means that the latter provides a direct probe of non-Gaussianity,
which does not require any subtraction! This suggests the prospect of using mea-
sures of skew scattering of phonons, such as the thermal Hall effect, as a means
to interrogate the rich higher order correlations of electronic modes.

In this paper, we identify the corresponding higher order correlation functions
which relate the multi-phonon scattering rates to the fluctuations of the collective
modes. These are complicated objects which depend upon several time and space
coordinates, or equivalently multiple frequencies and wavevectors. We show how
to extract the essentially antisymmetric part of these correlations which uniquely
contribute to the Hall effect, using symmetry and detailed balance relations,
which generalize well-known and ubiquitously important laws that are used to
analyze two-point correlations throughout physics [Onsager, 1931} [Squires, 2012,
Buttiker, 1988]. This provides a recipe which can be applied in diverse systems,
telling what must be known about the electronic modes coupled to the lattice
and how to use that data to obtain an understanding of the thermal Hall effect
of phonons. Notably, the results are valid irrespective of the nature of the phase
of matter hosting the collective fields: it may be strongly fluctuating, highly
correlated, or even have no quasiparticles at all. This contrasts greatly with
prior theories of phonon skew scattering which are based on very specific models
of electronic modes [Lovesey, 1972 [Laurence and Petitgrand, 1973].

To demonstrate the methodology and as a proof of principle, we also ap-
ply the general results to the case of an ordered antiferromagnet, in which case
the @ fields correspond to magnetic fluctuations which can be decomposed into
composites of magnons. The result is a richly structured skew scattering rate,
visualized in Fig. Validating the general formulation, we obtain a non-
vanishing thermal Hall effect when all the symmetry criteria (which we establish)
are satisfied, and we explicitly show that within a minimal model of an antifer-
romagnet with strictly two-dimensional magnetic correlations, the thermal Hall
effect is three-dimensional and its magnitude is roughly independent of whether
the thermal currents are within or normal to the magnetic planes.

2.2 Scattering and correlation functions

In this section, we present the main results for the scattering rates of phonons
due to collective modes. We limit the discussion here to the simplest case in
which the coupling is linear in phonon creation/annihilation operators aLk, -
Then, the coupling Hamiltonian is

H =} (aLkQILk + anank) ) (2.2)

nk

where @,k describes the collective mode arising from electronic degrees of free-
dom, coupled to the n'® phonon polarization. For brevity, we subsume any
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electron-phonon coupling constant into @),x. We carry out a perturbative anal-
ysis of H', so Qi may be regarded as “small”.

2.2.1 Formulation

Our aim is to calculate the necessary terms in the collision integral C,j of the
phonon Boltzmann equation,

8thk + Upk - VI"Nnk = an[{Nn’k’}] (23)

where N, is the non-equilbrium average occupation number of phonons in polar-
ization mode n and quasi-momentum k with velocity v, x = Viw,k, where w,x
is the (n, k) phonon dispersion relation. Once the collision integral is known, the
Boltzmann equation can be solved in a standard manner by linearizing around
the equilibrium distribution, to obtain the non-equilibrium change and thereby
the transport current to linear order in the temperature gradient.

We now summarize the method used to obtain the collision integral from
the microscopic quantum dynamics and Eq. . The basic procedure is to
determine the many body transition rate between microstates in the combined
phonon-electron system using the scattering matrix (7') expansion, and from
there, use the equilibrium distribution for the electronic subsystem to evaluate
the rate of change of the mean occupation probabilities of phonon states that
enter the Boltzmann equation.

We begin with the Born expansion [Landau and Lifshitz, 1958|:

(f|H'|n)(n|H'|1)
Z +

Ti e =Ts = (f|H'|i
-t f | Ei —E,+wm

- (2.4)
where the |i), |f),|n) states are product states in the @ (index s) and phonon
(index p) Hilbert space, |g) = |gs)|gp) for g =i, f,n, and Eg is the energy of the
unperturbed Hamiltonians of the @ and phonons in state g. 7 — 0 is a small
regularization parameter.

The rate of transitions from state i to state f is obtained using Fermi’s golden
rule,

27
Tise = & T ¢|*6(E; — Es). (2.5)

Note that I';_,¢ is a transition rate in the full combined phonon-@ system. By
assuming equilibrium for the electronic modes, we obtain the transition rates
within the phonon subsystem,

Linp, = Tisepi,, (2.6)
7fsfs

with p;, = Zise_BEis. This in turn determines the collision integral through the
master equation

Cox = > Lipp, (Nak(fp) — Nk (ip)) i » (2.7)

ip,fp

where p;, = > . p;, where p; is the probability to find the system in state i.
Di, is P p p Yy Y
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2.2.2 Result

To carry out the above procedure, we first express the microscopic processes
generated in the Born expansion, Eq. , and insert them into the square
in Eq. . Then the sums over electronic states i, fs in Eq. can be
converted into dynamical multi-time correlation functions of the () operators.
The corresponding technical manipulations are described in Appendix The
leading result for the longitudinal conductivity (symmetric part of the tensor) is
dominated by diagonal scattering (absorption or emission of a single phonon),
and is given by

- G 5 w;kvgkUZk . (2.8)
kgT?V 7 4Dy sinh”(Bhwi /2)

For the Hall effect, the important contributions are those from the second order
terms in the Born expansion, which generate processes in which a phonon is
scattered from one state to another, or in which pairs of phonons are created
or annihilated. Using Eq. then leads to off-diagonal terms in the collision
integral, i.e. contributions to C,j proportional to N, with n'k’ # nk. The de-
sired “skew” scattering contributions, roughly speaking, correspond to processes
in which k is preferentially deflected “to the right” of k/, for example.

More precisely, we define an anti-symmetric scattering rate Qﬁfl’(ﬁl’flk, in such
a way that it controls the anti-symmetric (Hall) part of the thermal conductivity

tensor, ki, = —K7":
R 1
uv
K = —5—= > (2.9)
kBT 4 nkn’k’
o JN eﬁﬁwnk/z i (eﬂhwnk — eqﬁhwn/k’) w’r?lg;;’qk’ eﬂflwn/k//2 JV
™ 2Dpc \ Nue 1 sinh(Bhwnie/2) sinh(Bhwnne /2) | 2Dpne k'
where
o = ey, S AT ()]G (1) (2.10)
nkn'k! — h4 4 e e ' nkn nkn sign(to .
301,02
—-qr 4 -q qg [ q
([Quit(—t — t2), Quit (—t + 12)] { Q% (—11), QL (1) }) |
and .
Dot = =75 /dt emint (1, (1), QLk(o)]>B 4 Dy (2.11)

Here p,v = x,y, 2 and we defined the phonon current Jh = N\ wavh, , and
Nfbi is the number of phonons in mode nk in thermal equilibrium. Eq.
gives the leading order result for the diagonal scattering rate D,,, which enters
Eq. . In general it includes contributions D, from other scattering channels
(e.g. impurities) and higher-order contributions. In Eq. we introduced the
notation @, = QLk and Q) = Quk, as well as Eiﬁ;,k, = qwpk + Wy and

9  _ /
Ankn’k’ = qWnk — q W'k’ -
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Eqgs. constitute the central result of this paper. They give a general
formula for the skew scattering rate and the thermal Hall conductivity, given
Eq. , assuming small Hall angle (a condition which is nearly always true),
valid in any dimension. Even more general formulae valid when electronic modes
are coupled to both linear and quadratic functions of the phonons will be given
in a separate publication. These results can be applied to any material provided
the non-Gaussian correlations of the collective degrees of freedom corresponding
to @,k are known.

Considerable structure is encoded in Eq. . It is straightforward to show
that the skew scattering vanishes if ), is taken to be Gaussian: in this case,
Wick’s theorem is obeyed, and its application to Eq. implies that Qﬂfkn,k/
is zero if (n, k) # (n/,k’). Hence, non-trivial contributions to the skew scattering
arise entirely from non-Gaussian correlations. Physically, 201+ (resp. 2097 7)
corresponds to scattering processes where two phonons are emitted (resp. ab-
sorbed), and Q0% T~ 29~ to processes where one phonon is emitted and one
is absorbed. The contribution to the Hall conductivity has been carefully isolated
so that the rate obeys the “anti-detailed balance” relation:

!

S99 —Blquwnk+q'w, S,—q—q
mnkn’k’ =—¢€ (qeone w) ankn’k’ ) (212)
as well as
0,49 _ gy©:d'q
mnkn’k’ - wn’k’nk‘ (213)

The combination of the commutator and anti-commutator in Eq. (2.10]) ensures
the validity of these relations.

2.3 Application to an ordered antiferromagnet

We now provide an application of the above results to the specific case of an
insulating antiferromagnet. This is important as a proof of principle to confirm
that the general formula in Eq. indeed results in a non-vanishing Hall effect
of phonons from skew scattering. It is also a relevant test case as it corresponds to
the situation in many recent experiments, and is perhaps the simplest situation
in which time-reversal symmetry breaking of spins is communicated to phonons
in an insulator.

To model the antiferromagnet, we employ a spin wave description, and for
concreteness assume the spin correlations are purely two-dimensional: each layer
of spins is presumed completely independent. The latter assumption is not
essential but it is illustrative: using it we demonstrate that even when spin
correlations are confined to two dimensions, their influence can lead to thermal
Hall conductivity with heat current oriented perpendicular to those layers. In
any case, the general formulae in the first subsection below can be easily modified
for the case of three-dimensional spin waves.
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2.3.1 Formulation and general results within linear spin wave
theory

The spin waves are described by magnon operators bzk’ . (by ), which create (an-
nihilate) a magnon in branch ¢ with momentum k in layer z, whose Hamiltonian
is

Hypo= Y Quebly bpe. (2.14)

LK,z

Note that the effect of a magnetic field is already included in H,,, i.e. here the
spin wave modes are based on an expansion around the spin order including the
effect of the field. The collective modes Q%, can be expanded in a series in the
spin wave operators, and the dominant contribution to scattering comes from
second order [

1 00

q _ n,01,02]q1q29 pik=zpn g2

nk ™ \/Nuc Bk;p b£17p+qkzbe27 P+qkz (215)
p,l1,l2
q1,92,2

Here we defined the notations

by, =0} Toe=by

vaaz - bgap@” bZ,p,z (2]‘6)

sy —PyZ !
Note the minus sign in the momentum in the second relation. This means gener-

ally that (bq )T = be_q p,.- Tomake the coefficients unambiguous, we choose the

WAWA 2.0 -
symmetrized form B’ p 2lnge By 2p1|q2qlq- Demanding that Q) = (Qp)"

implies that B Kp

Eq. ( contams the energy dispersion Qk ¢ of the spin waves but their
Wavefunctlons are implicit. That information is encoded in the B coefficients.
To obtain them, one should start with a microscopic spin-lattice coupling, ex-
pand it via Holstein-Primakoff bosons, and then use the canonical Bogoliubov
transformation which achieves the diagonal form of Eq. to express the cou-
pling as in Eq. . We apply this procedure to a particular case in Sec. m
The following general results hold beyond this specific case, and only assume
Eqgs. as a starting point.

To proceed to evaluate Egs. (2.942.11), we use Wick’s theorem (valid for
the free boson Hamiltonian in Eq. @) to compute the necessary correlation
functions, which decomposes them into products of the free-particle two-point
function,

nf17€2|tI1tI2+ (Bn L2011 —q2—q1—

<b£1 P1,71 (tl)b£2 P2,22 (t2)> = 651,52 521,22 6q17—q2 5p1+p2,0
X qu(Qél,q1p1)6_iq2982’q2p2 (f1=t2), (2.17)

Here f,(Q) = (1+ ¢)/2 4+ np(Q2), where np(2) is the Bose distribution.

LA linear term in magnon operators is generically present but does not contribute signifi-
cantly to scattering due to phase space constraints.
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This results in the following expressions for the diagonal and off-diagonal
scattering rates:

inh (5 fwp)
D(S) _ S111 ) n .
nk h2N2d zp:zze;smh 505 T) sinh(5Qp )
2
0+ U—sy | gl |+s—
X d(wnk — Qp" = Q) Bk;er% ‘ ’ (2.18)

where s = + and D, = > D + an, we defined (2p 5! = = Qy¢p, and

S,9¢ _ nn’q192q3,01€203 ~q1q2qa,010203
W enr = h4 N2dz > D kg p Sokq'K/ p (2.19)
uc p {E’u(h

~ nl203]q2q3q n'l301]—q3q14
X Jm B 1 ’ ,B , 1 /1.7
k,p+5gk+q’k’ K p+5¢'k

Bn€1€4|—Q1q4—q n'lylo|—qa—q2—q'

y PP[ k,p+3qk K, ptak+Liqk’
Agﬁ(n’k’ + qlgf)l,*m _ q2Q52,Q2 — " 9547
p+gk+q’k p+qk
n'l1ly|—q1—qa—q pnlalalqa—ga—q
n K p+igk k,p+3qk+q'k’ }
! _ M
AY e — 0T + g Qf,ziq;mq'k' 2‘149311;'1{'

where we used as before Egﬁ;/k, = qunk + 7 WK AZ’ﬁ;,k, = qWnk — ¢ Wy, and
we defined the product of delta functions ® and ‘thermal factor’ §:

nn'|q1g2q3,010203 qq’ 01— a2
quqlkllj) PUEE = ¢ (Enkn/k/ + Cthl a4 qQQp2+qk+q’k’) (2.20)
aq l3,—q 0y,— {2,q
0 (A"kn’k’ + 203057 e — @l T + QQQ;+q2k+q’k’) ;
L1620 7 .
Dbt = g (208 ) +1) (2085 +a +1) (221

14 )
(20n( @22, )+ 1),

These formulae make no further assumptions on the nature of the spin wave
modes or spin-lattice couplings, and so could be applied to general problems
involving spin-lattice coupling using a spin wave approach. Note that although
we take the spin wave operators to be free bosons, with Gaussian correlations,
the Q?, operator defined through Eq. is generally non-Gaussian, as it is
bilinear in the b fields.

2.3.2 Square lattice two-sublattice antiferromagnets

Now we evaluate the diagonal and Hall scattering rates specifically for spin waves
on the square lattice in low magnetic fields. We assume the magnon dispersions

Qo = Vv E + A? with magnon velocity vy, and magnon gaps Ay, and take

isotropic acoustic phonons with wyk = vpn\/k> + k2 (we define k = /k2 + k2).

We obtain the coefficients Bﬁgblqlqzq from the continuum description of the spin
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waves in terms of local fluctuating uniform and staggered magnetization fields,
and the symmetry-allowed couplings of these fields to the strain. The expressions
for these coefficients are algebraically complicated and some further details are
given in Appendix with a full exposition of the calculations to be presented
in the next chapter. Here instead we sketch the important properties of the
coefficients and their origins.

2.3.2.1 Scaling

First, when the temperature is smaller than the magnon gaps, kT < Ay, all
contributions to scattering become exponentially suppressed by thermal factors
and the scaling is unimportant. For larger temperatures, the gaps are negligible,
and the momentum sum(s) in Egs. are dominated by momenta of
order k,p ~ kpT/vy. Then the B coefficients, evaluated for momenta of this
order, are sums of three types of contributions:

1
k‘BT 2 -1 ( XkBT no )
B~ —5 Amm——— + A + Aon—— | . 2.22

(Mvgh> "o ng + + xkgT ( )

Here M is the mass per unit cell of the solid, ng is the ordered (staggered) mo-
ment density, x is the uniform susceptibility, and A\pm, Amn and Ay, represent
couplings of the strain to exchange terms quadratic in local magnetization fluc-
tuations dm, local staggered magnetization fluctuations dn, and the product of
the two, respectively. Microscopically this arises from effects like magnetostric-
tion, the modification of orbital overlaps due to strain-induced bond length and
angle changes, etc. The different powers of temperature multiplying the different
A couplings arise from the fact that the order parameter of the antiferromagnet
is the staggered magnetization, and therefore its fluctuations are more singular
than those of the uniform magnetization, which is, however, still a low energy
mode in an antiferromagnet.

Depending upon the relative magnitudes of these different couplings, distinct
scalings are observed for the diagonal and off-diagonal scattering rates, and hence
for thermal conductivity components. To perform a full evaluation, we use pa-
rameters (given explicitly in Appendix which describe a typical situation
corresponding to weak spin-orbit coupling and correspondingly weak anisotropy
of magnetic exchange. In this case, there is a hierarchy that A, > Ann, Amn
(which is ultimately a consequence of Goldstone’s theorem). Furthermore, in
the low field regime, i.e. when the field-induced magnetization mg of the antifer-
romagnet is much smaller than mg the saturation value, my <« ms, the mixed
coupling A\, is proportional to mg and A, < Apy, as well.

These facts allow one to estimate the scalings of the important physical
quantities. The longitudinal scattering rate (Eq. ) scales as

1
Dy ~ — ~ T B ~ T2, (2.23)
T

Here d is the dimensionality of the spin system (which we take later equal to
d = 2 for numerical calculations) while phonons are always three dimensional.
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The crucial exponent = 1 occurs in the “high” temperature regime dominated
by Amm, while a crossover to behavior controlled by A, with x = —1 can
occur at lower temperature if the minimum magnon gap is sufficiently small.
This behavior corresponds to the longitudinal thermal conductivity (Eq. )
behaving as

kp ~ T374722 (2.24)

when magnon-phonon scattering dominates the phonon mean free path. Again
the power laws apply in certain distinct regimes, and should be pieced together,
along with the influence of non-zero gaps and other scattering mechanisms of
phonons, to form a complete picture of the thermal conductivity. This is cap-
tured in the numerical calculations.

Next, we turn to the thermal Hall effect. It is crucial to keep in mind the ef-
fective time-reversal symmetry of an antiferromagnet under the combined action
of time-reversal and a translation which exchanges the two sublattices. The uni-
form magnetization is invariant under this symmetry but the staggered magneti-
zation is odd. Consequently, the couplings A\, and A, are even under effective
time-reversal, while only A, is odd. This implies that the Hall conductivity and
Hall scattering rate 209 with Qﬂfl’fg/’ﬁ?/ = Qﬂfl;qzl/k, + Qﬁff]g,ﬂ,ik,, which are
odd under effective time-reversal, must be proportibnal to an odd power of \jn,
and to linear order in the magnetic field/average magnetization, these quantities

are simply linear in A,,,. From Eq. (2.19) and Eq. (2.22)), we therefore obtain
W TN (AT + A T71)° ~ 1432, (2.25)

The natural definition of a skew scattering rate multiplies the above by a phase-
space factor to account for the sum over different final states of the scattering,
which gives 1/Tgew ~ T30 ~ Tdt243z,

We would like to emphasize that within any scattering mechanism of phonon
thermal Hall effect, the skew scattering rate is a more fundamental measure of
the chirality of the phonons than the thermal Hall conductivity. This is be-
cause the Hall conductivity inevitably involves the combination of the skew and
longitudinal scattering rates (in the form 72 /Tskew), and the longitudinal scat-
tering rate of phonons has many other contributions that do not probe chirality,
and may have complex dependence on temperature and other parameters that
obscure the skew scattering.

Consequently, instead of the thermal Hall conductivity we will discuss the
thermal Hall resistivity, gg, which is simply proportional to 1/7gew, at least in
the simplest view where the angle-dependence of the longitudinal scattering does
not spoil its cancellation.

We define the thermal Hall resistivity tensor as usual by the matrix inverse,
o = k~!. In particular, considering the simplest case of isotropic k** — k1, and
K1, > kM#Y | one thus has

QMV _ Ouv — Ovp . —Ruw + Koy — _Ll[gj (2 26)
H 2 2/{% /{QL . .

The quantity ¢, is independent of the scale of the longitudinal scattering, in
the sense that under a rescaling Dy — (Dyk, then ¢}/ is unchanged. If we
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assume that D, = 1/7 is (n,k)-independent, e.g. as is the case if dominated
by some extrinsic effects, then we can readily extract the scaling of the thermal
Hall resistivity. One finds

o ~ W ~ pd=itse (2.27)

which is verified numerically. This scaling behavior should also be roughly true
in the presence of more angle-dependent scattering, given the aforementioned
independence on the scale of scattering.

Finally, we comment on the role of spin-orbit coupling in the present model.
The coefficient A, communicates the lack of effective time-reversal and mirror
symmetry breaking to the scattering rate 20°, and thereby the Hall resistivity
begins at linear order in this coefficient. In the present model, A, is also pro-
portional to (symmetric) spin-orbit coupling terms (microscopically, derivatives
of such terms with respect to ionic displacement)—see Appendix In general,
however, for more complex magnetic ordering patterns, a nonzero Hall effect may
be obtained from our formulation even in the absence of spin-orbit coupling.

2.3.2.2 Numerical evaluation

It is important to verify that the formulae in Egs. are sufficient to
generate all the expected symmetry-allowed scattering processes and thereby
contributions to the thermal Hall conductivity. To do so, we evaluated these
formulae numerically, which also allows a test of the scaling predictions above. In
the numerical calculations, we took specific values for the microscopic parameters
which define the dispersions of the magnons and phonons, as well as those which
underlie the B coefficients, comprising spin-lattice couplings and the mass per
unit cell. Egs. were evaluated by a C code using the Cuba
and Cubature libraries for numerical integration [Hahn, 2005].

It is convenient to measure energies in units of the phononic energy scale
€0 = kpTo = hvpn/a, which is equal to the Debye temperature up to a factor,
and we report thermal conductivities in units of kg = kpvpn/ a?, which gives a
natural scale for phononic heat transport.

To make our numerical calculations more directly relevant, we loosely chose
key dimensionless parameters to loosely match those of Copper Deuterofor-
mate Tetradeuterate (CFTD), a square lattice S=1/2 antiferromagnet which
has been intensively studied via neutron scattering [Christensen et al., 2007,
Dalla Piazza et al., 2015 Rgnnow et al., 2001] due to its convenient scale of ex-
change which suits such measurements. For our purposes, CE'TD has the desir-
able attribute that the magnon and phonon velocities are comparable (based on
an estimate of the sound velocity from the corresponding hydrate [Kameyama et al., 1973]),
which creates a significant phase space for magnon-phonon scattering. In partic-
ular, we take vy, / vph = 2.5, while the corresponding ratio in LagCuOy, vy / Uph 1S
approximately 30. We also use the mass per unit cell M, appropriate to CFTD.
The parameters ng = 1/2 and y = 1/(4Ja?) are chosen to be consistent with spin
wave theory. We included small magnon gaps, Ag = 0.2¢p and Ay = 0.04¢p. The
microscopic spin-lattice couplings were taken consistent with the expectations for
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weak spin-orbit coupling, and are given in Appendix [2.B] Finally, we included in
the calculations a small constant contribution D, — Yext, independent of (n, k),
to model additional scattering channels. In very clean monocrystals and in the
absence of any other phonon scattering events, yext ~ vpn/L reduces to the rate
at which phonons bounce off the boundaries of the sample (of size L). We vary
Yext t0 show the dependence on these extrinsic effects. For the calculations of
the Hall effect we include a small non-zero magnetization in the direction of the
applied field, of 1/20th of the saturation magnetization.
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Figure 2.3: Longitudinal thermal conductivity x; with respect to temperature
T, for four different values of Yex¢. (a) Results on an order one temperature scale,
with yext = 1-107%(vpn/a),z € [4,7], from darker (z = 4) to lighter (z = 7)
shade. A crossover occurs between two scaling regimes with x = 1 and x = —1

(see Eq. (2.24])). Inset: log-log plot; the scaling behaviors are consistent with
the analysis presented in the text.

Figs. show the results for the longitudinal thermal conductivity versus
temperature in zero or low applied magnetic field (the results are insensitive to
small magnetizations), for different choices of vext. In the first figure, a broad
temperature range is shown, which exposes the evolution from an extrinsic scat-
tering regime xy, o< T2 at low temperature to an intrinsic one k7, oc 1/7T at high
temperature. In the second figure, further features emerge related to the scales

of the magnon gaps.
Next we turn to the calculations of chiral scattering and the thermal Hall
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The peaks are features related to the magnon gaps.
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Figure 2.5: Thermal Hall resistivity o} and 03 (in units of gy = kg U with
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text.
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effect. Figure [3.5.6] shows a density plot of the Hall scattering rate 09—+ as
a function of the polar angle of k/, #(k’), and of the difference in azimuthal
angles of k' and k, o(k, k') = ¢(k') — ¢(k). We see that it has an intricate
structure reflecting kinematics and energetics. The thermal Hall resistivity in
the constant longitudinal scattering approximation (D, = 1/7 independent of
n,k) is plotted in Fig. for two different field orientations: for a field along
the z axis, normal to the planes, we plot o7/, and for a field along the y axis,
within the planes, we plot p7f. Both curves perfectly fit the T* scaling expected
theoretically from Eq. (using d = 2,z = 1) with weak spin-orbit coupling.
Notably the magnitudes of the thermal Hall resistivity for the two orientations
are comparable, and it is actually larger for an in-plane field than for an out-of-
plane one!

2.4 Conclusion

In this paper, we presented a theory for the skew scattering of phonons coupled
to a quantum collective field, which gives rise to a phonon thermal Hall effect.
A general formula, given in Eqgs. , allows the latter to be calculated
for arbitrary correlations of the collective variable. We then explicitly calculated
these correlations for the case in which the collective field is bilinear in canonical
bosons, e.g. spin wave operators. A formula with no further assumptions is
given in Eq. . Applying this to the regime of long-wavelength magnons in
a square lattice antiferromagnet, we obtained a non-zero thermal Hall effect and
its scaling with temperature in various regimes.

While we are not aware of any general results on the intrinsic phonon Hall
conductivity due to scattering, there are a number of complementary theoret-
ical papers as well as some prior work which overlap a small part of our re-
sults. The specific problem of phonons scattering from magnons was studied
long ago to the leading second order in the coupling by Cottam [Cottam, 1974].
That work, which assumed the isotropic SU(2) invariant limit, agrees with
our calculations when these assumptions are imposed. The complementary
mechanism of intrinsic phonon Hall effect due to phonon Berry curvature was
studied by many authors [Qin et al., 2012} [Saito et al., 2019, Zhang et al., 2010},
Zhang et al., 2021b], including how the phonon Berry curvature is induced by
spin-lattice coupling in Ref. [Ye et al., 2021]. The majority of recent theoretical
work has concentrated on extrinsic effects due to scattering of phonons by defects
[Sun et al., 2021} |Guo and Sachdev, 2021} |Guo et al., 2022} [Flebus and MacDonald, 2021].
The pioneering paper of Mori et al. [Mori et al., 2014] in particular recognized
the importance of higher order contributions to scattering for the Hall effect,
and is in some ways a predecessor to our work.

Do the present results explain experiments on the cuprates? We have not
attempted a quantitative comparison, for several reasons. This would require
some detailed knowledge of spin-lattice couplings. It also is numerically diffi-
cult because in the cuprates there is a very large ratio of magnon to phonon
velocities (of order 30), which renders the scattering phase space narrow and the
integration challenging. Nevertheless, it is interesting to ask about the order of
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magnitude of the response. For this comparison, we follow the logic outlined
in Sec. in which we argued that the thermal Hall resistivity is a better
quantity for which to compare theory and experiment. We obtain the ther-
mal resistivity from the experimental data in Ref. [Grissonnanche et al., 2020]
on the undoped material LasCuQOy4: at about 20 K, the longitudinal conductiv-
ity Kze =~ 10 W/(K m) (from their extended data Figure 2), and the thermal
Hall conductivity Kz, ~ 40 mW /(K m). Using Eq. and the the value
050 =~ 2.6 K m/W, we then obtain (or/00)*“° =~ 1.5 x 10~*. This is at least
comparable to values in Figure [2.5

Regardless of whether the intrinsic picture is correct for the cuprates (we
think it most proming for systems like CFTD for which there is a good phase
space match of phonons and magnons), we believe that a scattering mechanism
of some kind is very likely at work. Therefore, we would encourage analysis of
future experimental data in terms of gz rather than kpg.

In a companion paper (next chapter), we will expound on the results of the
present paper and give several extensions covering even more general types of
coupling of phonons to collective degrees of freedom. There also remain many
other related problems that would be interesting to explore, for example the
influence of electronic disequilibrium upon the phonons, and vice versa, and
the interplay of scattering, presumed here to be dominant, and phononic Berry
phases. We hope that the present study provides a theoretical framework to
begin to approach these and other intriguing questions.
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Appendix

2.A From interaction terms to the collision integral

2.A.1 First Born order

First, we consider only the first term of Born’s expansion. The transition rate
associated with H' at this order are simply the matrix elements:

1 i . . gnk
Tilf = Z Ngn =+ % (sl @y lis) T(ip = fn)s (2.28)
nkq

. gnk . . .
where 1(i, &5 f,) means that the only difference between |i,) and |f,) is that
there is ¢ = +1 more phonon of species (n, k) in the final state.

We then compute the squared matrix element. We have

Ti[iff = Z (Nlic,n + qur*l) ]I(ip ﬂ( fp)
nkq
X {is|Qul fs) (fs Qe lis)- (2.29)

We then enforce the energy conservation d(Es — E;) = 0(qunk + Ef, — E;,) by
writing the latter as a time integral, i.e. fj:: dte™! = 276(w), identify A(t) =
etiHt Ae—iHt yse the identity 1 = 21, | fs)(fs|, and take the @ field in the initial
state to be in thermal equilibrium p;, = Z; e #Fis. Finally summing over |is)
and identifying (A)g = Z; ' Tr(e #H A), we find that the scattering rate between
phonon states at first Born’s order reads

i i . gnk
Fﬁff}p - Ek:( mﬁ%l) L(ip ©= f) (2.30)
nkq
= —iqwnkt —q q
< /_ dre it (QU) QL (0))

To arrive at the collision integral, the final step involves summing over final
phononic states f, and taking the average over initial phononic states ). First,

we notice that a change of variables in <Q;{(](t) ik(0)>ﬁ leads to the detailed-

balance relation

(Quil(1) @iue(0) , = (@I (1) Qu(0)) e m. (2:31)
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It is then straightforward to show that only the commutator term on the right-
hand-side of Eq. (2.30)) satisfies this relation. In turn, the final expression for
the diagonal of the collision matrix takes the form of the spectral function:

+0o0 )
D == [ttt (10,4 (0. @5, 0),. 232

as quoted in the main text.

2.A.2 Second Born order

As discussed, the first Born approximation alone does not lead to a nonzero ther-
mal Hall effect. Here we compute that which appears when the Born expansion
is taken up to the second Born order. We have

1,1 i 1 1—¢
T = Y Y VNG YN+
nk,n'k’ q,q¢'=+

Z <fs’Qi/k/|ms><mS|QZk|is> ]I(i q_n)k f )
EZ'S — Ems — qWkn + mn P q’' n'k’ ’

mg

(2.33)

The squared T-matrix elements now include cross-terms between the first and
second orders of Born’s expansion. Here we give details of the calculation of one
term, the square of Eq. (2.33)), ‘ i Hf}‘ . In the numerator, the matrix elements of
the @) operators can combine themselves in two different ways, which we denote
in the following as (a): (is|Q k‘m5><mS|Qq/k'|fs><fS‘Q /k"m )(m 5|Q |ZS> and
(B): (il Qs (mal Qe L fo) (fol @Iy (| @ lis).

We use the following time integral representation of each of the denominators
(using a regularized definition of the sign function),

1 1
= PP—Find 2.34
P — Famd(z) (2.34)
1 +o00 " 1 +o00 "
= = dtre™sign(ty) £ - dte®.
%) 1€ %sign(tq) 5; /_oo 1€

and a introduce a third time integral to enforce the energy conservation Fr—F; =
qwnw + qunk + Ef, — E;,. The product of the denominators (cf. Eq. (2.34))
leads to four terms, which can be labeled by two signs s, s’ = &, and we define,
for convenience,

Ouy(t1, 12) = [—sign(t)] T [sign(t2)] 2 . (2.35)

Then, the transition rate coming from this part of the total squared matrix
element can be written as a sum of eight terms:

(L) j +1 j 41
LLon ™ = 2 Z( £k+q7) (N,i/k/+q7) (2.36)
nk,n’'k’ q,q’
11 1,1 . gnk
XS WA u, T g ()
s,8'=+t i=a,b
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where we defined (notice the order of the first two operators in the correlator
and the sign ¢; + ¢2 in the exponential):

Wf[zt;};z[/llﬂz’/(a)’sg - /dtdt1dt2@ss/(t17t2)ei(qw"k+q/w"’k’)tei(tl+t2)(qwnk—q’wn/k/)
Qi (—t — t2) Qi (—t + tz)QZ,k,(—tl)QZk(+t1)>ﬁ(2.38)
Wiy = / dtdtydtaO (£, to) e @wnk T wnne)teilt =) (@wnk=a"wnne)

A Qi (—t — 1) Qi (—t + 12) Qe (—11) QY (+11) ) 2:39)

One can show the following (“anti-”)detailed-balance relations

qu]l-(’;},;g’ll;l’g’(a)ﬁy — / W[lrklr] [;’,?j{l(;i);lsefﬁ(qwnkJrqlwnk’)7 (240)
WAL g I O = Blamctd ), (2.41)

From this, the same holds for the symmetrized in nkq <+ n'k’q’ scattering rate
W[llég,;[z}ﬂl/]js = icab Wil [/k/] (i)’ 4 (nkq < n'K'¢'), i.e.

n nkq,n
Wr[llktlz]i}kll] ;SS = SS/ e_ﬁ(qwnk+q w7L/k/)W£Z1kl]q[1n}l]<;95 .. (242)

We can then identify
o,L11,1],e¢ WL 5.~
wnk,n/k/ “wo= Nuc Z kq n'k’q’ 5 (243)
DRI Z b, (2.44)

which, by construction, satisfy

07[1,1]3[171]’(](]/ — - W + 'w 0’7[171};[171]7_(1_‘1/
Qﬂnk,n/k/ =0 € B(qwnk+q n/k/)mnkﬂ],k, R (245)

where 0 = @ (resp. 0 = ©) indicates that 20 satisfies detailed balance (resp.

“anti-detailed balance”). Only Qﬂfl;[lrz,lll;,[l’l]’qq/ contributes to the thermal Hall
conductivity.

2.B Details of the magnetic model

2.B.1 General symmetry-allowed model

We begin with a semi-microscopic coupling of the local strain tensor £, to con-
tinuum non-linear sigma model fields: the density m, of uniform magnetization
and n, of staggered magnetization (a = z,y, z). This is

, (2.46)

X,2

). A(m)»aﬁ
/Héetra(r) = Z 51(-1'8 (Ag(} Bnanb+ a; mamb)

2
047529«“,1/72 0
a‘vb:xvyvz
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where ng is the ordered moment density. The Agfb)’aﬁ

by the tetragonal symmetry of the crystal. The non-linear sigma model is defined
by the constraints n-m = 0 and n? + m?/n% = 1.

We expand the above to second order in the fluctuations (dm,dén) around the
average values due to both spontaneous ordering and the applied field. We take
the Néel vector along &. Then n, = 1 — 33—, .[0n? + (mo + dmy)?], and

coeflicients are constrained

my, = — Zb:yvz(mg + dmyp)on,. Here myg is the average umform magnetization,
which lies in the y — 2z plane. We assume mg < ng, so quantities are expressed
to linear order in mg whenever possible. This gives

/H::etra Z 5a,(3 Z Z )‘ab gg/n() "7a§r"7b€’rv (2'47)
a,b=y,z £,£'=0,1

where 7,0 = 0ng and 141 = dmg, and

Ve = M= 0 A, (2.48)
« le% _1 a e a @ o
)\alfOI = )‘baﬁlo = nio [mOAl()i) s + 5abmo/\%) B + mgAfl%)’ 5} ’

where ¥y = 2z, Z = y and we have associated { =n< {=0and {=m & =1
in A,
Here each A®) tensor, which we define to be symmetric in both ab and af3

variables, has seven independent coefficients, which we call Agg) = Ag(ci;)m =

A( )Yy A(f) Aé ),TT — Agfm)’yy, A:(f) — Aggz)vxx _ Agz)’yy, AEE) — A:(Efx)azz — Aé%)’zz

Aé — A( )ZZ A(ﬁ) — A;(U?’my — A;ﬁy)»yx — A?(fw),ym — Az(lég'g)@y’ Agﬁ) — Ay(é)’mz —
AR

€),ap
A

A9 @ AP = AP = A — A Al other
are zero. This is the most general coupling allowed by the symmetries of
the lattice and of the magnetic order.

To cast this in the form of Eq. and Eq. , we insert the (very
standard) free field expressions for the strain and magnetization fluctuations in
terms of phonon and magnon creation/annihilation operators, respectively, into

Eq. (2.47). For the strain,

1/2 o
ij = Z \/2,0;/[7&}” ( Ak + a:rz,fk) (kﬂglrlzk + kyggk) elkx’

where pjs is the mass density. For the magnetization densities, diagonalization
of the nonlinear sigma-model hamiltonian density

Hon = B(m(sny\mzénzr?) (2.49)
2
+ (5m + om?) +aZy:7 2 el 5?2

yields

Magr = Y Y Z Uagtq(P (2.50)

P (=0,1q=
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with

Uaféq(p) = _6a—1,Z—E modZF&]g(p)v (251)
Feqe(p) = (ig)5(—1)¥ (x Q)< 2. (2.52)

We defined £ =1 —-¢,ie.0 =11 =0,aswellasa =y < a—1 =0 and
a =2z < a—1 = 1. In addition, in Eq. , p is the antiferromagnetic
spin stiffness, and x is the magnetic susceptibility. Inserting these definitions
into Eq. , some algebra leads to the form of the text, with the coupling
coefficients

n,01lalq1q2q _ —55 01,0 q q
By 0 = i § oL Feon (9 3K) Fe (-2 + k).
(2.53)
where 5
k~ 9+ kP (e )Y
£g{l€2’f§/ — Z )\21;2,(13 ( nk ) ( nk) ’ (254)
a,f=z,y,z VWnk
340508 af
and )‘65’ )‘z £ mod2,0/—€" mod2;£¢"”

Note that the A,y coefficients involved in the Hall conductivity, namely the
Aab;01 rank-2 tensors, are written explicitly in Eq. . They are proportional
to the net magnetization myg, as is consistent with the fact that they are asso-
ciated with a time-reversal breaking quantity. One can also observe that they
involve only the anisotropic coefficients Agf;, which in a microscopic derivation
arise from spin-orbit coupling, see next chapter.

2.B.2 Numerical implementation

In the numerical implementation, we use values of the parameters roughly ap-
propriate for CFTD, which we provide in Table [3:5.4] The phonon polarization
vectors €, i are chosen to form an orthonormal basis in which k points along

the [1,1,1] axis, so that k - &, = % Vn.
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m 2 Mycvpha A A
% Xeoa® mg SRR omE o omE mj i
0.0 0.05
2.5 0.19 1/2 8.103 0 0.2 0.04
0.05 0.0
¢ Agf) Agf) Ai(f) Az(f) Aéf) Aéﬁ) A(Yf)
n=20 12.0 10.0 14.0 10.0 12.0 0.6 0.8
m=1| -10.0 -12.0 -140 -12.0 -10.0 —-0.8 -0.6

Table 2.B.1: Numerical values of the fixed dimensionless parameters used in all
numerical evaluations. The upper and lower entries for m$ and m§ correspond

to the two cases for calculating o7/ and %7, respectively. The couplings AZ(-Q are

given in units of €y/a.
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Chapter 3

Thermal conductivity and
theory of inelastic scattering of
phonons by collective
fluctuations

In this chapter, excerpts and figures are reprinted with permission from L. Man-
geolle, L. Balents, L. Savary, authors of hitps://arziv.org/abs/2202.10366v2.
Copyright 2022 by the American Physical Society.

We study the intrinsic scattering of phonons by a general quantum degree
of freedom, i.e. a fluctuating “field” @, which may have completely general cor-
relations, restricted only by unitarity and translational invariance. From the
induced scattering rates, we obtain the consequences on the thermal conduc-
tivity tensor of the phonons. We find that the lowest-order diagonal scattering
rate, which determines the longitudinal conductivity, is controlled by two-point
correlation functions of the () field, while the off-diagonal scattering rates involve
a minimum of three to four point correlation functions. We obtain general and
explicit forms for these correlations which isolate the contributions to the Hall
conductivity, and provide a general discussion of the implications of symmetry
and equilibrium. We evaluate these two- and four-point correlation functions
and hence the thermal transport for the illustrative example of an ordered two
dimensional antiferromagnet. In this case the @ field is a composite of magnon
operators arising from spin-lattice coupling. A numerical evaluation of the re-
quired integrals demonstrates that the results satisfy all the necessary symmetry
restrictions but otherwise lead to non-vanishing scattering and Hall effects, and
in particular that this mechanism leads to comparable thermal Hall conductivity
for thermal currents within and normal to the plane of the antiferromagnetism.
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3.1 Introduction

Two-point correlation functions are ubiquitous in the study of condensed matter
systems. They are often the building blocks of response functions in scatter-
ing and other experiments and appear in Feynman diagrams, as well as Monte
Carlo simulations. They are the central elements of linear response theory, as
is evident from Kubo’s formula [Luttinger, 1964, |Chen et al., ]. They are often
independent of the arbitrary phase choice of the wave function.

Higher order correlation functions have witnessed renewed interest recently.
They arise theoretically in the measurement of chaos. A particular type of
four-point correlation function, the “out-of-time-ordered” correlator, has been
shown to be related to the Lyapunov exponent, which measures the rate at
which the result of a measurement diverges after a weak initial perturbation
[Swingle, 2018]. Multi-point correlations also naturally describe non-linear re-
sponse, e.g. in non-linear optics such as second harmonic generation, and in
“multi-dimensional spectroscopy” [Wan and Armitage, 2019]. They may also
arise in scattering measurements at resonance, such as RIXS [Ament et al., 2011,
Savary and Senthil, 2015]. From a statistical point of view, higher order correla-
tion functions measure the non-Gaussianity of the distribution of an observable.
The more strongly correlated a state is, i.e. the more it deviates from a free-
particle description, the more significant the non-Gaussianity. Hence multi-point
functions are essential harbingers of strong correlations.

In a companion paper, we studied the thermal conductivity due to phonons
coupled to another degree of freedom, for example an electronic or a magnetic
one, and expressed our results in terms of the correlations of the local observable
— e.g. an order parameter — () coupled to the phonons, e.g. with an interaction
hamiltonian density

H'=7Y (aLkQLk + anank) 5 (3.1)

nk

for the simplest case of linear coupling to the strain tensor. The latter is ex-
pressed in terms of phonons, whose creation and annihilation operators in mode
nk, i.e. at momentum k in polarization n are aLk, a,)- Here we consider also
quadratic coupling, c.f. Eq. (as well as even more general forms in the Ap-
pendices), and discuss in considerably more detail the physics and consequences
of our results, as well as those of the application to an ordered antiferromagnet
we provide. The latter include in particular that the leading diagonal scattering
rate is

Dy = _% /dt et (1Q (1), QLk(O)Dﬁ + Do, (3.2)

where D, includes both higher order terms and contributions from other mech-
anisms such as scattering from impurities, (-)g denotes thermal averaging, and &
is Planck’s constant divided by 27. This controls the longitudinal (dissipative)
part of the thermal conductivity, k" = (k"*+£"#) /2, which, to the same leading
order, is

o1 vk w2 oY
HY - nk~nk“nk 3.3
LT ET?V % D sinh? (Bhwn /2)’ (3:3)
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for u,v = z,y,z, where V is the volume of the system, 71" the temperature,
kg Boltzmann’s constant, § = 1/(kgT), and w,k and v, = Vyiwpk are re-
spectively the phonon frequency and velocity in mode nk. Note that &} is
symmetric in u < v. We also discuss in great detail, and with numerous sym-
metry analyses that, by contrast, the thermal Hall conductivity is antisymmetric,
and hence completely controlled by off-diagonal scattering, and of fourth order.
As explained in Sec. [3:2:2] the fourth order nature of the Hall effect is guar-
anteed because second order contributions to scattering are equivalent to the
first Born approximation, which obeys detailed balance and effectively preserves
time-reversal symmetry (see also Ref. [Mori et al., 2014]). Through detailed cal-
culations, we find that the thermal Hall conductivity is controlled by two fourth
order correlation functions, schematically

Withe ~ ([Que QuieH@es QL)
Wi~ ([Que Qi HQuir QL)) (3.4)

reflecting particle-particle and particle-hole type processes. Eq. is symbolic,
and precise formulae with full details of the time/frequency dependence and
Fourier transform conventions are given in Eqgs. . Note however
the combination of commutator [, ]| and anti-commutator {, }, which imposes the
subtle structure that extracts the part of the four-point correlations responsible
for a Hall effect. We obtain this structure by isolating the “skew scattering” terms
in the phonon Boltzmann equation, which are those which are appropriately anti-
symmetric in nk <> n'k’, violate detailed balance, and thereby contribute to a
Hall effect.

Then the thermal Hall (antisymmetric) conductivity, ki = (k" — k"*)/2,
at leading order is expressed as

R e N G Ok A VLR
T kpT?V & " 2D\ Ny o sinh(Bhwpi/2) sinh(Bhwpie 2) | 2Dy 'k
(3.5)

where p, v = z,y,z and we defined the phonon current J'| = Nl w,oh) , and

NSE is the number of phonons in mode nk in thermal equilibrium.

Egs. summarize the key general results of this chapter and of the
next chapter, to leading order for the simplest case of linear coupling of an
order parameter to phonons. More general formulae including both linear and
quadratic coupling are given in Section[3.3.4] These equations may be applied to
obtain the phonon thermal conductivity for any system provided the correlations
of the quantities () coupling to phonons are known.

The results in this paper are derived using the Boltzmann equation [Ziman, 1960],
applying Fermi’s golden rule and the first and second Born approximations to the
transition probabilities between initial and final states of the joint observable-
and-phonon system. These resulting collision terms can be expressed through
multi-point correlation functions of the observable. By solving the Boltzmann
equation, and computing the resulting phonon thermal currents, we obtain the
results quoted above and their generalizations.
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In light of several experimental and theoretical studies [Kasahara et al., 2018al,

Ye et al., 2018|,|Grissonnanche et al., 2019, |Grissonnanche et al., 2020] which high-
light the major role of phonons in the thermal transport in magnetic systems, we
demonstrate our formalism on a model for an ordered two-dimensional antiferro-
magnet, inspired by experiments on the cuprates [Chernyshev and Brenig, 2015].
In this case the @ fields constitute bilinears of magnon operators. In a separate
publication, we will present a second application to a spinon Fermi surface quan-
tum spin liquid [Savary and Balents, 2016] and other fermionic systems, includ-
ing electronic ones.

3.2 Setup

3.2.1 Derivation

The quasiparticle nature of phonons justifies treating their dynamics within the
Boltzmann equation,

8tﬁnk + Upk - VI‘Nnk = an[{Nn’k’}]a (36)

where Ny (ip) = <zp]ankank|zp> is the number of (n, k) phonons (k is the phonon
momentum and n an extra phonon label, containing the band index and po-
larization) in the |i,) state, N = >, Nnx(ip)pi, is the average population,
and v, = Viwuk, with wy, the dispersion of phonons, is the group velocity of
phonons. C is the “collision integral,” which captures in particular the scatter-
ing of phonons with other degrees of freedom (@ fields whose coupling to the
phonons is given by H' in Eq. or more generally by Eq. ) In turn,
using Born’s approximation, we have the following perturbative expansion of the
scattering matrix:

(f|H'|n)(n|H'|1
(V) )

Ti s = Te; = (£f|H'|1) S
—f £ (f] —l—Z Fi — Eo + i

(3.7)

where the |i,f,n) states are product states in the @ (index s) and phonon (in-
dex p) Hilbert space, |g) = |gs)|gp) for g = i, f,n, and Eg is the energy of
the unperturbed Hamiltonians of the Q and phonons in state g. n — 07 is a
small regularization parameter. The expression Eq. can be derived from
time-dependent perturbation (scattering) theory, in which 1 captures causality
and the regularizability of 1/(E; — Fy) in the case of a continuous energy spec-
trum, appropriate for scattering (unbounded) states which we are interested in
[Landau and Lifshitz, 195§].

The rate of transitions from state i to state f is obtained using Fermi’s golden
rule,

2m
Tie = — T 5|?0(Es — Ef). (3.8)

Note that I'; ¢ is a transition rate in the full combined phonon-@) system. This
in turn determines the collision integral through the master equation

Crk = Z sz—>fp Nypx fp) Nnk(ip))pipv (39)

ip,fp
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where p;, = >, pi, where p; = %e‘BEi is the probability to find the system in
state i, and Z is the partition function of the two subsystems. Here

Linp, = Tisep, (3.10)
isfs

is the transition rate between just phonon states, with p;, = Zise_fBEis.

3.2.2 Discussion

The above approach is “semiclassical” in two respects. First, it ultimately treats
phonons as quasiparticles within a Boltzmann equation. This is justified when-
ever the scattering rate is small compared to the energy of the particles. Second,
we use the Fermi’s golden rule relation, Eq. , to determine the scattering
rates. This approximation leads to slight differences from an exact calculation
of the quantum rates, but preserves all symmetries and physical processes, and
we expect it to capture all the key features of a fully quantum approach. We
proceed with the T-matrix approach here which has the advantage of (relative)
physical transparency, as every effect can be directly identified with a scattering
process.

One can understand the need for effects beyond the first Born approximation
entirely through the symmetries of the T-matrix. Specifically, since the time re-
versal (TR) operator is anti-unitary, and requires complex conjugation, one can
see from Eq. that under time reversal, TR : T+ TT (n — —n under com-
plex conjugation). Since TR invariance is sufficient to enforce a vanishing Hall
effect, the hermiticity of T' is enough to guarantee a vanishing Hall effect. From
Eq. , T is indeed always hermitian within the first Born approximation,
because H’ itself must be hermitian.

Finally, we note that we are focusing on collisional effects, i.e. on real tran-
sitions induced by interactions, rather than Berry phase contributions, which
arise from entirely virtual transitions and manifest as modifications to the semi-
classical equations of motion for phonons, e.g. an anomalous velocity. Formally,
real transitions are captured within the collision integral on the right hand side
of the Boltzmann equation [Mori et al., 2014], while Berry phase contributions
enter the left hand side and in the definition of the currents. For phonons, our
focus on collisions is justified by strong phase space constraints on the Berry
curvature effects which are typical to acoustic bosonic modes. Specifically, as
shown in Ref. [Qin et al., 2012], the Berry phase contributions are described by
an emergent vector potential which at small momenta must by symmetry be at
least second order in gradients, making it a formally “irrelevant” perturbation to
the phonon Lagrangian, and strongly suppressing its effects at low temperature
[Ye et al., 2021].
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3.3 Formal expressions for the thermal conductivity

3.3.1 Formal expressions

To solve Eq. (3.6)), we expand N,x = N5l + 0N i around the equilibrium dis-
tribution NZE, which solves Boltzmann’s equation at VI’ = 0, keep terms up to
linear order in dN,x in the collision integral and for convenience separate the
diagonal D,y and off-diagonal M, ks parts, i.e. we write the collision integral

— 2
an = Z ( - 5nn’5kk’an + Mnk,n’k’)(SNn’k’ + O(6N )7 (311)
n'k!
where by definition M,k ,x = 0. The equation Cpx[{N; A} = 0 —i.e. the colli-
sion integral is zero in equilibrium— should be considered the definition of the
equilibrium densities { N7}, } of the interacting phonons (see Appendix |3.C.3).
Using Fourier’s law,

j=—r VT =V"'> Nuvukwnk, (3.12)
nk
and formally inverting the collision integral leads to the following expressions for
the longitudinal x7", and Hall % conductivities (along the p direction and in
the pv plane, respectively):

. G S
L/H — 2 k
/ kBT 14 nkn’k’ "

L/H
KM T, (3.13)

where v = p for k. Assuming >, Myknk < Dyk, one can effectively invert
the collision integral to obtain the kernels

KE o= s

e = O (3.14)

ePMwnktw,ne)/2 < sinh(Shuwnx/2)
2D, Dyt sinh(Bhw, ks /2)

o B eBhiwnktwyryr)/2 ( sinh(Bhwnx/2)
nkn'k T O Dk Do \sinh(Bhwpie /2)

+ Mnk,n’k’ + (nk <~ n/k')> s

Mnk,n’k’ — (nk 4 n/k/))(315)

Here we identified the equilibrium phonon current J% = N jw,v) , and
made the “standard” approximation VN ,x ~ VN, and looked for a station-
ary solution (0;N = 0) to Boltzmann’s equation. While the sign of xp depends
on the details of the system (see later), the second law of thermodynamics im-
poses Kz, > 0. Considering Eq. (3.14), we therefore expect Dy > 0.

Clearly, only contributions to K %Z,k, which are symmetric (resp. antisym-
metric) in exchanging (nk <> n’k’) contribute to r, (resp. ry7). As a special case,
the term diagonal in nk,n'k’, being symmetric, does not contribute to the Hall
conductivity. Below we will isolate the correlation functions of the @) operators
which give anti-symmetric (in nk <> n’k’) contributions to %Mnkm/k/,
and hence contribute to k. These correspond to scattering processes which vi-

olate detailed balance.
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3.3.2 Model

To describe the interaction between the phonons and another degree of freedom,
we introduce general coupling terms between phonon annihilation (creation) op-

(1) {a;}

erators a,) and general, for now unspecified, fields @ [k} which are operators
77

acting in their own Hilbert space. In what follows we only consider the first

two terms of the expansion with respect to phonon operators, i.e. we write the

interaction hamiltonian as H' = H, [’1] + H [’2], where

H[/H = Zzanggk, (3.16)
nk g=%
1 , ,
Hy = 5= 2 2. %o Qoo
us

€ nk#n'kK’ q,q'==%

and in the following, we consider Eq. (3.16)) as a perturbative expansion with
respect to a small parameter A, such that formally Q. ~ A, Qi‘fm
Note we consider generalizations of this model in Appendix [3.D]

. + 7 - epe e
In the above expression we used a,, = a,, and a,), = a,kx. The hermiticity

g’ ~ )\2, etC.

of H' imposes Q?mki} = Q}niki} and Q{_niki} =Q (niks} and for many-phonon
terms, we have Q{_gjll’(‘]'_']j_qM = ( %zjﬁﬁﬂ The single-phonon interaction terms,
which may physically be seen as single-phonon scattering off the @) degrees of
freedom, corresponds in particular to a coupling of the @) operators to the strain

tensor £29(r),

,l'hl/Q
Nue

. (kzo‘sﬁn + kﬂeﬁn)
2 My cwin,

E%¥(r) = etk

(akn + aikn) , (3.17)
kn

where M, is the unit cell mass and e,y is the polarization vector of the |nk)
phonon. The two-phonon terms capture quadratic coupling of the lattice dis-
placements to the electrons/spins, as is often considered for example in treat-
ments of Raman scattering [Sheng et al., 2000, [Kagan and Maksimov, 2008|. A
priori, the quadratic terms are much smaller than the linear ones, but the for-
mer may be important if they give rise to distinct effects or contribute at a lower
order in perturbation theory than the linear ones.

3.3.3 Scattering rates

3.3.3.1 T-matrix elements

The transition matrix elements are T¢; = > Tf[lil""] (the I; represent which H,

appear successively in T, so that the number of [; appearing in Tf[lil""] is the
order of the Born approximation used for that term), where



1 ; . . gnk
T = 30V N+ 5 (LlQUis) TGy &5 £y), (3.18)
nkq
1 - . /
T = — D Nij + 0 N + 155 (3.19)
NuC nkq7n/k/ql " "
4 . . ‘nk
X{fsQicnner 1) L(ip qj%i/ fp), (3.20)
1,1 ; 1 1—q'
™y = 3 NG+ BN+ e (3.21)
nkq,n'k’q’
% <fs’Qi/k'|ms><ms‘QZk|is> ]I(Z' ﬂ f )
e Ez's — Ems — qwpk + 11 P q’-n'k’ P

and Ti[l_’?f] and Ti[l_’}f’l] are given in Appendices |3.C.4| and |3.C.5|, respectively.

Here, 1I(i, ank fp) (resp. L(ip ﬂ; fp)) is a large product of delta functions
7 'k

which enforce NT]:,/k,/ = Ny Vn'"k” # nk (resp. Vn'k” # (nk,n’k’)), and
N,J:k = N+ q (resp. Ngk =N') +q, Nf:,k, = N!,o +¢'). Note that the cases
where nk = n’'k’ require a formal correction. However, at any given order in the
A expansion, such terms are smaller than all others by a factor 1/Ny., where Ny
is the number of unit cells, and therefore vanish in the thermodynamic limit. In
what follows we thus use >_, /i and 3,2, €xchangeably, unless we specify
otherwise.

The scattering rate as given by Eq. , involves the squares of the elements
of the total transition matrix (see Appendices for computational
details). Its full expression to perturbative order A* is

Lie = FEC—H + F(iu—>f + F[in—)f? (3.22)
where
[Fic—n‘ ) ngf ) ngf} = 2%5(Ei — Ex)
Tl TP+ T8 2
x ame {15 T} : (3.23)

1,2]\ sl 1,1,1] sr[1
ame {(15D) 1l + (1) Tl
This decomposition into three terms is discussed in Sec.

3.3.3.2 Collision matrix elements

Following Eq. (3.9)), the scattering rates I';_,¢ give access to the collision integral,
ie. to My nw and Dyx. We decompose the latter as Dy = D(lk) + D(Qk) + an,

n n.
where DM and D@ are obtained in our perturbative expansion at orders A2

and M\, respectively, and Do encompasses contributions due to other scattering
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processes as well as higher-order terms of the expansion. In the following, we
also use the “[;]; [I5]” superscripts to denote a term obtained from the product of

Tl[lif nd T[jf within |T;_,¢|?. For instance, at order A2, we have DT(lk) = Dm [1],

details of the derivation are given in Appendix “ At order A4, the dlagonal
and off-diagonal contributions to the collision integral take the forms

(Ne’k/ + q/T+1) [ankn/k'} ) (3.24)
n’k’ qq’
and ,
Mo = = 3 a(NE ) 0], 029
q.9'=

respectively, where Qﬂi’f;n,k, is an off-diagonal scattering rate which involves two
different phonon states |nk) and |n'k’). More precisely, 2071 (resp. 2077)
corresponds to scattering processes where two phonons are emitted (resp. ab-
sorbed), and 20" ~,207F to processes where one phonon is emitted and one is
absorbed. D, is the diagonal scattering rate, i.e. it is associated with variations
in 6N i only.

We will now decompose the Qﬁi‘f;n,k, scattering rates into

®,qq’
ank n'k! Qﬂnkn’k/ + ankn/k” (326)
where Qﬂfﬁi}(fg satisfy detailed (0 = 1) or “anti-detailed” (¢ = —1) balance
equations
WO — 5 Bt donn) it o o o, (3.27)

Physically, Eq. expresses “microscopic” thermodynamic equilibrium be-
tween the process which takes { Ny — Nk + ¢, Ny — Ny + ¢’} to the “con-
jugate” process taking {N,x — Nk — ¢, Nyw — Npw — ¢'}, with ¢, ¢ = £1,
leaving N,,»» unchanged for n”k” ¢ {nk,n’k’}. Note that this is different from
time-reversal symmetry which provides a relation between the processes acting
on {|n;,k;)} phonons to the same processes acting on the {|n;, —k;)} phonons.
Moreover, since, by construction, the two-phonon scattering rates satisfy

WL = WL (3.2)
the following relations also hold:
Wt = o Pt (3.29)

Together, these imply that there are only four independent such scattering rates
between the |n, k) and |n’, k') phonons, namely Qﬂni:r:,k, and W%~ with o =
@, 0.

As discussed at length, the first Born approximation alone does not lead to
a nonzero thermal Hall effect, neither do those scattering rates which satisfy
detailed balance as the latter imposes thermal equilibrium between “left” and

nk,n
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“right” scattering. We find the kernels K*/# defined in Egs. (3.14}3.15)) in terms
of the 2T scattering rates:

eﬂh‘*)nk

. Bleong
Knkn’k’ - 5n,n’5k,k’ +

2Nue Dy &

e'7 B (3.30)

an +

S, hay hewp e &+,
X {Qﬁnk’n?k, (q coth(2nic) 4 coth(BTk)) — ank,n’qk’} >,

Bhwynx o8, 1y
H € € =)
K et = P —— Qﬂ y 75] / 331

nkn'k 2Nuchan’k’ q§ : nk,n'k ( )

wels Blwnng (coth(iﬁhwf’k') - qcoth(iﬁh‘gnk)) .

Incorporating the expression for D in the denominators of K% provides an
expansion up to O(A\*) of the latter. We recover, as mentioned before, that the
terms in 20 do not contribute to K (they satisfy detailed-balance). The “anti-
detailed-balance” relations satisfied by the 20° terms do not however prohibit
their contribution to K. See Sec. for a discussion. Inserting Eq.
into Eq. , and after some algebra, one obtains the result Eq. for ki, 1.

3.3.4 The collision integral as correlation functions

3.3.4.1 Terms at O(\?)

The diagonal scattering rate Dgllk), obtained by inserting TP_}}f into Eqgs. 1

, may now be cast into the form of a correlation function of Q) operators. To
do so, we first enforce the energy conservation 6 (Es—Fj; ) by writing the latter as a
time integral, i.e. use fj;o dte™?t = 276(w); we then identify A(t) = et*H! Ae=iH?
and use the identity 1 = 374 |fs)(fs|. Taking the @s in the initial state to be
in thermal equilibrium p;, = Z; 'e™#Fis| summing over |is), identifying (A)s =
Z1Tr(e PH A), summing over final phononic states fp and taking the average
over initial phononic states 7,, we obtain

D) =55 [ dte o (@001, QLy ) . 3.8

We now apply the same method to higher orders of the perturbative expansion.

3.3.4.2 Terms at O(\*)

We use the following time integral representation for the denominators appearing
at second and higher Born orders (using a regularized definition of the sign
function, i.e. lir%sign(t)e_””' — sign(t)),

n—

1 1
= PP—Find 3.33
x +in T T imo () ( )
1 o[ree
= = dt1e"™* (sign(ty) £ 1).
2i J_o
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Using Egs. (3.18) and Eq. (3.23)), we find the explicit expressions for the semi-
classical scattering rates as correlation functions of the @) operators,

@,12;12],94" 2 —g—q' o

WIS = G (0@ ). (3.31)

. ’ 2

W = 2 Ny e ][ ([Qui(—t — t2), Qi (—t + )]
h t,t1,t2

X {QZ’k’(_tl)ink(tl)}>, (3.35)

. ’ 1
Wi " = MNM][ (G =TI D (3.36)

t,t1,t2

where we use the shorthand notation

[A(ta), B(ty)] = sign(te — ta)[A(ta), B(ts)]; (3.37)

and th NAL j = 1,..,1, denotes the set of 1 + [ Fourier transforms evaluated

. /k/ / .
once at XK — = qWnk —|— q’wn/k/ and [ times at Anqu = qupk — ¢ Wnk, i.€.

nkq

ft{t_} = fdtdtl..dtlei Z ” ZAqu (- F1)  The symbols - must be replaced by
by
the same set of operators as the expression from the above. The commutators

and anticommutators ultimately capture antisymmetrization and symmetriza—
[1,155(2], qq

tion over the nkq <> n'k’q’ indices. We prov1de expressions for Qﬂe e
Wil W and T in Appendices 3.0.4.443.0.5
3.3.4.3 Scattering channels and conserving approximation

The above terms capture all contributions to the collision integral arising from
the Born expansion of the transition amplitude, up to perturbative order A\*.
This gives, correspondingly, physical processes in the collision integral which
contribute up to O(A%).

In Eq. (3.22)), while I'$¢,; and Fl “,¢ are “two-phonon” terms, the contribu-
tion from I'}_,; is a “one-phonon” term, i.e. one where the initial i and final £
states differ by only one phonon |nk). Physically, this contributes to processes
which create or annihilate a single phonon, in contrast with the O(A*) processes
described so far, which create/annihilate two phonons with different quantum
numbers. Because the single phonon process is physically distinct from the
two-phonon ones, we expect that it is independent from the latter in the sense
that the set of all the O(A\*) single-phonon processes satisfies independently all
physical constraints such as symmetries and conservation laws. Hence omit-
ting these contributions is a “conserving approximation” in the traditional sense
[Baym and Kadanoff, 1961}, and we will proceed with this omission for the most
part in the following. We however include formal expressions for these terms in
the appendices.

The remaining contributions in Eq. are “two-phonon” terms, i.e. terms
in which the initial i and final £ states differ by two phonons |nk), |n'k’). The
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two-phonon, O(A%), contributions to the 20 scattering rates thus read

0,q¢' _ o,[1,1]5[2],9¢' ©,[1,1]5[1,1],q¢’

Wl = W + W,k ) (3.38)
®,99' _ ®,[2];12],99' ®,[1,1};2],q9¢ ®,[1,1];[1,1],q¢'

mnk?gz’k’ - ank,n’k’ + QI]nk,n’k’ + QZ]nk,n’k’ : (339)

Another physical distinction between the contributions in Eq. can be
made according to the “quantum” or semiclassical, nature of the terms. The
one-phonon T'%, . and two-phonon T'®,; terms in Eq. are “quantum” in
the sense that the physical process corresponding to each contribution therein
is an interference term between distinct scattering channels. In particular, in a
“quantum” term, the number of scattering events in the two channels are dif-
ferent. On the contrary, each contribution in I'{€,; is the probability amplitude
of one given scattering channel, corresponding physically to the probability am-
plitude of a given scattering process, and in this respect is truly semiclassical.
As a semiclassical approximation, we will neglect “quantum” contributions in
the following; formal expressions for these terms are nonetheless included in the
appendices. The only “semiclassical” contributions, up to O(\*), to the collision
integral are from the scattering rates shown in Eq. .

Upon applying our results to the case of a staggered antiferromagnet in
Sec. we focus on the lowest-order contributions to Kﬁkm,k, and Kﬁ( k!>

which come from Dsk) and Qﬂflf;{,k,, respectively. Therefore, in Sec. we

consider only the lowest-order semiclassical contributions D, ~ Dglz + an and

S,a9 . oS 1:11[1,1].a9¢
§-"):Unk,n’k’ ~ QIInk,n’k’ .

3.3.4.4 Physical interpretation

To leading order, the longitudinal conductivity is controlled by the diagonal scat-
tering rate, whose main contribution occurs at order A2. The latter is given as
the first term in Eq. , and is shown again in Eq. . It is related to the
Fourier transform of the commutator of two @Q,,;c operators at unequal times. The
commutator structure identifies the phonon scattering rate DT(le) with the spectral
function of the @,y field at energy w,k, i.e. it captures the proportion of the en-
ergy density contained in the @, field located at w,y, as expected from (lowest-
order) linear response [Bruus and Flensberg, 2004, Gangadharaiah et al., 2010].

As mentioned above, the first Born order transition matrices are hermitian.
At second Born’s order, the advanced/retarded Green’s function, 1/(E; /¢ — En+
in), appearing in T3, ¢, splits into on-shell and off-shell contributions, so that the
scattering rate o< |Ti ¢ |2 then involves the product of two on-shell or two-offshell
contributions, as well as the products of one on-shell and one off-shell one. Be-
cause of complex conjugation of one term upon taking the square modulus of the
T matrix, the scattering rates which involve either two on-shell or two off-shell
contributions are blind to the sign of +in, i.e. to the advanced or retarded nature
of the process, and enforce a detailed-balance relation, Eq. with ¢ = &.
Therefore, the only scattering rates which can contribute to the Hall conductiv-
ity are those involving one on-shell (imaginary part) and one off-shell (real part)
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scattering event, which translates here into the product of a commutator and an

anticommutator, Eq. (3.35)).

3.4 Relations and symmetries

In this section, we explore in more detail some physical relations verified by the
scattering rates defined above, and their possible consequences on the longitudi-
nal and Hall conductivities.

3.4.1 Time-reversal symmetry: reversal of the momenta

Q operators =01
— )
qq’ _ Qq
nk,n'k! = “¥n—k,n'—k’
. 1 1
scattering rates DT(ZI)( = DT(L )_k
oqq 7,qq'
wnk,n/k/ - awnfk,n’fk’
. o _ (S) o
conjugate process an(fzg‘)g]) = e 0ESp Lm(ap (C g]) =0
kernels Kg{(,n’k’ == 7K£I—k,n’—k’
conductivities kg=20

Table 3.4.1: Relations which hold true in the presence of time-reversal symmetry.
The phonon operator relation a?, = al | holds true even when no time-reversal
symmetry is present. See text for definitions and justifications.

We investigate the implications of time-reversal (TR) invariance on our re-
sults. In particular, we check explicitly that the Hall conductivity vanishes in a
TR-symmetric system. It is important to note that, in a time-reversal invariant
system, the scattering rates are a priori not time-reversal invariant themselves.

We denote with @ and |n) the time-reversed of operator @ and of state |n),
respectively. Then, because of the antiunitarity of the time-reversal operator,
for any states n,m and any operator @, we have (n|Qf|m) = <m|@|n> Moreover,

it is possible to choose a polarization index n invariant under TR, whence aik =
a
Uy -
Let us now consider what happens in a time-reversal-invariant system. In

that case, the hamiltonian H [/1] = D nkq szazk must be TR-invariant, so that

ﬁ = Q) ) Similarly, TR-invariance of H[’2} (defined in Eq. (3.16))) entails

!

_ e
an,n’k’ - ank,n’fk"

3.4.1.1 Consequences for the scattering rates.

Following the same steps as those sketched in Sec. and using the fact that
E; = E, for any state m of a TR-symmetric system, we can show explicitly that,
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in a time-reversal-invariant system, the following relations for the scattering
rates exist:

1 1
Dy = D)y (3.40)
Wy = oW (3.41)

The o sign in the second relation can be understood as arising from two facts:
(1) schematically, 207 ~ Ef_ém‘f'i?'] Ei—ém—z‘n + o h.c. —which is reflected in the
fact that 20% (resp. 2°) expressed as an integral, Eqs. (3.34}3.36]), contains an

even (resp. odd) number of sign functions— and (2) an effect of time-reversal on
o . 1 1
the T-matrix is to exchange denominators Jory i g Yo7y e (see Sec.|3.3.4.4

for an interpretation of the 4in regularization).

3.4.1.2 Relation to detailed balance.

The decomposition of the scattering rate Qﬂg‘f;n,k, =3 Qﬂgﬁ%,k, into odd and
even terms under the “conjugation” (in the sense of detailed balance, i.e. ther-
modynamic equilibrium) of the associated scattering processes, is also that of
its decomposition into terms, odd and even under the inversion of momen-
tum, in the presence of time-reversal symmetry. Indeed, if a scattering process

nk
S = ( q—nl>{ ) transfers an energy 5E§i)p = qwnpk + ¢ Wy to the phonon sys-
7 n'k’
. . . . —q-nk
tem, (anti-)detailed balance with the “conjugate process” pclS] = ( —>an )
—q' 'k’

reads 207 (pc[S]) = ae‘SEgi)pQB"(S ). Meanwhile, in the presence of time-reversal

symmetry, the momentum-reversal symmetry reads 207 (mr[S]) = 0207(S), for
‘n—k .
the “momentum-reversed” process mr[S] = ( qn—>k ) In other words, in a
q/,n/i /
time-reversal invariant system, the scattering rate associated with the process
“conjugate” of a given process S coincides (up to a Boltzmann weight) with that

of its momentum-reversed one:
W7 (mrfS]) _ 505, W (pelS) _
27 (5) 227 ()
Hence, while ¢ was defined as signature of the behavior of the scattering rates

under “process conjugation,” it is also that of momentum reversal in a time-
reversal invariant system.

(3.42)

3.4.1.3 Consequences for the kernels.

How is this reflected in the kernels K¥, K#? Because the relation v, =
Viwpk = —v, _k holds, only that component of K L/H which is even upon
reversal of the momenta, k() <+ —k(), has a non-vanishing contribution to the
sum Eq. . A first consequence of this is that, in a TR-invariant system,
the identity

K = — Kl i (3.43)

n

!Notice, however, that this coincidence does not survive the breaking of time reversal sym-
metry.
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entails Ky = 0 — as per Onsager’s reciprocity relations stating that xpy is TR-
odd. Note that K in Eq. involves both 20° and 20%. Therefore, there is
no analog to Eq. for K. However, in a TR-invariant system, the 20° term
in K does not contribute to xj, — this is consistent with the Onsager-Casimir
relations which state that xj, is TR-even.

This indeed reflects the previous discussion as follows: when time reversal
is preserved, TR-even Ky, gets contributions solely from “detailed-balance-even”
and TR-even 20%. On the other hand TR-odd kpy gets contributions solely from
“detailed-balance-odd” and TR-odd 20°. Since the system is actually TR-even,
K g vanishes.

3.4.2 Point-group symmetries

Here we provide some sufficient (but non-necessary) conditions on K, under
which the Hall conductivity vanishes.

3.4.2.1 Curie relations

From Fourier’s law j#* = —x#*V, T, the Curie and Onsager relations provide
general constraints on the x#” coefficients, and in turn on its Hall component x/; .
In Table[3:4.2] we look at the Dyj, = Dy X Zg point group—the largest tetragonal
point group— with the associated axes aligned with the orthogonal basis (u, v, p)
(uv is the basal plane and p the transverse direction). We can see that if the
system is invariant under any one of the transformations g € Dy, which are odd
under the Ay, representation (i.e. Cj, CY, oy, 04), the Hall conductivity must
vanish.

3.4.2.2 Symmetry relations on K

We now turn to relations specific to the scattering situation, i.e. we analyze under
which conditions on K, ﬁm,k, it befalls that /@";{V = 0. We start with the expression
of ki as a momentum integral, Eq. (3.13)), i.e. K} < 3w Joxdbne K2
and recall J!, = Nlw,yOpnwpi.

If the phonon system is invariant under a unitary transformation g, then wy,i
is also invariant under this transformation. In turn only g in J/ transforms
nontrivially under g. Therefore:

e Jfthe phonon system is invariant under an operation g € Dy which leaves
the u, v axes invariant, i.e. g = Cy, C%, inv, oy, 0, and if one of the two fol-
lowing conditions, (a) under g the uv product is even (i.e. g = Co,inv, oy,)
and KX, is odd, (b) under g the uv product is odd (i.e. g = C%,0,) and

Kﬁm,k, is even, is satisfied, then it follows that xjy” = 0.

e Besides, recalling that by construction K ﬁm,k, = —Kﬁk,nk, if the system
is invariant under an operation g € Dy, which exchanges the u, v axes, i.e.
g = Cy4,CY, Sy,04, and if one of the two following conditions, (¢) under g
the pv product is even (i.e. g = C¥,04) and K2 ., is even, (d) under g
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D4h Id C4 CQ Cé Cé/ inv S4 Op Oy gd
Ay 1 1 1 -1 —1 1 1 1 —1 —1
W o v e == +v —u v 0 +u +v
v v - -V Fv . v —pu v Fv +u
P P p P —p —-p —p —p —p p P
H}JJ/ HNV _K./VIM HNV _K./Ml/ HVM K./Ml/ _K./l/u K./Ml/ _K./,U,l/ K:V/,L
KAV R
cat | (a) (d) (o) (b)) (¢) (a) (d) (a) (b)) (¢

Table 3.4.2: Elements of the Dy, point group aligned along the (u,v,p) basis
(with pv the basal plane), their characters in the Ag, irrep (also labeled I'J),
and transformations of p, v, p, 5", k. The lines for k*” and £’ hold true when
the system is invariant under the corresponding D operation (aligned with the
uvp basis). The last line is the “category” (cat) to which the operation belongs,
as defined in Sec. Here Id is the identity; Cy is the 7/2 rotation around
the p axis; Cq, CY) and CY are 7 rotations around the p axis, p or v axes, and in-
plane directions bisecting the u, v axes, respectively; inv is inversion, Sy are 7/2
rotations around the p axis followed by a reflection through the basal uv plane;
on, 0, and o4 are reflections through the uv plane, through a plane containing
w or v and the p direction, and through a plane containing the p direction and
one bissecting the u, v directions, respectively.
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the uv product is odd (i.e. g = Cy, S4) and Kﬁm,k, is odd, is satisfied, then
it follows that xf; = 0.

In terms of the behavior of Kﬁm,k,, this analysis reduces to: if g € Dy is a
symmetry of the phonon system, and if g : Kﬁm,k, =X Ag, (g)Kﬁm,k,, where
XA,,(g) is the character of g in the Ay, representation of the Dy point group,
then ki = 0. We emphasize that this analysis holds if the transformation g is
a symmetry of the phonon system, and whether or not g is a symmetry of the
whole system. For example, we will show explicitly in Sec. that there are
cases where, under TR or o4 the system is not invariant, but the kernel K fivn,k,
and the phonon system are, and so xkg = 0.

Finally, note that the above analysis goes beyond the general predictions
from Onsager, which tell us that kp vanishes in the presence of some symmetries
of the whole system, namely C%, CY, o, or o4 (as well as time-reversal discussed
in the previous subsection). Here, not only do we establish relations for the other
symmetries in Dyj, (as symmetries of the phonon subsystem only), we also show in
which way kg vanishes, by inspecting the behavior of the kernels K ﬁ( o under
those symmetry transformations. In turn, this may for example allow to gather
information about the system— about K ﬁ(,n,k,—from the (non-)cancellation of

KH.

3.5 Application to an ordered magnet

We now turn to an application of these general results. There, we keep only the
lowest-order terms in the expressions derived above, as described in Sec.
We consider an

ordered magnetic system, which we take to be a spin-orbit coupled Néel
antiferromagnet with tetragonal symmetry. For concreteness, we treat the mag-
netism as purely two-dimensional, i.e. the full spin+phonon system is described
by a stack of two dimensional antiferromagnets embedded into the three-dimension
solid, so that in particular, we take, when going from the lattice to the continuum

limit )
1 2 a 2
where a is the in-plane lattice spacing.

3.5.1 Magnon dynamics
3.5.1.1 Low-energy field-theoretical description

We consider a Néel antiferromagnet with a two-site magnetic unit cell, more
precisely a bipartite lattice of spins such that the classical ground state is ordered
in an antiferromagnetic configuration, with a local moment pg oriented in the
direction n, i.e. n is the Néel vector which has unit length in the ordered state at
zero field. Within standard spin-wave theory, pug = S with S the spin value. For
concreteness, we will choose the ordering axis at zero field to be aligned along
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the 0, axis (the set (1,1, ;) is an orthonormal cartesian basis)—the results
of this subsection hold regardless of this choice.

A general low energy spin configuration is described by two continuum fields:
the aforementioned Néel vector n(r) and a uniform magnetization density m(r),
such that

Sy = (=1 uon(r) + a’*m(r). (3.45)

where (—1)" is a sign which alternates between neighboring sites (recall we are
considering a Néel antiferromagnet), and both continuum fields are assumed to
be slowly-varying relative to the lattice spacing. Here a is the 2d lattice spacing.
We will assume the non-linear sigma model constraint that the spin length is
fixed to pg, which implies that

4
In|? + %\m|2 =1, m-n=0 (3.46)

The spin wave expansion consists of expanding these fields around the zero field
ordered state, i.e. ngq = Uy, Myq = 0. To linear order around this state, we
take n = G, +n and m = m, where n, = m, = 0, leaving the remaining degrees
of freedom ny,n., my, m.. In terms of the spins, this gives

Sy = (—1)"potlz + Z )" Hona(r) + a®m,(r))l,. (3.47)
a= y7
Because the local moment along the 1, axis is non-zero, the low energy fields

satisfy the commutation relations [my(r),n.(r")] = —[m.(r),n,(r')] = —id(r —
r’). The low energy continuum Hamiltonian density for these fields is

HNLs = §(|Vny|2+|VnZ|)
+ m —i—m + 7nanb, 3.48
2X( abz:yz 5 (3.48)

where p is the spin stiffness constant, x is the spin susceptibility, V = (0, 0y)
denotes the in-plane gradient, and the I'y; are anisotropy coefficients which open
a small spin wave gap (see App. . For an approximately Heisenberg system
with isotropic exchange constant .J, we have within spin wave theory that y ! ~
4Ja?, p ~ 2Jp3, while T'y, are determined by exchange anisotropies. The choice
to normalize m as a density while keeping n dimensionless ensures that m, .
fields are just the canonical momenta conjugate to the n., fields, and hence
Eq. is just a Hamiltonian density of two free scalar boson fields.

The above description is appropriate to describe the ordered phase of the
antiferromagnet, for any value of the spin, provided temperature is low compared
to the Néel temperature and any applied magnetic fields are small compared to
the saturation field. These conditions are well-satisfied in practice in experiments
on many antiferromagnets. Specifically we will be interested in the case with an
applied magnetic field perpendicular to the axis of the Néel vector (e.g. along
z or y, given the choice in Eq. ) In general the field induces a non-zero
uniform magnetization along its direction, e.g. for a z-axis field (m,) # 0. Such
a “spin flop” configuration is favorable for an antiferromagnet in a field.
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3.5.1.2 Symmetry considerations

Two symmetries clarify the calculations and provide physical insight. The first
is the macroscopic time-reversal symmetry of the zero field state, which is what
makes it an anti-ferromagnet. Specifically, the system in zero field is invariant
under the combination of time-reversal symmetry TR and a translation 7. Under
this operation, we see that the continuum fields transform according to

T=TRxT: m——m, n—n. (3.49)

The presence of a staggered magnetization (with any orientation) does not break
this symmetry, but a uniform magnetization does. Note that the effective
quadratic low energy Hamiltonian, Eq. , is invariant under this symme-
try. This is true even at non-zero fields, because the low energy Hamiltonian is
quadratic. Thus effects of time-reversal symmetry breaking will become evident
in terms beyond this form, notably in anharmonic corrections, and in the spin-
lattice coupling itself. Specifically, we see that time-reversal symmetry will be
effectively broken only by terms involving an odd number of powers of the m,
fields.

The second important symmetry is one which may be preserved not only
by the underlying exchange Hamiltonian and crystal structure, but also by the
applied field and the spontaneous ordered moments. In particular, the latter
breaks the original translational symmetry of the square lattice by a single lat-
tice spacing. However, a symmetry may be retained under such a simultaneous
translation composed with a Cs spin rotation around the field axis. In the pres-
ence of spin-orbit coupling, generically the spin rotation must be accompanied
by a spatial rotation, and the full combined operation is in fact nothing but a
C5 rotation about an axis passing through the mid-point of a bond of the square
lattice. This of course requires the C5 rotation in question to be part of the
lattice point group. In our problem, this is true when the field is along z or y
(but not for a general orientation in the yz plane).

This odd symmetry is important for simplifying the magnon interactions.
In particular, if the field axis is along z, then we see that m, and n, are both
even under this operation, while m, and n. are odd under it (and vice versa if
the field is along y). Note that the fields within a canonically conjugate pair
transform the same way under this symmetry. We take advantage of these facts
in the following. In particular, only I'g = I'y, and I't = I',, do not vanish a
priori, which ensures that the two valleys (¢ = 0, 1) are exactly decoupled.

3.5.1.3 External magnetic field

At the lowest order, an applied external magnetic field h couples solely to the
m field; this is already taken into account in Eq. where the m fields can
acquire a (static) nonzero expectation value due to the spin alignment with the
field.

Meanwhile, at higher orders the magnetic field also couples to the n field;
the main contribution comes from the square, isotropic coupling (n-h)2. Due to
the Co symmetry around the field axis (y or z), and since first-order terms of the
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form hgny are forbidden by translational symmetry, this results in an additional
term

Heerd = g S hZnl. (3.50)

a=y,z

Note this form is valid only when the field is along the y or z axis, not at
other angles in the y — z plane (which would violate the Cy symmetry). The
prefactor x/2 is fixed to match the results obtained from microscopic calculations
in Ref. [Benfatto and Silva Neto, 2006], and we provide an alternative derivation
in App. as well as a more detailed derivation of the full form of the gap
from a microscopic XXZ exchange model plus a Zeeman coupling to the field in

App.

3.5.1.4 Diagonalization

We proceed to diagonalize Eq. (3.48)), supplemented by Eq. (3.50) following
the discussion in Sec. 3.5.1.3] by introducing creation and annihilation opera-

tors in the standard way for free fields. We use the Fourier convention ¢y =
ﬁ [ dx¢(x)e"®* for any continuum field ¢, where V is the volume of the

system. Then

0

i = /X552 (bie + bo) (3.51)
z . 1

e s (b0~ bko) (3.52)
0

mi =/ X S (boser b)) (3.53)

e = —i\/ﬁ (b1 —bha) - (3.54)

where

Qe = /02 K% + A2, (3.55)

with vy, = y/p/x. The magnon gaps depend on the applied (transverse) mag-

netic field in the form
Ay =/Ty/x +h2, (3.56)

with valley index ¢ = 0,1 and where we set hg = h, and hy = h,. This reflects
the explicit breaking of O(3) rotational symmetry of the order parameter n by
the transverse field. With these definitions, we obtain

Hxis + Hied = ) Qk,ébLgbk’g- (3.57)
"

The b, bt fields with index ¢ = 0 have opposite Cs eigenvalue to those with £ = 1.
This guarantees that all terms preserving C symmetry must conserve the two
boson flavors modulo 2.
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3.5.2 Formal couplings
3.5.2.1 Definitions

In general we can expand the operator Q),x, which couples to a single phonon,
in powers of the magnon operators,

g _ nllq1q ik, z1q1
= A etk brx. (3.58)
e,(Zl,Z
]- n él f2| )
£1,62191929 ik z1q1 q2
+ B R BB (3.59)
V Nuc p.Al 2 2
q1,92,2

Note that while the phonons are three-dimensional excitations, and hence have
a three-dimensional momentum k, the spin operators (and hence magnons) only
have two dimensional momenta. We will make use of the following: k = k+k, 1.,
where k is the projection of k onto the k£, = 0 plane and i, is the unit vector
along z. A phonon is coupled to the sum of spin operators in all layers—we have
here introduced the explicit label z for the layer. Because the spins in different
layers are completely uncorrelated, there are however no cross-terms involving
b operators from different layers, and in correlation functions the sums over z
will collapse to independent correlators within each layer, which are all identical
to one another. When possible, we will therefore take z = 0 and suppress this
index.

The naive leading term in Eq. is the single magnon one A, linear in bz,k

and b;,k operators (notations defined below). This results in a quadratic mixing
term in the Hamiltonian, hybridizing phonons and magnons. Being quadratic, it
is trivially diagonalized, and has been considered by several authors. Generally,
such coupling has little effect except when it is resonant, i.e. near a crossing
point of the decoupled magnon and phonon bands. Since such a crossing is
highly constrained by momentum and energy matching, it occurs in a narrow
region of phase space, if at all, and is likely to be unimportant for transport. It
in any case does not give rise to scattering, the focus of this work. We therefore
henceforth neglect the A contribution.

Non-trivial scattering processes arise from the second order term in the
magnon field expansion of Q),x, parametrized by B. Here as elsewhere we intro-
duce particle-hole indices q1, g2 € 4, —, such that in particular

bgps = bl poas bips =bi_p. (3.60)
Note the minus sign in the momentum in the second relation. This means
generally that

f _
(bzpz) :b&zp,Z’ (3.61)
To make the coefficients unambiguous, we choose the symmetrized form
n,01,02|q192q _ pant2lilq2q1q
Bk7p1 2141492 — Bk$_2pl 241 . (362)

98



Demanding that @, = (QT_Lk)T implies that

BZ;£1,€2|¢]1Q2+ _ (Bﬁzf;z,éﬂ—qz—tn—)* ‘ (363)
If the phonon mode n which QY is coupled to is Cy invariant, then only terms
with ¢; = /3 are non-zero. In Sec. we will introduce a concrete and
general model of spin-lattice couplings, and see that within this model, almost
all interactions obey this selection rule. In particular, off-diagonal terms with
£y # £y arise only from the A((f% couplings defined in Eq. , which are further-
more smaller in magnitude than other couplings as they are related to magnetic
anisotropy.

3.5.2.2 Diagonal scattering rate

Contributions to the first-order longitudinal scattering rate, Eq. (3.2)) or Eq. (3.24)),
can be computed exactly using Wick’s theorem. To do so we use the free particle
two point function, which in the notation of Eq. (3.60)) is

<b€1 P1, zl( l)beg P2,22 (t2)> = 551742521,225Q1,*Q26p1+p2,0
X fo (Qy py Je ' Mapa(1702), (3.64)

where f,(Q) = (1 + q)/2 4+ n(Q2), where ng(Q2) is the Bose distribution. One
obtains two contributions, ng) = e D7(le)\s7 where DM+ corresponds to the
emission of two magons and DWI~ corresponds to the scattering of a magnon

from one state to another:

pol+ 2 1 sinh(5 huw,i)
nk TR N2d Z smh( I19) )sinh(@hﬂ )
uc tp-% 217, —p—3
bl 2
x8(wnic — _px) [Bip |+ ‘ : (3.65)
and
) dr 1 sinh( hwnk)
an 2 Z i i
h? N2d Y s1nh(§ﬁQg,p_g) smh(§h9y7p+5)
WS — Qe+ Q) B (3.66)
Wik — 88y 5k ¢ p+%) |Pkp ' '

Note that the prefactor involves just the number of two-dimensional unit cells in
a single layer, Ngg = Nyc/Nayers, Which results because a single sum over z gives
a factor of the number of layers Njayers, converting the Ny. to NES. One can
compare the expressions in Eq. and Eq. , and observe a difference of a
factor 2 in the prefactor, the sign of the second €2 frequency in the delta function,
and that of the second to last index in B. The squared modulus |---|? can be
traced back to Fermi’s golden rule, and the thermal sinh(---) factors, which
originate from Bose factors, fall off exponentially at large momenta. Energy
conservation imposed by the delta functions strongly constrain these scattering
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rates. Specifically, if all magnons have the same velocity vy, and the phonons
have an isotropic velocity vy, then we find that

supp (D) € {(k, k)| (03 — v2)[KI? + 0Bk > 442} (3.67)
supp (D1 ™) € {(k, k.)| (v — vi) k[ + 03 k2 < 0}, (3.68)

where A = min(Ap, A1) and supp(D) is the support of D. It follows that if

Um > Uph, D;lk)H is non-zero in two regions of large |k,| bounded by hyperboloid

v3,—v? . |- . .
surfaces tangent to the {ﬁj' = 2}"7}]"}‘ cone, while Dq(dz‘ is non-zero in the
X p

region outside the said cone, containing large |k|. The two regions are mutually
exclusive, i.e. for any given k at most one of the two rates is non-zero. For
Um < Uph, the constraints are even stronger, and D7(11k)|— = 0 strictly vanishes,
while DSk)H is non-zero within an ellipsoid region containing k = 0. The first
and second scenarios are realized in LagCuQOy [Bazhenov et al., 1996], and in,
e.g., FeCly |Laurence and Petitgrand, 1973|, respectively.

3.5.2.3 Off-diagonal scattering rate

Expanding each @ operator in terms of magnon operators in the four-point

correlations, i.e. plugging in Eq. (3.58)) into Eqs. (3.34]), one can obtain the Hall
scattering rate using Wick’s theorem. We find

2
0,99’ _6477 1 nn'|q1q2q3,010203 ~q1q2q4,¢10203
Wi = 1~ 2a 2 2 Dk Sqkq'kp (3.69)
ue P {,q:}

~ nl2l3]q2q3q n'l301]—q3q1q
Jm B 1 1! / 1 1.
k,p+59k+q’k’ "K' ,p+5¢'k

BM1 L4]—q1qa—q 450" lala]|—qa—q2—q’

y PP[ k,p+3qk k' ,p+gk+1q'k’
qq 1, —q1 £2,q2 ly,—qa
Ank'n/k’ + q1Qp — Q2Qp+qk+q’k’ - 2q4Qp+qk
B Gt —a1—a—q gnlalzlea—g2—q
k' .p+iqgk k,p+igk+q’k
qq’ l1,—q1 £2,q2 L4,q4 ’
Ankn/k/ - qup + QQQerqurq/k/ - 2Q4Qp+q/k/

where we defined Qf;q = Qy 4p, and the product of delta functions ® and
‘thermal factor’ §

/ NN ' _ 05,
o |g192q3,¢14243 -5 (Eil{m/k/ + qlgf)l, Q + 0 2,42 )

gkq'k’,p p+gk+q'k’
/ l5,— _ 0,
0 (Aggm/k’ + 237 R — Q" + q29p2+qq2k+q'k') , (3.70)
Lilals 0o —
SR = 0 (2rol ) +1)
- 0,
(20505 + @1+ 1) (20B(Q3 % 1) T2+ 1), (3.71)
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and En’kn,k, = qWnk + ¢ W, Aiﬁ;,k, = qWnk — ¢ Wy Note that while we
described and will use below a continuum formulation of the spin wave theory in
Sec. the result in Eq. is actually valid at the lattice level, i.e. when
the full periodic band structure of the magnons is included, as it relies only
upon the canonical commutation relations of the magnon operators, and their
dispersions and couplings are taken completely arbitrary at this stage. Therefore
this formula could be applied directly in many other circumstances.

We may understand the terms in Eq. as follows: the second energy
conservation delta function comes from Fermi’s golden rule; the first delta func—
tion, and the denominator in the third line, come from yop En e =PPg= En —
imd(E; — Eyn); while the Bose factors appear when evaluating the thermal av-
erages of magnon populatlon numbers, and their product falls off exponentially
at large momenta. Qﬂfqu,k, may display divergences when the denomlnator van-

ishes. Ome can explicitly check that the detailed balance relation, Eq. ,

holds, using the properties of the B coefficients, as well as Qﬁfl’(q;{,k, = Qﬂf,’ﬁ,an.

3.5.3 Phenomenological coupling Hamiltonian

We now propose a symmetry-based phonon-magnon coupling Hamiltonian, Eq. ,
for the low-temperature ordered phase of a Néel antiferromagnet on lattice made

of layers of square lattices, and, as above, we consider the layers to be magneti-
cally decoupled. Moreover, for concreteness, we take the classical ground state to

be Néel antiferromagnetic along the i, axis, so that all the point-group symme-
tries of the crystal are preserved by the magnetic structure, up to a translation

of half a magnetic unit cell. E|

3.5.3.1 Interaction Hamiltonian density

We consider the most general coupling between (1) the strain tensor, £%% =
3(0°uP + 0Pu®), where w is the lattice displacement field, and (2) spin bilinears
in terms of the m, n fields, allowed by the symmetries of our tetragonal crystal in
its paramagnetic phase, which has the largest symmetry group provided by the
crystal structure (generated by mirror symmetries S, Sy, Sz, fourfold rotational
symmetry C;”, translation and time-reversal). Since we treat the magnetism as
two dimensional, the coupling Hamiltonian is a sum over layers and an integral
over two dimensional space,

tetra Z/dQX/Htetra (3'72)

We use r = (X, 2z) to denote the three-dimensional coordinate. The corresponding
local hamiltonian density reads, with all fields expressed in real space:

A(m)vaﬁ
H‘/cetra(r) = Z 5045 arli Nelp + = MmgIMp

, (3.73)

X,Z

2
Un)

ab x,yz

2In the absence of a magnetic field, and an “alternating” Dzyaloshinskii-Moriya (DM) in-
teraction which we do not consider here.
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where ng = po/a? is the ordered moment density. Here each A©) tensor, which
we define to be symmetric in both ab and af variables, has seven independent
coefficients, which we call

Agf) _ Agc&x),m:/\é%)vyy7
AS A(&):mC:A(ﬁ),yy7

2 - Yy T
MY = A alm,
Az(f) _ Agc{x),zz _ A@(/{y),zz’

A = A9

Aéf) — Agc%),xy — AQ(C),yI A(E),yw — Agfx)wy’
A(é) — A(&),:EZ — A(&)fzx — A(&),Zm — A(&),:EZ

7 - Tz Tz zZT 2T )
= AOvz = AL = A& = \Ewz (3.74)

and all other Al(fb)’a’g are zero. In Appendix we provide a microscopic

derivation of these A((i)’aﬂ coefficients in terms of %9, J%|,, i.e. in terms of
the spatial derivatives of the magnetic exhange J*?. Within this microscopic

(€)

approach A6’7 are related to the spatial derivatives of symmetric off-diagonal

exchange J*™, J** JY*  while Ag - Ag.f) and AEE) - Aég) are associated with
the spatial derivatives of XXZ exchange anisotropy J**¥% — J*?. Finally, note
that in Eq. - ) bilinears of the m,n; kind, arising from e.g. alternating DM
interactions JD i.e. such that JPHU = —Jf)u r with ¢ = z,y, could also

contribute to the thermal Hall conductivity [Zhang et al., 2019], but are not
allowed in the single-site (paramagnetic) Bravais lattice we consider here.

3.5.3.2 Expansion

We now carry out an expansion of the m, n fields in two steps. First we expand
around the zero-field, zero-net-magnetization Néel-ordered configuration (n..q =
U,, myq = 0), assuming deviations are small and satisfy Eq. (3.46]). One thereby

expresses 1, and m, in terms of the free fields m, /., n, /. as, in real space:
1 1
Y (ng + ng), (3.75)
2 2 ny
=Y,z
m, = — Z myny, (3.76)
b=y,z

which are correct to second order in the free fields (this constitutes a non-linear
correction to Eq. ) In a second step, we include a net magnetization and
expand m around it, i.e. write m* = m§ + m® where m{§ is the sum of both a
possible spontaneous magnetization and response to the external magnetic field.
This two-step expansion physically assumes m < my < ng. Using these forms
in Eq. , we obtain the spin-lattice coupling to second order in the free field
fluctuations:

Héetra Z gaﬂ Z Z )‘ab gglno naﬁl"r/bi’ra (377)
a,b=y,z £,£'=0,1
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where 1,0 = ng and 1,1 = m, and with

Azbﬁ;gg = A((z%)’aﬁ — 8 A0 (3.78)
o -1 a a a a o
)‘ab 01 = )‘baélo = o [mOAl(yclc)7 7 6abm0Aélx)7 gt mp AL B} , (3.79)

where § = z, Z = y and we have associated { =n< ¢ =0and{=m& =1
in A©),

These relations are satisfied for any Ag?’aﬁ in Eq. (i.e. not necessarily
satisfying the constraints Eq. ), but do assume a Néel moment along the
x direction, and a net moment in the yz plane. Note that, while the bare (not
linearized) interactions in Eq. did not couple the n, and m, fields, such a
coupling is present in the linearized Agp01 coefficient (i.e. that coupling n, and
myp). We can see immediately from Eq. that this coupling vanishes in
the absence of “anisotropic” couplings A(f%. Importantly, it also vanishes in the
absence of any uniform magnetization. This is a consequence of macroscopic
time-reversal symmetry, Eq. . Conversely, Agp01 is the only term in our
low energy description of the coupled spin-lattice system which is odd under
this effective time-reversal symmetry. Consequently, time-reversal odd effects
like skew scattering must involve at least one factor of this coupling. This will
appear explicitly at the end of the next subsection.

3.5.3.3 In terms of the eigenbosons, b, b

We now seek to identify the B coefficients as defined in Eq. (with the
convention Eq. ) To do so, we use the Eq. representation of the
Mg, Ng fields in terms of the b bosons, which diagonalize the pure magnetic
Hamiltonian, and plug in their expressions into Eq. . This involves a
unitary transformation which can be defined as (using a = 1 < a = y and

a=2&a=2z)
Mage =3 D D Uactg(P)bpe™™, (3.80)

P ¢=0,1g=%
with
Uaﬁéq(p) = _6,1_174_5 modgngﬂ(p)v (3'81)
. \E 3 _1
Feqe(p) = (iq)* (—=1)% (xQ4p)* 2. (3.82)

We defined € =1 —¢,ie. 0=1,T=0,and £ = 26 — 1, ie. 0= —1,1 = 1. We
also used relation for the valley ¢ = §,_1 ¢, and conversely a = 1 + & + £. Now
inserting this expression into Eq. (3.77)), and collapsing the a, b sums, we obtain

,Héetra Z Z gaﬁ Z Z Z n_€ E/ 552 f/ff/

afi P1,P2 9192 £102=0,1 {£'=
Fegre,(P1) Ferg 242(p2)bglplb£2p2 ei(P1p2) T (3.83)

We similarly express the local strain in terms of its constituent Fourier
modes, which are proportional to the phonon creation/annihilation operators,
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as discussed in detail in Appendix [3.Al Putting in these two ingredients, some

algebra (shown also in Appendix |3.A]) finally yields, if we define )\g, b —

af ~
£—€& mod2,0/ —& mod2;£€"°

gitelageg _ —£ ¢ palit ( Qk> Fu (_ gk)
k;p 2\/7uC % nkgg,g tnty (P T 2 g2ty P+ 9
(3.84

)

where

ot 3 )\Z1fz,aﬂ ke (el )T+ KP (£
k; 9 I ! / :

Eq. may now be inserted into Eq. . Note that i€ in F plays an
important role as discussed in Sec. [3.5.3.4]

Finally, note that the only coefficients Ay ¢¢r which contribute to B with
{1 # o (i.e. to “intervalley hopping” recalling B*2 is the coefficient of bq1 bq2

in Q9) are those which satisfy 044 + d¢er = 1—see App. [3.F.2] - 2( for details. Such
©)

coefficients involve only the A6%7 couplings, which are typically much smaller

(3.85)

than A§5)5 Therefore a good approximation is to consider only those contri-
butions to the scattering rates Eqgs. (3.6513.66l3.69) with the smallest possi-
ble number of intervalley hoppings. Now, the forms D) ~ BfAf2plbi gnd
WO ~ Bhlapllsplslaplaly jmpose that intervalley hopping can only happen
an even number of times in D) and 20°. Because Dnlk is a priori nonzero even

2
when Ag7 = 0, we discard the subdominant, of order (//\\1675) , contributions

from ¢; # /2 upon calculating D;lk) On the other hand, a nonzero

Seffaq _ L (o8, ©.ad
wnkejn’?((’] T 5 (mnkqgt’k’ + QBn ql((l,n’—k’) (386)
requires either (or both) nonzero Ag7. The first nonzero term with ¢, = ¢ =

1
¢3 = {4 in turn occurs at order (1/\\1675) , and therefore corrections due to ¢; # ¢;

Mgz \1 O,eff,qq’ . . . .
are another order ( Ae ) smaller for 20" 77 . We use this approximation in

what follows, i.e. in Secs. [3.5.4 and [3.5.6]

3.5.3.4 Effective breaking of symmetries

(i) Time reversal. We now briefly comment on the relation between the
“effective” time-reversal of the spin system 7 and the transport properties of
the phonon system. Indeed, it is obvious from Egs. and Eq. that if
all the B coefficients satisfy

n,0102]q1q2q 7 ? n,l12|q1q2q\*
B (B ) (3.87)
then Dillzk = Dﬁllk) and Qﬂf’fqﬁ,n,fk, = —Qﬁfqu,k,, i.e. the phonon collision inte-

gral is effectively time-reversal symmetry preserving, as discussed in Sec. [3
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Therefore, no phonon Hall effect follows if the spin-phonon coupling satisfies
Eq. (3.87).
Which terms in Eq. (| are compatible with an effective time-reversal sym-

ql1l2
metry breaking? By dlrect 1nspect10n of Eq. -, one finds that ¢L) 1k§ o=

( L%E’Kg,) . Thus, only those terms in Eq. with &€ = may satisfy

B\ £1€2|q1q2q £ ( B €1€2|q1q2q) All others are such that B™ Litelqrqzg (BZ £1£2|q1q2q)*
-p P '

The breakmg of effective time-reversal in the phonon system thus relies
upon the presence of spin-phonon couplings where ¢ = &, i.e. Aab,o1 and Agp 10
(henceforth denoted “\y,,”) coefficients; this is consistent with the argument in
Sec. [3.5.3.2, based on macroscopic time-reversal T, Eq. (3.49). Morevoer, going
back to Sec. [3.4.2.2] we see that if mg # 0 but Aéé) =0= A@, then the kernel
Kﬁgn,k, is invariant under momentum reversal; and so kK = 0, even though the

system breaks 7.

(ii) o4 operation. Here we briefly study the oy operation, i.e. a mirror trans-
formation through the plane containing the Z and % directions. The system,

having antiferromagnetic ordering along the z axis as well as possibly m{ # 0,
explicitly breaks this symmetry. However, if Agg) = Aég) and Agg) = 0, then oy is
preserved at the level of the kernel K h{( s Wwhence kg = 0. This illustrates the

importance of knowing the action of Dy operations upon the kernels K k k!
because some symmetries which are explicitly broken globally might fail to be
effectively broken in phonon scattering.

3.5.4 Solutions of the delta functions

Each contribution to the scattering rate involves a momentum integral over an
integrand which contains either a single delta function or a product of two delta
functions. These express energy conservation constraints, which must be solved
to carry out the integration. The argument of each delta function, which must
be set to zero, is of the form

w—Qp—5Qp-k =0, (3.88)

where s = £1. Using the continuum form of the magnon dispersion, €}, =

va|pl? + A} = vn P+ 07 = Ung,p, where dy = Ay/vym, we can rewrite
this as
Pl + 67 + sv/|p — k> + 67 = a, (3.89)

where a = w /vy, and s = £1.

The existence and type of solutions depend on the value of a® — k?, where
k? = = k2 + k:2 When they exist, the solutions are conics, as is summarized in
Table B5.1

It is then best to introduce coordinates p|,p,; which are along the principal
axes of the hyperbola/ellipse:

p= P||£ +pi2 %Kk, (3.90)
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a2 —k*><0 0 < a?—k* < 462 402 < a® — k*

s =4 | no solutions no solutions ellipse

s = — | half-hyperbola no solutions no solutions

Table 3.5.1: Solutions to a single delta function of the form §(w—Qy p, —5Q p—x),
with s = +1, as a function of the value of a® — k%, where a = @ /vy, k* = k2 —i—k;,

and Qyp = vmy/P* + 5?. The necessary existence conditions described in this
Table are captured by the equation s(a® — k?) > 462(s + 1) /2.

where we define k = (kX + ky¥)/k (note the denominator k which differs from
k when k, # 0), and we can define the major a and minor b semi-axes, or
conversely, of the conics:

a? — k* — 82| (3.91)

An immediate consequence is that, in the case of the ellipse —a < p| — % <a

and —b < p; < b, while in the case of the half-hyperbola: P> % + a.

Both Eq. and a pair of such equations may be solved analytically,
but the solutions are analytically complicated. We provide their details in Ap-
pendix and give here only the final results.

3.5.4.1 Diagonal scattering rate

We have, in particular, the following compact form for Dr(le)ls, with s = £,

sinh( g hwnk)

nk 27r 2h2 % smh(%thP)sinh(gﬁﬂe',pfk)
2
L0 | +s—
X6 (wnk — Qep — 50 p—k) BZ'—p|—:—£ ’ (3:92)
) 2

where we converted the two-dimensional momentum sum to an integral using

Yp N2dg? (g l)) where N2da? is the area of the sample in the zy plane.
From now on, in this paragraph and the following, we make use of the approx-

imation B! — 0, as explained previously. Then, collapsing the delta function

(to avoid clutter, we identify y = p, ):

2 ginh(8
(s _ (3= s)a?sinh(5hw,k)
Pl _ — (3.93)
2
n, 0.l +s—

. ki—py(y)+%
[T wnsmy ] |

8 B
- . Z Slnh(jhg&pgﬁ(y))Slnh(§hQ€,p27ﬁ(y)—k)
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where

£5=1(y) = 0(b — O(a? — k? — 467
{ Zi_(ly) ( Iy!)2 (a2 B —497) (394
fn_ (y) = On1 @(E —a )
where a = wyk/vm, 1 = £1 and
(r-1)/2 -
s\ e, (y)
Jp(y) = : (3.95)
T:Zi Ver(y)? +y? + 67
with -
1 62 + 2
en(y) = 5 (kz—l—na 1_4a2—E2 , (3.96)
and ~ ~
Py (y) = cy(w)k +y2 x k, (3.97)

i.e. we identified p and p, in Eq. with ¢, (y) and y, respectively. At this
point it may be comforting to check dimensions. Noting that y has dimensions
of momentum, i.e. inverse length, and B has dimensions of energy, i.e. inverse
time, one can indeed see that D in Eq. has proper dimensions of a rate.

3.5.4.2 Off-diagonal scattering rate

In this case, we must solve a pair of conic equations simultaneously, which takes
the form:

{wl - Q&p - Slgé,p—kl =0 (398)

w2 — Qp — 520 p Kk, =0,

i.e.

P2+ +s1y/lp -k + 6] =a (3.99)
P2 + 67 + s24/1p — ko|? + 67 = a2, '

where a; = w; /vy. Indeed, the integrals which occur in the second order scatter-
ing rates involve pairs of delta functions, whose arguments are of the form con-
sidered above, with in Eq. , wp = —quz‘i’:n,k,, Wy = —q1¢ Wk S1 = q1G2,
s2 = —q1q3, k1 = —¢k — ¢'K/, ko = —¢'K/, ; = Ay/vm. In this case, each of
the two delta function constraints defines a half-hyperbola or an ellipse in the
p plane, and the integrand is confined to the intersections of these two curves.
Consequently, the integral will be collapsed to a discrete set of points. It is
straightforward to see geometrically that the intersection of two curves of these
types is, except for the degenerate cases in which the two curves are identical, a
set of at most four points. The two simultaneous equations can be solved ana-
lytically, but the solutions are algebraically complicated and we give here only
the results and leave details to the Appendices.
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Collapsing the delta functions as explained in Appendix [3.E.I], we can write:

2
oqd _ A0 7601012
QI]nk,n’k’ - v3 B4 Z Z Jw(p])]:pqukﬂ/k/ (3100)
m J 0{a:}
~ néllg2q3q n'l|—q3q1q’
xJmi B B
J { k,p;j+ick+qk’ K pj+iqk

kpj+3qk K. pj+ok+3qk k' pj+3q'k k,pj+q'k'+3qk

Bnlfl—qqu n U —qa—q2—q n/ 0l —q1—qs—q’ 1nll|qa—q2—q

q19qWnk ) e q1q'w,, s A A
o T Qup; = 01@aQpipqe U+ Qp + 01040 p gk
where Q = Q /vy, and

' 3 7€ 7£ b b
I)?qk{q?lc“z4 T =qq (2nB(Q€3,p+q’k’) + 1) (2n(Q,p) + @1 + 1)
X (2nB(Q€2,p+qk+q’k’) +q2+ 1) (3.101)

is a product of thermal factors and where, when they exist, the solutions, j =
0,..,3 take the form

s
Pj = t|j/2)V /2l + u(ﬁ/[z]fwww» (3.102)

where, for i = 0,1 v; = ask;+(—1)a1k,y, w; = Zxv; (note that v; = v;, w; = w,

and p; = p; are all in-plane vectors), ¢; and ugi)

are given in Appendix [3.E.1

(also recall we defined 0 = —1, 1 =1, 2[2] is £ mod 2, and |z denotes the floor
of x), and

k, AP,

p. Nky —&AQ+&AQ—&A&71

_ =
Jw(pj) = |1 Qe,pj Qz,pj—kl + s9 Qg,pj Qz,pj—kg + 5152 Qz,pj—kl Qz,pj—kQ
(3.103)
where V; A Vo = VEVY — VYV for any in-plane vectors V5. Coefficients
to,1 are always well defined, but for each 1, ugi) are the solutions to a quadratic
equation which has zero, one or two solutions, whether the discriminant d, ;
thereof is negative, zero, or positive.

Necessary (but not sufficient) conditions of existence of solutions are: (7) the
existence of both conics, cf. Table (71) dy,0 > 0 and/or d, 1 > 0, (4) when
s1 and/or s is negative, the p; must lie on the 7y 2 = 1 branch of the 1 and/or
2 hyperbola. Even with these constraints, spurious solutions exist, so that one
must check that the solutions Eq. also satisfy the equations for the given

values of a1, a2, ki, ko, ¢, ¢, ;.

3.5.5 Scaling and orders of magnitude

In this subsection, we discuss the temperature dependence and magnitude of the
magnonic contributions to the different phonon scattering rates, which deter-
mine the phonon thermal conductivity and thermal diffusivity tensors. Since we
consider a low-energy continuum theory (without a momentum cutoff) in which
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the dispersion of the phonons is linear, these hold only in the low-temperature
limit, i.e. for T' < hvpn/(akp). Similarly, we consider the low-energy dispersion
of magnons, so our results are valid for T < hvy /(akp) ~ J/kg. In Table
we summarize some of the relations derived in this section.

quantity 1 K1, 25° Tsiéw on

T-scaling | T9t2e pd-d=2c pd-1+3z  pdt2+3z  pd-1+3z

Eq. ref | (3.105) (3.106) (3.109) (B.110) (3.115)

Table 3.5.2: Scaling relations derived in Sec. and the corresponding equa-
tion number where they appear. Note that these were obtained within a low-
energy approach which omit in particular larger-k deviations away from the
acoustic phonon linear dispersion limit and other higher-T effects such as Umk-
lapp [Tritt, 2004].

3.5.5.1 Longitudinal scattering rate: Role of anisotropies and scaling
exponent

First we consider the leading magnonic contributions to the longitudinal scat-
tering rate, D'EL]i{) The typical magnitude of this quantity for |k| ~ kT /vpy sets
the basic rate 1/7. This rate has been studied previously in classic work on the
phonon-magnon coupling in antiferromagnets. Reference |[Cottam, 1974] finds
that 1/7 ~ T° (for the moment we give only the 7' dependence under the above
condition, and do not give the prefactor), for a model of exchange-striction in a
Heisenberg antiferromagnet in three dimensions. This should be recovered from
our formalism.

A general estimate can be obtained from Egs. . To evaluate it
requires, in addition to the dispersion relations, the phonon-magnon couplings
B, which are given in Eq. . At the level of temperature scaling for typical
thermal momenta, for temperatures well above the magnon gap, v,k > A, we
may replace k ~ kpT'/vph, w ~ vpnk ~ kpT and Q ~ kT (the latter is true if
the ratio between vy, and vpy is order one). Noting that € and ¢ in Eq.
equal £1, we see that a general phonon-magnon coupling is a sum of three
contributions,

1
kBT 2 -1 ( X/CBT no )
B~ — Amm=——— + A + Apn——— | . 3.104

(Mvgh) "o no + + xksT ( )

Here, as above, we label generic Néel-Néel vector couplings Ann, = Agp00, net
magnetization-magnetization couplings Ay = Agp 11 and “cross” Néel-magnetization
couplings A\nn = Mg 10-

Depending upon which of these terms is dominant, the temperature depen-
dence of B ~ TY?t* with z = —1,0,1 corresponding to the Apn, Amp and
Amm terms, respectively. We can then estimate the scattering rate by converting
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the momentum sum over p to a d-dimensional integral (d is the spin-exchange
dimensionality) and recalling |p| ~ T. We see therefore that

1
=~ THBP? ~ T2, (3.105)
-

A priori, the dominant contributions would arise from terms with x = —1, which
have the smallest power of temperature, which would give 1/7 ~» T2 ~ T in
d = 3 dimensions. This does not agree with Ref. [Cottam, 1974]. Instead, one
notices that what one might expect to be the subdominant contribution from
r = +1, which gives 1/7 ~ T2 in general dimensions, does agree with the
classic theory for d = 3.

Why is this the case? The resolution lies in the fact that Ref. [Cottam, 1974]
assumes isotropic Heisenberg interactions, and is carried out in zero magnetic
field. As a consequence, the Hamiltonian has SU(2) symmetry, and Goldstone’s
theorem protects the gaplessness of the magnon modes even in the presence of
strain. In particular, because even an arbitrarily strained lattice must preserve
the gapless magnons in this case, the spin-lattice coupling, Eq. must be
spin-rotationally invariant, and moreover its quadratic expansion, Eq. ,
must vanish for a magnon configuration which is a small rotation of the Néel
order, which corresponds to either n, or n, non-zero and spatially constant. This
means that the non-zero terms in Eq. involve only &,& = m and not n (in
a treatment including higher order terms, spatial gradients Vn would appear,
but these scale in the same manner as m). One can indeed check in Eq.
that when the interactions A agl/ n).af are isotropic (X dgp), Ann vanishes, and Ay,
vanishes at zero field when the uniform magnetization m§ = 0. Taking the Ay,
contribution in Eq. gives x = +1 in Eq. as needed for agreement
with earlier work.

What is the physics of the different values of 7 We see that stronger effects
(smaller powers of temperature) arise from coupling to n than to m. This is a
fundamental property of antiferromagnets: fluctuations of the order parameter
n are stronger and more long-ranged than those of the uniform magnetization
m, which is naturally suppressed when antiferromagnetic interactions dominate.
Thus larger effects would be expected from coupling of strain to the staggered
magnetization than to the uniform one, as the formula indeed shows.

How is this reflected in x1,(T")? The last step from the scattering time 7 to the
longitudinal conductivity , is a standard one [Tritt, 2004} [Carruthers, 1961].
The sum over phonon momentum k in Eq. is converted to a three-dimensional
integral (the magnon momentum integral was d-dimensional, with d = 2 in the
case of a layered antiferromagnet).

For temperatures kg1 > A, the scaling for the temperature dependence of
the longitudinal conductivity is

kp ~ T374722, (3.106)

As can be seen from Eq. (3.104), a crossover between the low-temperature
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x = —1 and the high-temperature = +1 behaviors occurs at T%,

kpTf ~ 10 2
X

- (3.107)
Eq. assumes that the intermediate behavior z = 0, due to the A,
coupling which is proportional to both anisotropic exchanges and the net mag-
netization, is negligible; this is consistent with our numerical results shown in
Sec. The above results, Eqs. , also assume that ng) is the
dominant scattering rate contributing to the longitudinal inverse scattering time
Dy,x. (The role of an is considered in more detail in Sec. ) However,
many more scattering processes, such as boundary or impurity scattering, which
in Eq. are encompassed as D, ontribute (through Matthiessen’s rule) to
the phonon relaxation. Thus, k7, should be considered a probe of the full D,.

3.5.5.2 Longitudinal scattering rate: Role of the gap and magnetic
field dependence

Since we have seen that the assumption of isotropic interactions suppresses the
coupling to the staggered magnetization, this discussion suggests that breaking of
spin-rotation symmetry should greatly enhance phonon scattering. While this
may indeed be the case, we should note a subtlety: although spin anisotropy
indeed allows such coupling, it also allows the formation of a magnon gap —
enlarged by the presence of an external magnetic field, Ay, = \/T'y/x + h?. Which
behavior should be expected from the combination of these two effects?

Regardless of the form of coupling (scaling exponent xz), if kT < A,
magnon-phonon scattering will become energetically unavailable. More precisely,
DWI+ | corresponding to the process whereby a phonon excites two magnons, is
exponentially suppressed due to the required rest energy 2A, while DWI= | cor-
responding to the process whereby a phonon scatters a magnon, is exponentially
suppressed due to the exponential decrease of all magnon populations at tem-
peratures below the gap. Therefore D) as a whole is exponentially suppressed
if kT < A; We check this behavior numerically in Sec. [3.5.6.6]

Thus, a crossover in the behavior of xr(T") occurs at temperature Th ~
A/kp. Below T}, the phonon thermal conductivity is mostly due to other scat-
tering effects, which are captured by f)nk in this work. For constant f)nk, this
yields k7, ~ T3. Above TA, phonon-magnon scattering becomes available, and
is enhanced by anisotropic coupling; provided this is the dominant effect, the
resulting thermal conductivity behavior is k;, ~ 73742 with & = —1 which,
for d = 2 (two-dimensional magnons), is the same power of temperature as
that obtained with only constant Dyx. However, the proportionality constant
is larger with phonon-magnon scattering than without, which, for sufficiently
strong anisotropic couplings (i.e. sufficiently large A,,), may lead to a “bump”
in k1,(T'), as we indeed numerically see in Sec.

Remarkably, this effect depends on the external magnetic field through the
width of the magnon gap (recall the latter is field dependent), and may be an im-
portant feature of k7, (h,T)—kr(0,T). For the sake of completeness, we note that

111



types of dependences on the magnetic field may arise at temperatures where the
scaling exponent x = 0 plays a role, because the \,,, coupling depends explicitly
on the net magnetization myg in (see Eq. ) It is however not clear how this
contribution could become non-negligible in any range of temperatures, and the
gap dependence A(h) is arguably the main culprit as regards the dependence on
h of the longitudinal conductivity.

3.5.5.3 Transverse scattering: scaling exponent

We can now apply similar reasoning to the transverse/Hall scattering rate 20°
from Eq. . Obviously if temperature is sufficiently low, i.e. below magnon
gaps, the result will be exponentially suppressed. Of greater interest is the
energy regime above the magnon gaps, in which we may assume acoustic linearly
dispersing magnons (and phonons). We proceed by counting the obvious factors
of momentum and energy, and by assuming the relevant momentum scales are set
by dimensional analysis, i.e. k, k' ~ kT /vy, etc. Inspection of Eq. shows
one sum over magnon momentum p, which converts to an integration in the
thermodynamic limit, two energy delta functions, and one energy denominator,
which, using the aforementioned momentum scaling implies that

W° ~ 7384, (3.108)

Here we considered the magnon momentum integration as d-dimensional, as in
the previous discussion of longitudinal scattering rates.

Now to proceed we must estimate the contribution of the four B factors. To
do so, we need to consider the effective time-reversal symmetry 7. This symme-
try must be broken to obtain a non-zero effective skew-cattering rate, QU,@LI’{GE,’&?/,
which in particular is odd under 7. As discussed in Secs. [3.5.3.2 and [3.5.3.3}, un-
der T the Apm and Ay, couplings are even while only the A, couplings are odd;
therefore 29 must contain an odd number of factors of \,. Furthermore,
in the low field regime we consider here, 7 symmetry breaking happens through
the development of a small uniform magnetization, hence \,,, o mg, which in
turn is linearly proportional to the applied field (see Eq. (3.78)). Consequently,
to obtain the linear-in-field Hall scattering rate, we should keep just one (and
not three, the other available odd number) factors of A,,,. Therefore, we may
use Eq. (3.104) to estimate

WO TN (AT + A T71)° ~ 1432, (3.109)

Here, as in Sec. x = +1 obtains in a large parameter region where
):\’"T;” < (X,?#)Q, while x = —1 results if \,, is non-zero and dominant in a
low-temperature regime where the magnon gap remains negligible.

It is by no means clear how the latter regime would be achieved, and if we
assume that the z = +1 case dominates, then it is interesting to see that 20°-ff
in Eq. scales like 7912, which is the same power of temperature as the
magnon contribution to the longitudinal scattering rate in Eq. .

This scaling is a bit surprising, as we should expect that the transverse is
smaller than the longitudinal scattering, since it comes from a higher order term.
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To resolve this, we should consider more carefully the relationship of 209 to
a “skew scattering rate”. In particular, one should note that ﬂﬁ%;cnfi, enters the
collision term via a sum over k’, which converts to an integral over k’ in the
thermodynamic limit. Therefore the measure of this integral, which is expected
to be dominated by |kK'| ~ kT /vm, kT /vph, contributes an additional factor of
T3 (since phonons are always three-dimensional). Thus it would be more correct

to estimate the skew scattering rate as

1

Tskew

For z = 1 and d = 2, this scales as T which is indeed small compared to the 7%
predicted in the same regime for the longitudinal scattering.

Additionally, we highlight in Sec. [3.5.6.7], through numerical evaluations, the
strong momentum-orientation dependence of 20°.

3.5.5.4 Transverse scattering: thermal Hall resistivity

We would like to emphasize that within any scattering mechanism of phonon
thermal Hall effect, the skew scattering rate is a more fundamental measure of
chirality of the phonons than the thermal Hall conductivity. This is because the
Hall conductivity inevitably involves the combination of the skew and longitudi-
nal scattering rates (in the form 72/7yew), and the longitudinal scattering rate
of phonons has many other contributions that do not probe chirality, and may
have complex dependence on temperature and other parameters that obscure
the skew scattering. The scaling of the temperature dependence of 1/7geyw given
above is a much more reliable prediction than any corresponding one made for
kg for this reason, and we do not quote the latter here. Instead, to extract
the skew scattering rate, one should look at the thermal Hall resistivity, og,
which is simply proportional to 1/7gkew, at least in the simplest view where the
angle-dependence of the longitudinal scattering does not spoil its cancellation.

We define the thermal Hall resistivity tensor as usual by the matrix inverse,
o = k~!. In particular, considering the simplest case of isotropic k** — k1, and
K1, > kMY one thus has

pv _ Ouv — Ovp —Kuw + Koy :_/‘07[{ 3111
°H 2 2K2 K2 (3-111)

The quantity ¢ is independent of the scale of the longitudinal scattering, in
the sense that under a rescaling D,,x — (D,x, then g’ﬁ” is unchanged (see indeed
Eqgs. for an explicit check at leading perturbative order).

As explained before, let us further assume that D, = 1/7 is (n,k)—
independent, e.g. as if the case if dominated by some extrinsic effects. In that
case, we can extract the longitudinal dependence from the transverse conduc-
tivity kernel, and redefine .f(fl{kn,k, = 7'_2Kﬁm,k, which is now independent of
the longitudinal scattering rate 7—!. Besides, to leading order one has simply

Ky%kn’k’ = 7ePnk§, 610, from which, assuming wyy, = vpn k| and N®4 = np,
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we have simply

B2 1 v2
=y L () = e (3.112)
nk

KL

where by construction the result does not depend on the chosen direction a of
the current (for instance a = z,y,z). This is the well-known relation between
the thermal conductivity x; and the thermal capacity

a1 or? (kT \?>
v === | = Y Nijhw,u| =k < ) 11
¢ =77 [Vil; ik k] 55 Uy (3113)

n

of the phonon gas. Consequently, Eq. (3.111)) evaluates to

o2/ h \® V .
Ky — —k_l < ph> < ) K KH e/ V/ /. ].].4
Ox B 72 kgT/) (2m) nlgl/:k/ S K rknie I (3 )

This expression does not depend on 7, which justifies studying o instead of k.
From it and Eq. (3.31]), one can readily derive the scaling relation

or ~ W ~ TS (3.115)

which we check numerically in Sec.

3.5.5.5 Detailed scaling analysis of the longitudinal conductivity

The scaling with temperature described above, obtained by replacing every mo-
mentum scale hvy, phk, hMm pnk, Avg prp by that of the temperature, kgT', are
expected to be valid for v = vy, /vpn of “order one”. Here we investigate more
carefully the dependence of these quantities on v when the latter becomes large.
Surprisingly, we show below that the prediction of Eq. for the high tem-
perature scaling of xy breaks down already for v > 3, giving way to a contin-
uously variable power law exponent. For the thermal Hall resistivity, we find
that the temperature exponent, Eq. , remains independent of the velocity
ratio.

To obtain these results, we analyze the full integral expressions directly, dis-
tinguishing momentum and temperature dependencies. Various technical details
are provided in Appendix [3.E-4]

To analyze k1, we start by writing the expression for the diagonal scattering
rate, Eq. , in dimensionless form, in terms of a scaling parameter » and
dimensionless variable ,

_ hvppk

= g = ) A1
o= a=ulk (3.116)

We assume the relevant momentum and energy scales are large compared to any
gaps, 0y < k, kT /vy, and therefore in the following set d; — 0. Then we can
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obtain scaling forms,

cyy) = kéy(d), (3.117)

Q om kQ7(5), (3.118)

Lpyy) e 2, Py (y) -k
n,0,0|+s— 5 ~ 5 ~ — 5 ~
Bk;—p‘ik/Q = K2 Brnm (7) + k2 Brn(9) + k 1/2 Bn(9),

and the precise functional forms of &,(7), tan(gj) and 5’55/ are given in Ap-

pendix Egs. (3.261}{3.269)). We find, after making the change of variables
in the integral of Eq. (3.93)) from y to 7,

1
DSNT) = 3 K*2F) (52, 4,0), (3.119)
r=—1
where the scaling functions F(xs)(%, 7, 0) are
(s) _ (3 — s)a?sinh(/2) <
Fz (%777 9) 47T’Umh2 B dny

X G . (3.120)

7 sinh (5077 (7)) sinh (5, (7))

Here C; (g) are quadratic combinations of the original B’mm, Z’S’mn, and [;’Tm coef-
ficients given in Appendix Eq. agrees with the scaling behavior
given in Eq. (with d = 2). In Appendix we derive the behavior
of the scaling functions F&S)
following.

The scaling form of the scattering rate is input to the thermal conductivity.

To see the implication, we presume for simplicity the total scattering rate D,x =

at small and large s, which will be useful in the

Dos DT(jZ + D is dominated by a single value of x . We note in passing that when
the gaps are zero, only one value of s contributes here: s = —1 for v > 1 (the
case of most interest), and s = 1 for v < 1. Then

k T 242z .
Dy = < B ) (%2+2xe(%)+D(T)). (3.121)
hvpn

- hv h 242z . .
Here we defined D(T') = (kBEf) D, which is temperature-dependent. In
particular for z = 0,1, it becomes very small at high temperature. Inserting
this into Eq. (3.3), turning the sum over k into an integral, and using spherical

coordinates, we obtain

kB (FL'U h)Qx—l
AN P 3.122
K;L kBT ( )

/+°° 4 / " /2” ¢k:“l%“ sin @¢* sinh =2 (5¢/2)
4 ~ .
%2z+2FCE(%’ ’77 0) + D(T)

Now we are in a position to investigate the temperature dependence of the
conductivity. To simplify the discussion, we restrict the remainder of this section
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to the case x = 1, since F; is the largest contribution when spin-orbit coupling is
weak, and is also enhanced at high temperature. First consider the low temper-
ature limit. Then D( T') becomes large at low 7', and we can simply replace the
denominator of the integrand in Eq. m by D (T'). This is just the extrin-
sic limit in which the constant D scattering dominates and one recovers the 73
dependence of the thermal conductivity arising from the phonon heat capacity.

Next we turn to the higher temperature limit. There, the parameter D(T) be-
comes small, and might naively be neglected. Dropping this term in Eq. ,
the sole remaining temperature dependence is in the prefactor, and agrees with
what was found earlier in Eq. (| m for d = 2). This procedure is valid pro-
vided the integral in Eq. m converges for D( ) = 0. To check this, we must
consider the potential divergences at small and large s. At small s, the inte-
grand behaves like 1/(2?F1(5)). As shown in Sec. m Fi(5) grows as small
» (see Eq. )7 ensuring there is no divergence. The large s limit is more
problematic. This is because although the sinh™2(5¢/2) factor decays exponen-
tially, the factor F, in the denominator also decays exponentially. Specifically,

we show in Sec. that Eq. (3.120]) implies
Fa(36,7,0) ~ F(v,0)e 0% (3.123)

where the function a(y,0) = 1(y|sinf| — 1) (see Eq. (3:271)), and F(v,0) a
constant. This implies an exponential growth of 1/F, with sz when Dis neglected.
For v > 3, the integral becomes divergent for D =0, and the naive scaling fails.

To see what happens for v > 3, we deduce from the above discussion that the
integral in Eq. becomes dominated in this case by large x > 1. Then we
approximate sinh § ~ e”/?, and use the asymptotic form of F, in Eq. .
We must then distinguish two cases. If a < 1, the s integral converges, even
for b(T) — 0, and we obtain, in the latter limit, s, ~ 77!. When a > 1, we
must be more careful. Successively performing the changes of variables u = e™*,
u = vD(T)*D ™" and v = w[—a(y,0) " In D(T)] >0~ and a saddle-point
procedure assuming « > 1, we arrive at (see Appendix

1 - o=l _ .
hr ~ = D(T)% ' (~ag'InD(T))

-1
d—ay,

Io(7) (3.124)

+ .
where ag(y) = a(7,0) = (v —1)/2 > 1, Ib(v) = |, wdwm' This
entails, up to logarithmic corrections,

{T‘l for v < 3
K1, ~

T380-D7" fory >3’ (3.125)

We see that the 1/T high-temperature behavior of k, changes for v > 3 to a
power law with an exponent that continuously depends upon v, and even changes
sign: for v > 11/3, the conductivity increases with increasing temperature at
high T'. We indeed recover this nontrivial feature numerically, see Fig. [3.5.3]

Note that this behavior is all obtained within the linearized phonon and
magnon models, and thus eventually changes when the temperature exceeds for
example the Debye energy.

116



3.5.6 Numerical results
3.5.6.1 Implementation

Details about the numerical implementation are given in Appendix [3.E.3} In
short, we use C together with (i) the Cubature library to perform the one-

dimensional momentum integrals (appearing in the definitions of ng)‘s, Eq. (3.93)),

(ii) the Cuba library [Hahn, 2005] to perform multi-dimensional integrals (in <7,

Eq. 8.3), and in o, Eq. (3.114)).

3.5.6.2 Choice of parameters

(i) Polarization vectors In Eq. (3.85)), £ is the trace over the product of
the coupling matrix X, with matrix elements A*?, and that, 8, which determines
the structure of the strain tensor and has matrix elements

ka(@fk)q + kﬂ@%k)q.
vV Wnk

Values of (n,k) such that this factor vanishes correspond to phonons which
are not coupled to the magnons, and whose longitudinal conductivity is solely
driven by ﬁnk, i.e. other scattering effects. While this may indeed happen in
practice, to highlight the effects of phonon-magnon scattering we choose a basis
of polarization vectors (&g k, €1k, €2,k) such that this is never the case (at least
for o = 3, as with A; 5 which are much larger than Ag 7).

Shol = (3.126)

: : ok gGaB
These polarization vectors enforce €, _x = €, = —eux (so that Sn,_k =

Sk b= —S;lf;aﬁ ) as well as the tetragonal symmetry of the crystal, as required
by the general theory of elasticity [Maradudin and Vosko, 1968]; explicit expres-

sions are given in App. [3.E.2.2]

(ii) Extrinsic phonon scattering rate For similar reasons, the extrin-
sic phonon scattering rate is taken to be Dy — Yext, & constant independent
of (n,k) and small compared with the typical D,k as soon as T' > TA (see
Sec. . In very clean monocrystals and in the absence of any other phonon
scattering events, Yext ~ Uph /L reduces to the rate at which phonons bounce off
the boundaries of the sample (of size L).

(iii) Phonon dispersion The phonon dispersion relation is chosen linear, n-
independent and isotropic, wykx = vpn|k|, so that the different regimes of scaling
exponents x appear clearly.

3.5.6.3 Units and numerical values

We express our numerical results in units where A°d® = 1, k%)de =1, vg‘flde =1

and with unit lattice spacing a®¢. Then, the mass of the unit cell My is
expressed in units of My = —— and is typically large—of the order My, ~ 10* M.

Uph@

_ hvph

T is expressed in units of Ty = s and should verify T'/T) < 1 so that the

~
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assumption of linearly dispersing phonons is correct. Correspondingly, we can
define an energy ¢y = k71, and the isotropic part of the exchange J is expressed
in units of ¢g.

The magnon velocity is fixed according to linear spin wave theory, which gives
Vm = 2V/dJS a/h, with J the isotropic magnetic exchange constant. We take d =
2 and S = 1/2; moreover, it is known that for S = 1/2 there is a renormalization
factor Z ~ 1.2 enhancing the velocity, so that vy, /vpn = V2ZJ/eg ~ 1.7J/¢q in
our units. Since, for isotropic exchange, x = ﬁ, we also take X;)lde = 4(J/ep).

Spin-phonon couplings A1 7 are expressed in units of ep/a = hvpp/a?. We
describe a possible microscopic mechanism for spin-strain coupling in App.[3.F.1]
where we show that A 5 typically arise as derivatives of the isotropic magnetic
exchange constants. Since the latter ultimately arises from the overlap of atomic
wavefunctions, which vary over distances of the order ap the Bohr radius, we
expect A1 5 ~ J/ap. Meanwhile Ag7 come from anisotropic exchanges and are
thus expected to be considerably smaller.

Since the differences Ag% - Az(f) and AEE) - Aég) are due to anisotropic ex-
(©)

changes, they are chosen a fraction of a A}>’;. Since these magnetoelastic cou-
plings typically arise as derivatives of magnetic exchange, we also take Agm) ~

—Agn) for ¢ = 1..7; see App. for a detailed derivation.

Scattering rates Dpx and 7ex; are expressed in units of y9 = vpn/a, and we
assume Yext to be small, of the order of 1/L with L the size of the sample—
typically Yoxt ~ 10*7vph/ a. Finally, thermal conductivities are expressed in
units of kg = k‘vah/aZ.

For numerical calculations, we kept most dimensionless materials parameters
(e.g. the ratio of vy, and vpy) fixed and constant, with the values given in Ta-
ble[3.5.4] Those parameters for which we explore a given range of values are given
in the captions of the figures in the following subsections. The fixed values are
loosely inspired by Copper Deuteroformate Tetradeuterate (CFTD), a square lat-
tice S=1/2 antiferromagnet which has been intensively studied via neutron scat-
tering [Christensen et al., 2007, Dalla Piazza et al., 2015, [Rgnnow et al., 2001]
due to its convenient scale of exchange which suits such measurements. For our
purposes, CFTD has the desirable attribute that the magnon and phonon veloc-
ities are comparable (based on an estimate of the sound velocity from the cor-
responding hydrate [Kameyama et al., 1973]), which creates a significant phase
space for magnon-phonon scattering. By contrast, in LasCuQOy, vy, is much
larger than wvpy,.

-1
v a6 Y My T € Xo Mo Ko
Uph h hvph 2 €0 kB'Uph
Uph a a UphQ akp ksTo  €oa a a2

Table 3.5.3: Table of units of velocity vy, distance ag, rate vy, mass My, tem-
perature Tp, energy ep, inverse susceptibility x, 1 coupling Ag and thermal con-

ductivity ko used in Table @
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Um  Uph X! no a My  mj m‘g VAV VAN
0.0 0.05

v 1.0 2.08v 1/2 1.0 8-108 0 0.2 0.04
0.05 0.0

A9 AL AD A9 A0 A9 a@

n=20 4.8v 4.0v 5.6v 4.0v 4.8v 0.24v 0.32v

m=1]| —-40v —-48v —-56v —48v —4.0v —-0.32v —0.24v

Table 3.5.4: Numerical values of the fixed parameters used in all numerical
evaluations, expressed in the units given in Table [3.5.3] The upper and lower
entries for m{ and m§ correspond to the two cases for calculating o}/ and %7,
respectively. v =y = vy /vpp is a dimensionless multiplier used to reproduce the

effect of a varying magnetic exchange scale, which mainly impacts vy, X, Af. In
the plots, we use the values v = 2.5, 5, 10.

Finally, note that the following scaling relations for xr,,

ki (1A 71 7ext) = & i ({00AY 7}, Gt ) (3.127)

and for og,
o ({AY) 51 A}, my?)
= %6 G o ({GAY 51 AGAS . Gmi )
+0 ((m§7P(A&D?) (3.128)

hold for any rescaling factors (p,. 3. Eqgs. (3.127)3.128) make it possible to ex-
trapolate results from our calculations for values of the parameters which are not

explicitly explored in Table and Figs. [3.5.5(a), [3.5.5(b), [2.3(a), and [2.3|(b).

3.5.6.4 Results for

Numerical results for k7 (T') are displayed in Figs. at fixed v = v =
Um/Uph = 2.5.

Fig. [2.3{(a) shows plots of k(T for several values of the extrinsic scattering
Yext fixed v = = vy, / vph = 2.5. This figure exhibits all the behaviors described
in Secs. 3.5.5.1] B.5.5.2] with the extra feature that here there are two crossovers
temperatures, T&O and T} ; defined by the two different magnon gaps Ag, Aq
whose values we give in Tab. These are more clearly visible in Fig. 2.3(b),
where we show k(7)) in a small window of low temperatures and for smaller
values of Yext.

Four scaling regimes can then be identified:

(i) For T' < TR 4, only extrinsic scattering contributes to the full phonon
scattering rate, and xp o< T2 /Yext.
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Figure 3.5.1: Longitudinal thermal conductivity r, (in units of ko = kgvpn/a?)
with respect to temperature 7" (in units of Ty = hvpn/(akp)), for four different
values of Yext. Yext = 1-107*(vpn/a), 2z € [4,7], from darker (z = 4) to lighter
(z = 7) shade. The dashed gray line indicates the evolution of the crossover
temperature T3 as a function of 7yex. Inset: log-log plot; the scaling behaviors
are consistent with the analysis presented in the text. The inset is reproduced

in App.
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Figure 3.5.2: Longitudinal thermal conductivity ., (in units of ko = kgvpn/a?)
with respect to temperature T' (in units of Ty = hvpp/(akg)), for four different
values of Yext. Yext = 1-107*(vpn/a), 2z € [6,9], from darker (z = 6) to lighter
(z =9) shade. The two crossover temperatures Tx ; and T , are defined in the
text up to a prefactor; here we identify the corresp’onding features in £ but do
not indicate specific values of T'. See App. F)E;l for a log-log plot.
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(ii) For TX | S T S TX,, both the extrinsic and the z = —1 phonon-
magnon (only in the ¢ = 1 Valley) scattering rates contribute with the same
scaling exponent, yielding k7, o< T3 with a smaller proportionality coefficient
than in the first regime.

(iii) For Tx ; ST < T%, both the extrinsic and the # = —1 phonon-magnon
(now in both valleys) scattering rates contribute with the same scaling exponent,
yielding k7, oc T2 with yet a smaller proportionality coefficient.

(iv) For T' > TY, the x = +1 phonon-magnon scattering rate is dominant
and yields k7, o< T~!. Note that T¥ is defined in Eq. in the D, = 0 case;
here by T we mean the more general crossover temperature in the presence of
a finite an = Yext-

The exponents quoted above are found with very good accuracy from a log-
log scale plot (see inset of Fig. (a) and Appendices), regardless of the value of
Yext; in that sense these exponents are universal. The influence of (non-universal)
Yext on the results of Fig. [2.3|(a) is essentially threefold:

e Since the full phonon scattering rate is Dpx = Vext + D,(Ilk), unsurprisingly

kr(T) is always a decreasing function of ext.

e The “bumps” at T' ~ T} , come from the fact that the 2 = —1 phonon-
magnon scattering rate is much larger than ~ext as soon as the gap permits
this scattering process; therefore, for large enough ~ext, this feature disap-
pears. More precisely, one should compare Yex; with Dy, ¢ := n?f2A, [ Mye,
where the dimensionless parameters 7, f are defined by A, ~ nApnm and
A5 ~ fJ/a. The first bump is noticeable iff Yext S Dyn,1, and the second
bump is noticeable iff max(Yext, Dnn,1) S Dinn,o-

e Since 7oyt and the Ay, coupling lead to the same scaling exponent, the
T ~ TY crossover results from a competition between A, on the one
hand and (Yext, Ann) on the other; thus the larger ~ext, the greater the
dependence of T5 on 7ext, and T3 (Yext) is an increasing function of ~ext.

Finally, Fig. shows plots of k(T for several values of the velocity ratio
Um/Uph = 7 = v at fixed Yoy = 1075, In particular, we recover, at T > T7%,
the particularly non-trivial behavior described in Sec. [3.5.5.5} namely that for
all v values greater than v = 3 the high-temperature behavior of k1, goes like
T3-80-17" (Eq. ) and the exponent indeed changes signs at v = 11/3,
i.e. the conductivity increases with increasing temperature for v > 11/3.

3.5.6.5 Results for op

We evaluated numerically ,Q’;IV for both uv = xy and zz, in both cases with a net
magnetization mg oriented along p, the axis perpendicular to the Hall plane puv.
Results are presented in Fig. Here the dashed straight lines on the double
logarithmic scale indicate the expected T scaling.
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This behavior is consistent with the arguments given in Sec.[3.5.5.4] especially
Eq. , with d = 2-dimensional magnons and scaling exponent x = 41, cor-
responding to the temperature regime where isotropic exchange dominates over
the phonon-magnon coupling. We expect from Eq. that deviations from
this scaling behavior would be observed at lower temperatures, not investigated
here.

We emphasize that the numerical values of ¢}/ and 3 are of the same
order of magnitude. This is remarkable in a layered system which has entirely
different magnon dynamics in the zy and xz planes, in this case where magnons
are explicitly two-dimensional, carrying energy only within zy layers. It can be
understood from the fact that here phonons are isotropic, carrying energy in
all three directions, and that including T-odd scattering exists in all directions,
therefore allowing a Hall effect in both the xy and xz directions.

HJL/KJO v =10

A Ky oc T38/(w=1)
\ / v =25.0

R 3
0“/
4 Pt v =3.75
104 3 # = 3.
kp < T “./ v = 3.50
/‘ v = 3.25
v =3.0

100 [

o ‘WM v=25
z“/ /M““ v =175

| kp o< T1

> T/T()

Figure 3.5.3: Dependence upon v = vy /vpn of the longitudinal conductivity as
a function of temperature, in log-log scale, for vex; = 107%. We highlight the
change of scaling behaviors for 7' > T§ at vy /vpn = 3, above which the temper-
ature scaling exponent of ki, is a continuous function of vy, /vph, see Eq. .

0.01 0.05 0.10 0.50 1

Numerically evaluating the dependence on vy, /vpn = 7 of on, we find that
|07/ /0%F| < 1 for all the values of v studied, and that the prefactors of o3}, 0%
are rapidly suppressed for large ~, as shown in Fig.[3.5:4] From a simple analysis,
we expect |0} /0%f| o< 1/~ for large . The reason for the overall suppression of
the Hall resistivity with increasing ~y is also clearly due to the diminishing phase
space for scattering, but we have not obtained the exact dependence analytically.

Finally, we note that for our choice of antiferromagnetie order along the
Z-axis in this model and within linearized spin-wave theory, ¢7; = 0.
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Figure 3.5.4: Hall resistivities o5 (T)/00 and off(T)/eo for three values of
Um/Uph. The low temperature saturation of off(1")/0o observed for v = 10
is due to the non-negligible contributions of the A,;, term in that range. This
is confirmed by the data shown in empty blue diamonds, which is the result
of calculations at the same value of vy /vpn = 10 and approximately the same
coupling constants as the full blue diamonds, except that \,, = 0 there (the
values of A, are also slightly different but, importantly, the values of \,,, are
unchanged).
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3.5.6.6 Results for D,

Fig.[3.5.5/(a) shows the angular dependence of D,. Throughout this section, we
use k = k(cos ¢ti, + sin ¢t1,), with ¢ € [0,27[, and k, = kcosf with § € [0, 7].
Note that, in turn, k? = k2sin? 6. Also, since all the results are invariant under
k, — —k, i.e. 6 = m — 0, we plot results for 6 € [0, 7/2] only.

27
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= =
<
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Figure 3.5.5: Diagonal scattering rate D / o at fixed temperature T' = 0.57j
and in polarization n = 0. (a) as a functlon of 6(k) = arccos(k,/|k|) € [0,7/2]
(horizontal axis) and ¢(k) = Arg(k, + iky) € [0,27] (vertical axis) for fixed
k| = 0.5/a. (b) as a function of #(k) = arccos(k./|k|) € [0,7/2] (horizontal
axis) and |k|a (vertical axis) for fixed ¢(k) = 0. Other parameter values are
explored in App.

(i) In-plane ¢(k) angular dependence. We see from Fig. a) that
phonon-magnon scattering is typically larger for values of ¢(k) associated with
high-symmetry axes of the system, i.e. ¢ = 0 mod[n/2]. This is inherited from
the structure of £ = Tr[ATS] in Eq. (3-85)), which enters the magnetoelastic
coupling, Eq. . The latter is by definition invariant under all symmetries
of the crystal, so that components of the strain tensor couple to functions of the
magnetization fields m,n with the same symmetries.

Now, while the symmetry group of the crystal structure is tetragonal, the Cy
symmetry is spontaneously broken by the antiferromagnetic order along the x
axis, while the C5 and mirror symmetries are preserved when the magnetic field
is along the z axis. More precisely, how does the Cy symmetry (as acting on the
a, B indices) break? Since the S8 factor in Eq. has the same structure as
the strain tensor itself, it preserves Cy; therefore the latter can only be broken in
the A factor. Let us focus on the Ay, Anyn cases, since these coeflicients can be
nonzero in the absence of a net magnetization mg. A broken C4 symmetry then
means that 0 # )\’&a = )\gﬁ;& -\ ce- By inspection of Egs. and -7
one sees that there are two ways the latter can be nonzero: (1 ) in the (£ = n)
channel, )}, , is proportional to anisotropic exchanges; and (2) in the ({ = m)
channel, )\fm o contains both isotropic and anisotropic exchange constants, and
is Consequently much larger than /\gva. From this analysis, it follows that the
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deviation from Cy symmetry as captured in DSk) by )\’5’ , is largest for values of

|k| where the A, contributions dominate over the \,, ones, i.e. at large |k
(recall Eq. (3.104))). One can check that this is indeed the case, as is shown in

Appendix

(ii) Out-of-plane (k) angular dependence. The out-of-plane angular
dependence illustrates quite clearly the dynamical constraints satisfied by D,

as outlined in Sec. [3.5.2.2} By inspection of Eq. (3.67)), we define

6_ = arctan (vghl vgh — v?n) , (3.129)

0\ (1k|) = arcsin (vy!y /02, — 4A7/[Kk[2) | (3.130)
Hf)(]k|) = arcsin (v;ll vgh - 4A/|k]2) ’ (3.131)

where A’ = max(Ap, A1). Note that outside the domain of definition of /-,

by continuity one fixes 95}’2) := 0. The figure Fig. M(a) can then be divided

in four areas as follows:

e The vertical black band at angles 6(k) € [05:)(|k\),9_] corresponds to
values of (k., |k|) such that energy and momentum conservation cannot be

satisfied simultaneously because of the magnon gap A; therefore D:Lr =
0=D,.

e For angles 0(k) > 0_, scattering of the “ph+m — m” type becomes possi-
ble, i.e. D~ > 0. Meanwhile, following Eq. (3.67), D™ = 0.

e Conversely, for (k) < Gf)(|k\), scattering of the “ph — m+m” type be-
comes possible, i.e. DT > 0, while D~ = 0.

e For 6 € [«95_2),95:)], scattering of the “ph — m+m” type is possible only
in the valley with the smallest gap, while in the other no scattering can
happen; therefore, in that region DT > 0 but its value drops (without

vanishing a priori) at the interface (k) = 93_2)(|k|).

(iii) Dependence on |k|. In Fig.[3.5.5(b), we show the dependence of D,
as a function of the norm |k| and the out-of-plane angle #. This plot displays
divergences near the singular lines 953’2),0,, which can be attributed to the
thresholds for magnon scattering just above the gaps.

The angular width §6(k) of the two black and darker regions bounded from
the right by 6_, where scattering is forbidden in at least one of the two val-
leys, varies with |k|. From Eq. (3.67), we see that this width scales like 66 ~
(Ar/vpnlk|)%. These regions extend down to |k| = 0, reflecting the fact that
phonons with too little energy are unable to excite magnon pairs. The momen-
tum magnitude thresholds for the excitation of magnon pairs are naturally given
by k1 = 2A/’Uph and k2 = QA//Uph.
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Figure 3.5.6: Skew-scattering rate 205, /0 as a function of (k') € [0,7/2]
(horizontal axis) and p(k, k') = ¢(k") — ¢(k) (vertical axis) for fixed |k'| = 0.8/a,
ky =0, k, =0.2/a, k, = 0.1/a, mg = 0.05 2 and temperature T' = 0.5 Ty. Other
parameter values are explored in App. [3.G] Note that the colorbar is not scaled
linearly.
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3.5.6.7 Results for 205, .,

Although the angular dependences of the QITSI’{%/I(, skew-scattering rates are more

intricate than those of D,y, a few general remarks can be made. In particular,
in Fig.|3.5.6, where we plot 209~ as a function of § and ¢ at fixed |k’| = 0.8/a,
ky =0.2/a, k, =0, k, = 0.1/a (and temperature 1" = 0.57)), we have:

e Although k, # 0, we can still take advantage of the k., +» —k. symme-
try, and it is sufficient to consider 6(k’) € [0,7/2]. This comes from the
fact that, for purely planar magnons, the phonon momenta k., k. are not
coupled. Meanwhile there is a priori no p(k,k’) +» —p(k, k') symmetry
except when k is along one of the high-symmetry axes of the crystal, as is
the case here (cf. ky, = 0).

e The vertical black line at 6(k’) = 6_ can still be identified, and corresponds
to magnons being gapped as in DT(Lllz However, in 20°, the width and
position of the gapped (black) zone now depend also on ¢(k,k’), due to
the second energy conservation constraint in 20° (a feature absent in DM
where there is only one energy constraint).

e In Appendix we explore other orientations of in-plane (kg, k), and
show that the features of Qﬂflﬁglk, quoted above still hold. This is consistent
with the above observations being consequences of the energy conservation
constraints, which depend only of the relative angle ¢ (k) — ¢(k’) since both
phonon and magnon dispersions are isotropic in the xy plane.

e In Fig. ?ZI]SI’{;,J{(, also seems to vanish along certain special lines,
especially those located at p(k,k’) = 0,7/2,7,37/2,27w. These features
are not independent of the orientation ¢(k); in fact they are salient features
of the in-plane momenta being along the high-symmetry axes of the crystal.
Thus, they do not result from energy conservation constraints, but from

subtle effects in the structure of Eq. (3.69).

Finally, we point out that the values of 20° in Fig. are small compared
to the values of D() obtained for similar values of momenta. This can be un-
derstood from the combination of (1) the anti-detailed-balance structure of 23°,
from which it follows that Qﬂsl’fg,k, —i—QUSfEnLM = O(my) as shown in Sec.[3.4.1}
and (2) the Cy symmetry of the system around the 2 axis, which (since for pla-

! /
nar magnons k, <> —k, is a symmetry) entails Qﬂfl’(qg,k, = QBS’_qlz w—k- Thus

Qﬂflffll,k, = O(my) itself. This, together with the analysis given in Sec. [3.5.3.4

showing that terms which are odd in mg are also proportional to anisotropic

1)
nk*

couplings, implies that Qﬂflgzl,k/ is indeed typically much smaller than D

3.5.7 Discussion of the results in absolute scales

Here we discuss the absolute scales of k1, o and kg we obtain using the pa-
rameter values from Table and those in the figure captions. First it is
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instructive to estimate the basic scales for thermal conductivity and tempera-
ture derived from phonons, which define the scales for our numerical plots. Using

the phonon velocity for CFTD, UEE ™ — 4.103% m-s~! and its in-plane lattice

parameter a®¥TP = 5.7.1071% m, we find (see Table ,
o x§TTD =017 WK tm1,
o TE¥TP =54 K,
e v =17.0-10" Hz.

Note that these scales do not vary greatly for many materials. For example, in
LasCuQy, we find H%CO =0.38 W-K'.m~! and T&CO = 80 K. Importantly, the
scale kg is order one in SI units, which allows a roughly direct comparison with
most data.

Next we can use the actual computed values to see what this mechanism
predicts for the “test” material CFTD. We have at T' =~ 0.57 =~ 27 K,

) /{%FTD ~ 125k0 ~ 22 W-K~1.m™! for any of the 7ex; values presented in
Fig. [2.3(a),
o for Yex; = 10749 = 7.0 - 108 Hz, 73" ™ %~ 0.3T ~ 16 K,

o for Yex; = 10779 = 7.0 - 10° Hz, T} "™ ~ 0.1T) ~ 5.4 K,

0SFTD ~2.10 %9 ~ 1.2 - 1074 K-m-W—1,

9GFTP| ~ 2.6 - 1073,

o KFTP| ~58-1072 W-K~tm~L.

Note that xr, kg and 6 all depend on the choice of values for Yext.

3.6 Conclusions

3.6.1 Summary of results and method

In this paper, we studied the problem of scattering of phonons due to a weak
intrinsic (i.e. without disorder) coupling to a fluctuating field @, which is itself
a quantum mechanical degree of freedom. Using the T-matrix formalism, we
derived the scattering rates of phonons up to fourth order in coupling. The result
is expressed generally, without any assumptions on the nature of the fluctuating
field (i.e. it can be highly non-Gaussian), in terms of correlation functions of
Q. Using these scattering rates in the Boltzmann equation leads to general
expressions for the thermal conductivity tensor, and, when symmetry allows, a
non-vanishing thermal Hall effect. A central result is that the skew scattering
of phonons (which we define sharply as a scattering component which obeys
an anti-detailed balance relation), and hence the thermal Hall conductivity, is
proportional to a four-point correlation function of @), which we give explicitly.
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We highlight throughout the various constraints due to symmetry (both exact
and approximate), unitarity, and thermal equilibrium.

As an illustration of the method, we applied these results to the case where
the fluctuating field @ arises from spin wave (magnon) excitations of an ordered
two-sublattice antiferromagnet. We model the latter via standard spin wave
theory, for which phase space constraints imply that the dominant contribution
arises from bilinears in the creation/annihilation operators of the spin waves. We
obtain a general formula for the second order and fourth order scattering rates in
terms of the dispersion of phonons and magnons, and the spin-lattice coupling
constants. To obtain concrete results, we focus in particular on the limit in
which the relevant magnons are acoustic, and we assume tetragonal symmetry
and two-dimensionality of the magnons (but we retain the three dimensionality
of the phonons). Under these assumptions we obtain all the (seven) symmetry-
allowed spin-lattice coupling interactions, and calculate the second order and
fourth order scattering rates, and thereby the thermal conductivity, including a
phenomenological parallel scattering rate of phonons due to other mechanisms,
e.g. boundary and impurity scattering. The final formulae are evaluated via nu-
merical integration for representative model parameters. We observe a number
of distinct scattering regimes, which we identify with features in the longitu-
dinal thermal conductivity. We obtain a non-vanishing thermal Hall effect, in
agreement with general symmetry arguments. Please see Sec. for details.

3.6.2 Relation to other work

While we are not aware of any general results on the intrinsic phonon Hall
conductivity due to scattering, there are a number of complementary theoret-
ical papers as well as some prior work which overlap a small part of our re-
sults. The specific problem of phonons scattering from magnons was studied
long ago to the leading second order in the coupling by Cottam [Cottam, 1974].
That work, which assumed the isotropic SU(2) invariant limit, agrees with
our calculations when these assumptions are imposed. The complementary
mechanism of intrinsic phonon Hall effect due to phonon Berry curvature was
studied by many authors [Qin et al., 2012, [Saito et al., 2019, [Zhang et al., 2010,
Zhang et al., 2021b], including how the phonon Berry curvature is induced by
spin-lattice coupling in Ref. [Ye et al., 2021]. The majority of recent theoretical
work has concentrated on extrinsic effects due to scattering of phonons by defects
[Sun et al., 2021} |Guo and Sachdev, 2021} |Guo et al., 2022} [Flebus and MacDonald, 2021].
The pioneering paper of Mori et al. [Mori et al., 2014] in particular recognized
the importance of higher order contributions to scattering for the Hall effect,
and is in some ways a predecessor to our work.

3.6.3 General observations

While often times scattering is regarded as a process which destroys coherence
and suppresses interesting dynamical phenomena, our work reveals that higher
order scattering probes highly non-trivial structure of correlations. Due to the
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constraints of detailed balance, the skew scattering, appropriately defined, con-
tains only contributions of O(Q*) and no terms of lower order in @, and so can in
principle directly reveal subtle structures in the quantum correlations, without a
need for subtraction. Measurements of such skew scattering of phonons—which
a priori include but are not limited to the thermal Hall effect—might therefore
be considered a probe of the quantum material hosting those phonons. Taking
advantage of this potential opportunity is a challenge to experiment, as well as
to theory, which should interpret the results and predict systems to maximize
the effects.

We would like to comment on the analysis of thermal Hall effect experiments
in quantum materials. As is well-known, thermal Hall conductivity is generally
a small effect. In particular, the dimensionless measure of the Hall angle, 0 =
tan~! (kfy /k*) is always much less than 7/2 by two or more orders of magnitude,
even in systems where thermal Hall effect is lauded as “huge”. (An actually
large thermal Hall angle (g = O(1)) is obtained only the quantum thermal
Hall regime when phonons are ballistic and edge states dominate over the bulk
phonon contributions, which is extraordinarily difficult to achieve.) For small §,
the skew scattering contributions are perturbative to the thermal conductivity,
i.e. proportional to the latter rate 1/7gew. Dimensional reasoning implies that
therefore kg ~ 72 /Tskew, Where 7 is the standard, non-skew scattering time.
This means that the thermal Hall conductivity has a very strong dependence
on 7, which is often sample-dependent and of course grows with sample quality,
implying that the thermal Hall conductivity is larger in cleaner samples.

This dependence also means that «p itself, as well as the dimensionless Hall
angle 0y ~ kp/kr depend not only on the skew scattering but also the or-
dinary scattering. Since the latter receives contributions from many different
mechanisms, which may themselves have strong temperature and field depen-
dence, neither kp itself nor kp /Ky are ideal quantities to examine to probe the
physics of skew scattering. Instead, we suggest that the thermal Hall resistivity,
o =—kKkpg/ /{%, is the quantity which is most easily interpreted physically. This
quantity is independent of the non-skew scattering, at least when the latter is
largely momentum-independent, and is always independent of the overall scale
of non-skew scattering. The temperature and field dependence of g is generally
expected to be simpler than that of the other quantities, at least when phonon
skew scattering is the dominant mechanism for the Hall effect. This expectation
is true not only when the skew scattering is intrinsic, as studied here, but also
for extrinsic skew scattering due to defects.

3.6.4 Future directions

Our general formalism can be applied very broadly. In particular, because it does
not require any assumptions on the nature of the ) correlations, it may be ap-
plied directly to exotic states, to quantum or classical critical points, or to situa-
tions in which the @ field is a composite operator. We will present an application
to a spinon Fermi surface spin liquid in an upcoming paper. Apart from other
specific applications which may be easily imagined, it would also be interesting
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to explore further how general properties of four-point correlations of () may
be detected via phonon skew scattering. In particular, the correlations which
enter the scattering rates are not obviously time-ordered, and we wonder if these
might contain some information on many-body chaos (Ref. [Swingle, 2018]).

Despite the generality of our formulation, it is still specialized in several ways.
We consider only scattering contributions to the phonon Boltzmann equation.
In general the interactions with fields @ will both induce scattering and modify
the dynamics of the phonons in a non-dissipative way, e.g. induce phonon Berry
phases [Ye et al., 2021]. While we believe it is usually the case that scattering is
dominant, a more complete treatment including both effects would be of inter-
est. Furthermore, in this paper we fully “integrate out” the electronic degrees
of freedom, and follow the distribution function of the phonons only. More gen-
erally, there are coupled modes of phonons and electronic states, and one can
consider the distributions for these coupled modes. One expects such effects are
important largely when there are resonances between phonons and electronic
excitations. All these problems could be addressed via a Keldysh treatment of
coupled quantum kinetic equations, which is an interesting subject for future
work.
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Appendix

3.A Strain tensor

In Sec. we employ a continuum model of the spin-phonon system. The
phonons themselves correspondingly derive from the theory of continuum elas-
ticity, which has the Hamiltonian density

1 1
Hel = %Hi + 5004/3755“55“5 : (3.132)

Within this appendix, p is the mass density (we will take pV = McNy) and
Capys is a rank four tensor of elastic constants, which can be taken to satisfy
Capys = Cgays = Capsy = Cysap. The canonical variables of this classical field
theory are the displacement field v, and its canonically conjugate momentum
IT,. Due to translational and rotational symmetry, the Hookian potential energy
is expressed solely through the strain tensor,

1
EPR) = 5 (Oatis + 9gua) (3.133)

By construction the strain is a symmetric tensor in its two indices, i.e. E¥ = &.
Define the Fourier transforms

1 ik-x 1 tk-x
u,(x) = 7 > e *u, ., I,(x) = 7 > X, . (3.134)
k k

Here since u,(x) and II,(x) are real fields, we have u, _x = w’, and II,, _x =
IT} .. The Fourier space fields satisfy the commutation relations

[H,u,ka umk’} = i(suuék+k’70‘ (3135)
We obtain
1 1
Ho=3} {Q*Huﬁkﬂu,k + ilcaﬁ(k)ua,fkuﬁ,k} ; (3.136)
K P
with
Kapk) = Conpskyks. (3.137)
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The matrix Kng is by construction real and symmetric, and hence has real eigen-
values KC,,, which additionally must be positive for stability. We define the eigen-
values and eigenvectors €j, via

Kop(k)el (k) = K (k) (k), (3.138)

n

with e?(—k) = (e%(k))* and the standard normalization Y (e%(k))*c% (k) =

n
dnns. Now we make the change of basis

Upk = Zeﬁ(k)unk, H“k = Zaﬁ(k)l‘[nk, (3.139)
n n

which gives
[an, un/k/] = iénn’5k+k’,07 (3140)
and
1 1
Ho=> {1 xdly x4+ =Ko (K)tn, —xtinx ( - (3.141)
n,k 2/) 2
Now we can finally define creation/annihilation operators

Unk = i;(a -+ aT )7
VA R n. ok

1
E(P’Cn)lﬂ(ank - a;rl,_k)a (3.142)

with canonical boson operators

Ik =1

[ank7 a;rz’k/] = Onn/ Ok K/ 5 (3.143)
and the Hamiltonian
Ha =Y Wk e (3.144)
nk
and
Kn(k
i = e, (3.145)

Having finally arrived at the canonical phonon operators, we recombine the sev-
eral steps of the above procedure to obtain the expression for the displacement
field,

(X kex, (3.146)

_ 1 1 T Bl
) - \/V %k: \/2ank (ank + an,—k) Enk®
Now we can use the definition in Eq. (3.75|) of the strain to obtain

£ (x) = (3.147)
1 1 v v v ik-x
7 2 T (Ot ah i) 5 (Bl Rl ) € (3.148)
nk n
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Now let us consider the coupling of the strain to the continuum spin fluctuations,
Eq. (3.77) of the main text. The full spin-lattice coupling in three dimensions is
written as

s—1 = Z/dwdy £°P(x)\ abﬁg;g/”o5 Ena&jxnbg’ (3.149)

Note the sum over discrete 2d layers. We now insert the Fourier expansion of the
strain from Eq. (3.147)) and the corresponding Fourier expansion of the magnetic
fluctuations, which we repeat here:

1 iq
x = —F/— E 2= 3.150
Nag Ao, o Natq,z€ ( )

In this equation, and in the rest of this section, we are careful to denote two-
dimensional vectors with an underline. Since magnetic fluctuations in different
layers are taken as independent, we do not introduce a z-component of the
wavevector for the magnons, and simply leave z explicitly as a layer index for
these fields. Note also the prefactor Eq. therefore involves the square

root of the two dimensional area of a single plane, Asg.
With this in mind, we obtain from Eq. (3.149))

1 )
I = A g —ethe2 3.151
1= \fZZ absee’ ™0 o ( )

)

H T
x 5 (kMEZk + kyEnk) (ank + an,—k) naﬁ,g— %k,znbﬁ’,—g—%k,z‘
From here we can see that

i (Krep + Eep) —¢—
D= Ve B, ™

ke
xZZe’ Mat.p- Lk he!—p-1k (3.152)

Next we use Eq. (3.80) to express this in terms of canonical bosons:

i (ktely + kVehy)
Qrnie = 4\/21{1/[)7(,%k DI D Mot (3.153)

zZ P qq &'ab

x ethe#(1)E0a- Let T HE (6, o+ 150 ) E4E

£/2 €/2p4 q
X(XQ(Sa—l,st—%k) (XQ‘Sb—l,s’v—P—%k) bP—%k76a_1,57zb—p—%k75b71,§'72'

We now define ¢; = 5a,~175 = 0,1 and €3 = dp—1,¢, which is inverted by a =
1+&0h+Eand b=1+ &4 +§’. This gives

i (kz“s k—{—k:”s k e
@nie = =7 220 2 A ng
L E L E e
42V p wpic =5 T b f 1HEHLE b+ E 16,6
x eikzz(_1)E(€1+%)+é'(£z+%‘/) e

%/ ,
X (ngl,p—%k)g/ (XQE 2, p—— )5/ bq,,kgh bq pf%k,fz,z' (3154)
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From here, we recognize that Q,x = @, in Eq. (3.58), and thereby extract
B. We use Vp = NycMyc.

3.B General hydrodynamics of phonons

Our goal is to derive the thermal current carried by the phonons,

. 1 —
GH = 7 > Nkt wnk, (3.155)
nk

in order to extract the thermal conductivity tensor. This requires knowledge
of the average phonon populations N,x, which, in the presence of a gradient
of temperature, differ from their equilibrium values. These populations can be
obtained by solving Boltzmann’s equation

6thk + Unk Vank = an[{Nn’k/}]v (3156)

where the collision integral C,x [{ N,k }] depends on the populations in all (n/, k')
states. To solve this equation, we expand the out-of-equilibrium populations
around their equilibrium value as Nk = Nl + 0N,x. Within linear response,
the perturbations can be considered small and we may expand the collision
integral

an[{Nn’k’H =0,k + Z ann/k/(SNn/k/ + O((SNQ), (3.157)

n'k’

around its value O,y in equilibrium. Since the thermal current must vanish in
equilibrium, O, must be zero (we go back to this statement in Sec. .
In Eq. , the “collision matrix” Cpx,i is defined as the first-order Tay-
lor coefficient, and one neglects the quadratic order in the perturbation. For-
mally inverting the collision matrix in the stationary Boltzmann equation (i.e.

Eq. (3.155]) with 9; N = 0) leads to

R _ W/ 1!
5Nnk - nén/k/#jlf@(Nzgk/)2U5/klayT. (3158)

From Eq. (3.158)) and Fourier’s law, we can identify the components of the ther-
mal conductivity tensor:

KM £+ gVH 1 1
_ 0w
T B _W V nl%;k/ WnkWn/k!Upy Ui (3.159)
(ot e 0 (N5 2 = (k5 /K )

This expression shows that a nonzero phonon Hall conductivity requires the
factor in the second line to be nonzero, which is equivalent to

an,n’k’ ePwnne (Nre;lk’)2 o Cn’k’,nk ePenk (Nzil()Z’ (3160)

where the constraint is now on Cpy ./ instead of its inverse. In other words,
only the antisymmetric in nk «» n'k’ part of Cpy e €4n (NS )2 contributes
to the Hall conductivity.

136



In order to proceed further analytically, and invert the scattering matrix, we
the separate diagonal from the off-diagonal parts in Cyxpw = —0nn 0k x Dpx +
Myxnx, and assume that D, > > o My . This ought to be the case
whenever the interactions are small, and/or if other damping processes are large.
Then, nkn/k/ N —Opn Ok 1 D li Mnkn/k/D;ﬁD;,i,. The antisymmetry in nk <

n'k’ condition for the Hall conductivity mentioned above leads to the fact that
the diagonal term contributes to the longitudinal conductivity, but not to the
Hall part, and translates into

it S S W Wnkc Ut W/l Ve (3.161)
5 : 2kBT2 V T an Dn’k’ .

. [Mnk,n/k/ ePen ’k’(Neflk/) (nk + n’k’)} i

The longitudinal conductivity is

1

KM = kBT2V Z WnkWn/k'V kv et (3.162)
nkn’k’

_[5nn’5k,k’ + Mnk,n/k/
an anDn’k’

[ et g, 2.

Note that we will include all other (diagonal) scattering processes not taken
into account here (e.g. boundary scattering, scattering by impurities, phonon-
phonon sccattering etc.) by adding a phenomenological relaxation rate Dk to
the diagonal of the scattering matrix.

3.C From interaction terms to the collision integral

3.C.1 General method and definitions

We now aim at deriving an expression for the collision integral of Boltzmann’s
equation using kinetic theory methods. The probability for the system to be
found in a given quantum state |i) = [i,)|is) is governed by the master equation

Oiyie = O [Tty fumsipis Pfpfs — Vipiams fofs Pigis | (3.163)
ot

where we will compute the transition rates I'; ;, .y, 7, using scattering theory.
The probability of a phonon state |i,) is then obtained by summing over all pos-
sible spin configurations of the system, p;, = >°; pi,i,. Assuming the phonon
and spin probabilities are independent, i.e. p;,i, = p;,pi,, and defining the tran-
sition rates 'y, ;= >, fs L', f—sipi. Pf, between phonon states only, we obtain
the master equation for the probabilities of phonon states. We may in turn ex-
press the collision integral in the RHS of Boltzmann’s equation, which is given
by the time evolution of the populations in each phonon state |iy) through the
definition Cpy [{ N }] = Zip Npx(ip) O¢pi,, in terms of transition rates between

phonon states:

Cox {Nwi 3] = > Tiposp, (Nuk(fp) = Nk (i) pi (3.164)

ip,fp
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where Ny (ip) = <zp]ankank|zp> is the number of (n,k) phonons in the |i,) state
and Nk = ZZP Nnx(ip)pi, is the average population. The only phonon states
involved in the sums are those whose populations of (n,k) phonons are different.
Now, in order to obtain the scattering rates between spin-phonon states, we use
Fermi’s golden rule

Civivosfofs = 27 | Tiipsguf ) 0(Eiyi, — Ef,1.), (3.165)

where the factor Ny ensures that Liienfpfs 1S @ finite quantity in the thermo-
dynamic limit, consistent with the choice of H' as a hamiltonian density. We
use Born’s expansion of the scattering matrix

Tisipstopy = (fsfplH'lisip) (3.166)

+ Z (fsJolH'[nsnp) (nsnp| H' |igip) +
FE; — Ensnp +1in

NsNp 1slp

where H' is the (perturbative) interaction hamiltonian between the phonons and
the @ fields, and the n — 0" appearing in the denominator of the second-order
term ensures causality, which will prove crucial in the following.

To describe the interaction between phonon and spin degrees of freedom, we
introduce general coupling terms between phonon creation-annihilation opera-
tors a(le and general, for now unspecified, fields Q?IJ K} which depend on the

Lk and a_, = a,k, and similarly for the Q

operators, Q?niki} = Q]Eniki} and Q{_niki} = Q{niki}7 we write the couplings
Hy = 222 @ (3.167)

nkq

Hiy = \/T Yy a%al QY (3.168)

€ nk,n'k’ q,¢'==%

spin structure: denoting ank =a

where Qfg;n,k, = Qil,i,nk = (Q;ﬁ;‘f;,)T ensures the hermiticity of H, [/2]. Here and
throughout the manuscript, a square bracket index, e.g. [p] denotes the number
of interacting phonons.

By definition the term H [’p] involves p phonon creation-annihilation operators,
and as such typically arises from microscopic models as the pth spatial derivative
of orbital overlaps. Consequently, we assume H, [’2] to be of the same order of

magnitude as the square of H[/1}> that is to say, Q%k ~ A, Q;ﬁ/n,k, ~ A2 with \ a
small parameter. In this paper, we keep only the first two terms of the expansion
(i.e. we take H' = H[1]+HH)

3.C.2 Computation at first Born order

In this subsection we consider only the first term of Born’s expansion. The
transition rates associated with H' = H{ n H ) at this order are simply the
matrix elements:

. . k
T =3 /N, + B (FQL i) TG, T ), (3.169)
nkq
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T£2_1>f - \/ uc Z Z V NT’LLk -+ q+1 Nz/k/ + = +1

nk,n'k’ qq’
QI i) (6, L 3.170
<fs|ann/k/’Zs> (Zp q’~n—’l><’ fp)’ ( . )

where 1(i, ark fp) means that the only difference between |i,) and |f,,) is that
there is ¢ = +1 more phonon of species (n,k) in the final state. Note that
the cases where nk = n’k’ require a formal correction. However, at any given
order in the A expansion, such terms are smaller than all others by a factor 1/Nyc,
where Ny is the number of unit cells, and therefore vanish in the thermodynamic
limit. In this article we thus take >,y o and >-, 2,0 exchangeably, unless
we specify otherwise.

We then compute the squared matrix element.

“Cross terms” such as (i |H[2]]f)<f|H[1]| i) (which are of order A?) vanish

because <zp|A|zp) = 0 for any operator A containing an odd number of phonon
creation-annihilation operators. At order A2, there thus remains only (i|H! ] |f Y (£|H, [’1] |i),

and at order \*, only (i \H ]\f><f|H[2 |1).

3.C.2.1 Terms at O(\?)

At order A\?, we have therefore

T = 37 (Wi + 52) T 5 £) Q@A) (317)

nkq

We then enforce the energy conservation §(Ee — Es) = 0(qunk + Ef, — E;,) by
writing the latter as a time integral, i.e. fj;o dte™! = 276(w), identify A(t) =
et Ae=1H! yse the identity 1 = >, | fs)(fs|, and take the spins in the initial

state to be in thermal equilibrium p;, = Z~'e™#Fis. Finally summing over |is)
and identifying (A)s = Z 1 Tr(e P A), we find

W = o 3T il Quil o) (el Qylishpi. % dlawn + By, — Ei)

- /_ e 9 (Qi(H) Q1 (0)) (3.172)

Note that this calculation, in a time-reversal symmetric system, leads to the
extra symmetry WH{] q[l] = Wr[bl_]l[{lq]
The scattering rate between phonon states, for the one-phonon interaction

term at first Born’s order, then reads

P = S (N 4+ 25 Wi 1, 7K ). (3.173)

ip—=fp = nkq
nkq

To arrive at the collision integral, the final step involves summing over final
phononic states f, and taking the average over initial phononic states i,. We

139



find, the contributions to C at order A2 to be:

ot — ZqW}f TV + 1), (3.174)
—pli — Z wii, (3.175)

We will address the constant term O

[][](

expected to be zero) in more detail in

Sec.[3.C.2.3l The collision matrix is clearly diagonal, i.e. Mr[Llll E}k, = 0. Therefore

this A contribution to C may contribute to the longitudinal conductivity, but
not to the Hall conductivity.

3.C.2.2 Terms at O(\*)

We address the O(A\*) term in a similar fashion. There, the energy conservation
reads 0(Es — E;) = 0(qwnk + ¢wpw + Ef, — E;,), and we find

; 1 2];12] . gnk
rizii2l 2 T, 1
ip—fp 2Nuc nk;k/ . q’zj: nkq,n'k’q ( p g n'k fp)
(N + ) (N + 251, (3.176)
where
2:[2] Feo , , o ,
Wnk&m/k/q/ _ 2/ dt e—z(qwnk-i-q Wyt )t X <in(<1n’(f<’ (t) Q?ﬁ(n’k’(o)>6’ (3177)
—0o0
21:[2] [2];[2] o . .

and W an'k'q = W5 o kg’ by definition. The resulting collision integral, up

to linear order in the perturbed populations N contains the following contribu-
tions:

Z S Wiy (Ve + ) (N, + L), (3478)

lquq/ :t
2 2];[2
- D = Z S g (NS + SR Wi (3.179)
n'K q,¢'=+
2 2 e 2];[2
ML, = - — > g (V) Wi (3.180)
N q,q¢'=+

As above, we will address the constant term in Sec. The diagonal con-
tribution is of order A*, and we therefore expect it to be subdominant com-
pared with the A? contribution from the previous section. Finally, the off-
diagonal contribution is nonzero. However, we will show that its contribution
to Cpkn/k/ ePen ’k/(N k,) is purely symmetric under nk <> n'k’ and therefore
contributes only to the symmetric off-diagonal conductivity but not to the Hall

one — see Eq. (3.160)).
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3.C.2.3 Detailed balance
First, we notice that a change of variables iy <> fs in Eq. (3.172) leads to the

detailed-balance relation
1];[1 1];(1] — n
Wi = I e g, (3.181)
An immediate consequence is that Ogl]{;[l] = 0 if we take the equilibrium phonon
population N}l to be Bose-Einstein’s distribution, as was physically required.

Similarly, for the two-phonon interactions at first order, we find the detailed-
balance relation

2]

W’,L /B(qwnk+q/wn/k/ ) W[2] ) [2]

(2] — -
kqgn'k'q € nk—q,n'k/—q' (3182)
Again, taking N}l to be Bose-Einstein’s distribution implies Ofl]{;m = 0. More-
over, the detailed-balance relation also implies

MEFEL ePnie (NS )2 = (nk 5 n'K), (3.183)

i.e. there are no antisymmetric contributions, and hence no thermal Hall effect
at first Born’s order. While we proved this explicitly for the one-phonon and
two-phonon cases, this is true in general (along with O, = 0) for any number
of phonon creation-annihilation operators at first order in Born’s expansion (see

Sec. [3.D.2.3)).

3.C.2.4 Extra structure
Independently, by writing

_ 1, 1,
QuA(NQ1(0) = 5@, QL O] + S 1Q1(1, QL) (3.184)
it is straightforward to show that only the commutator term contributes to

Wr[LlL(lq) — WT[:L({) In turn, the final expression for the diagonal of the collision
matrix Eq. (3.174]) takes the form of the spectral function:

+00 )
DI = [ are et (10 0. Q1 0)) (3.185)

—0o0

In the two-phonon case, a commutator structure does not naturally appear, so
that one is left with

pEPl — —le >oa (N + 4 (3.186)

U k! q.q'=+

X /Rdt e~ awnictawnne )t <Q;ﬁ;ff<, (1) Qnicnric (0)>/3 ’

at order \* and first Born’s order.
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3.C.3 Energy shift of the phonons

We now address the constant term O, appearing in the collision integral, which
must vanish because there is no current in equilibrium. Its cancellation is equiva-
lent to a redefinition of the energies of the phonons, due to their interaction with
the @) degrees of freedom. This energy shift corresponds to the real part of the
associated self-energy. Consequently, the equilibrium phonon populations N, e,k,
are a priori not equal to NV, ,k,, the Bose-Einstein populations for the unperturbed
phonon energies.

In this subsection, we show that the energy shift, although a priori nonzero,
does not alter the results which we obtained for the thermal conductivities, up to
the order A* in our perturbative expansion. To understand this, we decompose

Oni [N = O INEL ] + OB INGA ] + O(A%) (3.187)

where, as for D, elsewhere in this paper, the upper index O®) indicates a term
of order \?P.

We have shown in Sec. that ng) [NEE,] = 0. However, Onk [INBE]#£0
a priori, so that an energy shlft is actually required to cancel the equilibrium
current. We thus consider the physical requirement, Opx|N, ,k,] = 0, to be an
equation on the unknown N, e?k,

Now expanding N4, = NBE, + 6N, (with SNo4, at least of order A?),
this equation becomes

0 == O(lk)[N //k// + Z 5N /klaNCq 07(111() [N ”k”] + O( )[ //k//] + O()\G) (3188)

n'k’
(1 )[

At order )\2 one recovers O

(see Sec. [3.D.2.2)).

At order \*, formally inverting this linear equation, one obtains

e 1
5Nni = — Z (3]\,2;1_1(]_ O( ) [N //k//]>
n'k’

’k/] = 0, as is required by detailed balance

0 INBE, OOY).
nk,n’k’x [V o]+ O

(3.189)
This correction Eq. - ) to the phonon equilibrium populations is of order \2.

This ensures that using the approximate populations Ny}, = N,]?,E, leads to
ey

a correct estimation of D, the lowest-order contribution to Dy, of order 2.

However, the next-order contribution ng) ~ A can only be estimated correctly

if one adds to it the correction that N, brings to DT(le) Similarly, using the
approximate populations N} Wk = NBE, leads to a correct estimation of the
lowest-order contribution, of order A%, to M,,xn/i as expressed in the main text.
Corrections of order A%, not considered in the present work, would require that
the population corrections N7} be taken into account.

3.C.4 Computation at second Born order

As discussed at length, the first Born approximation alone does not lead to a
nonzero thermal Hall effect. Here we compute that which appears when the Born
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expansion is taken up to the second Born order. More precisely, we consider all
possible terms up to second Born order that lead to an off-diagonal scattering
rate of order at most A*. This includes terms like <f|H[’1]|n> (n|H [,1]‘1> as well

as <f|H[1 |n><n]H | ), but not (i \H ]|n><n|H[2 |i) since this term is already of
order \* (thus contrlbutes to |Ti_s¢|? at order A5 at least).

3.C.4.1 Term with one-phonon interactions only

The first of these terms reads

TN = >, > vNﬁkJFlzﬂ\/Nr{'k'Jrl_Td

nk,n'k’ q,¢'=+

<fS‘QgL/’k"m3><m8|Qik|fis> . gnk
' I(i, — 3.190
Z Ei, — Em, — qukn + 11 (i q' -n'k’ To): ( )

ms

(FIH[;j|m) (m|H[; |3)

where the upper index indicates that within Born’s expansion, T ~ E__ yommewn
The squared T-matrix elements now include cross-terms between the first

and second orders of Born’s expansion (although we keep only terms of order

A* at most). Here we give details of the calculation of one term, the square of

Eq. (3.190), ‘Tl“jf]‘
In the numerator, the matrix elements of the () operators can combine them-
selves in two different ways, which we denote in the following as

() (isl Q) (ma| Qe L fo) (Fal Qe lml) (ml| Qi) (3.191)
() (is|QL M) (mel QLo F) (ol Qi) (ml QoL lis).  (3.192)

We use the following time integral representation of each of the denominators
(using a regularized definition of the sign function),

1 1
= PP—Finé 3.193
x +in T F imd(z) ( )
1 [t " 1 [T "
= = dt1e™sign(ty) £ — dty e
%] 1€ %sign(ty) 5 /OO 1€

and a introduce a third time integral to enforce the energy conservation Fs—F; =
qwnw + qunk + Ef, — E; . The product of the denominators (cf. Eq. (3.193))
leads to four terms, which can be labeled by two signs s, s’ = 4, and we define,
for convenience,

!/

Qs (t1, 1) = [—sign(t:)] = [sign(t2)] = . (3.194)

Then, the transition rate coming from this part of the total squared matrix
element can be written as a sum of eight terms:

T = S S (N + ) (N + 457) (3.195)

nk,n'k’ q,q’

1,1];[1,1],(3),ss’ . nk
DS r[qu]n[’k’]’) I(ip q:ﬁi, o)y

s,8'=*i=a,b
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where we defined (notice the order of the first two operators in the correlator
and the sign ¢; + ¢2 in the exponential):

wh AL (@).0e / Aty A0 (11, ) Fmic T 0V 01 H43) (@i =0

-<Q Lt = )Qu (4 12) Qo (~1) Qi (1)) (3.196)
Waamier / dtdtydta© gy (11, tg)e @t wnne)t it —t2) (@wne=a wnne)

nkq,n'k’q’
AQu (—t — t2) Qi (— t+tg)Qg’,k,(—tl)ng(+t1)>6. (3.197)

We will investigate the symmetries of these terms in Sec. [3.C.4.3] and show
that only some combinations contribute to the thermal Hall conductivity. In
fact the eight terms from Eq. can be rewritten as products of (anti-
Jcommutators. Meanwhile, defining the symmetrized in (nkq <> n’k’q’) collision
rate,

1,1;[1,1], 1,1
Wi = 30 Wi 4 (kg o 0K ), (3.198)
i=a,b
2
we obtain components of the part of the collision matrix due to Ti[l_’}f]
[Lap01,1] [1,1];]1,1], 1 1
ol = 3 g Yo Wi (N + ) (NS + 1Y),
n'k’ q,q' s,s’
(3.199)
(L] 1
~Dy = > > (Vg + 4 )ZW A (3.200)
n'k’ q,q' s,s’
(LK1 +1 [1](2),ss
Mnk n’k’ - Zq < + = ) ZWTqu n'k'q (3201)
8,8’
3.C.4.2 Commutators and anticommutators
In what follows, we write [A, B]+ = AB + BA.
Upon replacing @, [/(—t — t2)Q, 4. (—t + t2) by
Q;}?(*t*tQ)Q ’k’( t+t2) [[Q;Iz(*tftQ) Q ’k’( t+t2)]]
in the definition of Wr[il]n[,k,} ,(a)’ssl hereabove, (after changing to <> —tgif s’ = —)
one obtains W?S{é]n[’lk%] ,(b) ,88' . Therefore,
171;]‘717 b ! 171;]‘7 7b7 !
W,,,[qu!,nglk/]q/(a) 5 —"_ W,,([qu]i/k/}q/( ) 5 (3-202)

— / dtdt;dtaO,y (t1, t2)ei(qwnk+q/wn/k')t6i(t1 +t2)(qWnk—q wpner)
(@it = 12), Qi (=t + 1)) Qe (~1) @y (+11)) -
Similarly, upon replacing Q;{,k,(—tl)ng(tl) by
Qi/k/(*tl)a Qik(tl) - [[le/k/(*tl)a Qik(tl)ﬂs
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into W[i;]i}kll} (a).ss +W[i;}7£,lk%] (b )55 e, Eq. m, after changing ¢ < —t; if

s = —) one obtains W[}kl,]q[lnlllq( s’ _ W[}kl,}q[lnlllq(“) )88’

Therefore, the only nonzero contribution to W,[i;]n[,lkl,} (a)sss —i—W[,k,]q[lnlllq(b) +
(nkq <> n'K'¢’), i.e. Eq. (3.198)), takes the form

WhA = [ dtdtidta® (b ta)ellmons o il ans )

: <[[Q;13(_t —12),Q ’k’( t+t9)] [ Qs ’k’( t1), ng(+t1)ﬂs>6 ;
(3.203)

where s, s’ = + corresponds to an energy conservation constraint, i.e. to on-
shell scattering event, while s, s’ = — corresponds to a PP(E; — E,) ! term, i.e.
off-shell scattering (with i,n,f the initial, intermediate, and final states in the
second-order process).

Note that, in a time-reversal symmetric system, these satisfy the symmetry
WG = sswib L Ibes (3.204)

n. n

reflecting the role of +i7n in the denominators in terms of causality.

3.C.4.3 Detailed balance

Using the method of the previous subsection Sec. [3.C.2.3] we show the following
(“anti-")detailed-balance relations

Wb @hes = g WL s —Planctdw) (3.205)
Wﬁ(’gg}lﬁgl(b%s Wg(l]q[zl] (b)qls 5o Blqwitq'wyr) (3.206)

From this, the same holds for the symmetrized in nkq <+ n'k’q’ scattering rate:

171 7 171 ’ ! - ! ! 171 7 171 El !
L L S L (3.207)

We now identify

@,[1,1];[1,1},(](]/ _ 1 1 [1 1],8,—8
wnk,n’k’ Nuc Z kq n'k'q ) (3208)
®,[1,1];(1,1],q¢' wib L1
Qnnk[,n/l]c/[ baa = Nuc Z nkgq, T[le/] 1887 (3209)
complete expressions of which are given in the main text.

By construction, these enforce

anlglnll}k[/l 1] qq =0 efﬁ(qwk‘i’qlwk/)wz&%&ll}l;{[llil]qufql’ (3210)

where 0 = & (resp. 0 = ©) indicates that 20 enforces detailed balance (resp.
“anti-detailed balance”).
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3.C.4.4 All contributions

As mentioned at the beginning of this subsection, other terms of order A\* con-
tribute to the thermal conductivity at second Born’s order. In the following, we
use the shorthand [A(—t), B(t')] = sign(t + t')[A(—t), B(¢')] and ft{tj} (resp.
ft/ ( tj}), j =1,..,1, denotes the set of 1 + [ inverse Fourier transforms evaluated

n/ k/ q/

/k/ ! . .
nET = qupk + q’wn/k/ and [ times at Ankq = qupk — ¢ wWpi, i€

once at X, g

n'K' ¢
1, ) = = [ dtdts. dtleZZ i ZAnkq (b1t +tl), (resp. once at qwy,k and [ times at

q wpir, ie. ft{t } = [ dtdty. At elawnkt gid' wy ner (bt

One contribution comes from the “cross-term” 20Re{ (7} _>f) l[l_ff]} which

contributes to the scattering rates in the form of

e 2NIZ
W = = Jm][ <ann'k'( D{QL (- t), Q4 (t)})  (3.211)
1

)

1/2

. / 2N
Wi = ~=51~ Im " (Quist (~DIQ% o (—11), QL ()] . (3.212)

The last contribution comes from considering the second Born’s order matrix
element

2,1 1 ; ' » . gnk
T2l = o> (Nl + B VN + B, T ) (3.213)
Ve e g g=a

<f |Q /k’|m3><ms| nkn’k’|ls> <f | nkn’k’|m5><mS‘Q;’({<”is>
+
Efs - Ems - q Wp/k! + ”7 Els Ems + q,wn’k’ + 177 ’

>

ms

which contains two-phonon operators, of order A2. At order A%, it is thus involved

in the “cross-term” 2 %e{( l[ﬂ)f) Tl[z_}f] , which contributes to scattering rates in

the form of Qﬁfkg/ﬂ/] ad Z wfkglg(ll]lgqla where

1/2 /
2,1];[1 Nuc™ - . /
QH?LI('J’L’}LZ(I h4 Jm]{tl <inz(_t)[81gn(t1 ] 2 [[Q /k/( 1 Q;]g{n/k/(o)]]5>7
(3.214)
and we recall the shorthand [A, B]+ = AB + BA.

The first two terms enforce the usual, “two-phonon”, (anti-)detailed balance

relations
[253[1,1 - , [20;01,1
WL = 5 e Planctdwn)qri2 T b (3.215)
with 0 = @, 6. Meanwhile, the last term satisfies “one-phonon” (anti-)detailed
balance,

quZUithad _  —abwncqpl2 K1) —a-d (3.216)

nk,n'k’|s nk,n'k’|s

where we used a different notation (s = + as a lower index) to emphasize the
difference with the other terms derived hereabove.
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3.C.5 Computation at third Born’s order

The only third-order element of T},,¢ which can appear in a term of order A\* in
| Tyt |? is

1,1,1 ; 1 i 14q’ . gnk
by = > Npj + 55 (NZL’k’ + %) I(ip — fp)
nkq,n'k’q’

.S { o lQT Iml) (ml QY Imi) (mas| Q. is)
ms,m/

Ems qwnk+ln)(Efs Emé 7q/wn/k/ +’”7)

(el @ Iml) (m! Q1 Im) (ma| QY lis)

VBB~ 0o ) (B, — By~ e ¥10)
+ M;Limklfi;“(glx;"m%;nkﬁn) } (3.217)
which is involved in the scattering rate
i = ome (T Tl ] = Y awl e (3.218)

887

where we denote

~1 ! _ /
Wi = g f (i) (@nt—t). Qi) hete)) ).
(3.219)

/

(4(). B@).C()) | = it — )] 2 [sign(t — )] 2

H
\

« <A(t)B(t’)C(t”) b sBYAR)C(H") + s’A(t)C(t”)B(t’)> .

This term enforces an unusual version of (anti-)detailed balance, namely

QUnkn’k’\ss = ss'e” 7 2Unkn/k’|ss ’

(3.220)

where the index ¢’ remains inchanged.

3.D Generalizations

3.D.1 Generalized model and higher perturbative orders

To describe the interaction between phonon and another degree of freedom, we
introduce general coupling terms between phonon annihilation (creation) oper-

(1) }

ators a,y and general, for now unspecified, fields Q{qj K} which are operators

acting in their own Hilbert space, i.e. we write H' = Zl H [’”, with

Hpy = \/:{Z > (Ha ) g]fjk} (3.221)

nik;} {¢;==+}
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In this expression, m is the number of phonon creation-annihilation operators
coupled to Q%_}lf}lj‘ll - In terms of the perturbative expansion introduced in
JKj ri=1..

the main text and the other appendices, this means Q%Zj_}i:_:}l_"ll |~ AL note that
i ri=1..

since the perturbative expansion is considered (formally) up to infinite order in
this appendix, we make this specification only for the sake of clarity. To avoid
ambiguities, we assume that all the njk; indices involved in a given term of Hj,
are distinct; this is correct in the thermodynamic limit. Note also that, for the
sake of clarity in the following developments, the normalization factors of Ny
are not defined following the same convention as in the rest of the paper.

In what follows, we take special notations for the first two indices: n1k; = nk,
noks = n’k’. Using the model Eq. and following the general procedure
described in Sec. and in the main text, one can then (at least formally)
derive the collision integral which always takes the form

=1

P

Ca=Y 7 XY ax [H (W + ﬂ Wik s (3:222)
p=1""" {nki}iza, p{@i}i=1, p i=1

where the index (p) denotes a term of order A\*. The scattering rate W{(Z zi({l_q}f} =

(P){giti=1...,
W{niki}izl,u,p
(according to the nomenclature introduced in the main text) such that Y ;" I; +

;7"‘:,1 l;- = 2p. In terms of physical process, each of these terms corresponds to
the interference between two scattering channels, [l1,..,1y] and [I},..,1/ /], such
that in all, 2p phonon creations or annihilations occur between the initial i
and final f states. Note that in the present paper, we compute explicitly this
expansion up to p = 2.

We then expand the phonon average populations as N, i, = Ny + SNk,

Following Eq.(3.11]), the diagonal scattering rate is obtained as Dy, = —amkcnk

” is the sum of all the scattering rates of the [I1, .., li,]; [1, .., I/, kind

N=Ned’
It can be decomposed as D, = gozl Dgi(), where
p
w _ 1 i1 (p){ai}
DR-sp XX x| s)| Wiy e

ue {nikiti=2,.. p {q}i=1,...p 1=2

Similarly, the off-diagonal scattering rate is obtained as Mk k' = % o Crk T ned’

n — Neq

[e.e]

It can be decomposed as My p = ZPZQ Mgl’() k> Where

1
nkn'k’ — NP Z Z q1 (3.224)

ue {niki}ti=s, p {qi}i=1, p

(v 2) [T (v + 25) | ity

Like in the equations for p = 1, 2 derived explicitly in Appendix[3.C] ¢; always
factorizes in the collision integral, as the change in number of nk phonons due
to the scattering event.
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3.D.2 Special properties of first Born’s order
3.D.2.1 Definitions and basic results

At first order of the Born expansion, all contributions to the collision integral are

“semiclassical”, in the sense defined in Sec. [3.3.4.3} i.e. an operator Q1" 1
EARE]
q1,--,41 ‘2

does only appear in the collision integral as |ka1,..,mkz
To make this statement more precise, we rewrite
!

My ey S ()1 o)

cr O{nz Z}l 1..1 ]27”-‘1-1

1 +’“7+|_"'7_

% r!(l — 7’)! kal"”TkTmerrH--nzkz’ (3'225)
where the upper indices of ) are r times '+’ and [ — r times —’, and @
is by definition symmetric under permutation of its lower indices in the two
blocks {n;k;}i—1,.,» and {n;k;}i—r41, 1 separately. Hermiticity is guaranteed by

+»"7+|7"'77 _ +7"’+‘77"77 .
inkl-~nrkr‘nr+1kr+l~-nlkl = (Qnr+1kr+1..nzkl\mkl..nrkr)T' Note that at first Born’s
order, distinct scattering channels [/] and [I'] do not interfere for [ # I; one can
thus study independently the contribution of each H [’l] to the collision integral.

The contribution to the squared T-matrix obtained from H, [’l] at first Born’s

order is
7l )2 L i ! 3 l]i[(Ni 1) Lﬁ (N )]
el = ks T njk;
” Néc r=0 T'(l -t {niki}ti=1.0 =1 o j=r+1 Y
kgl e = e el =5 ;
X ]I(’Lp EEE—— p) <28|Q{n]~kj} 7L1‘{71]1{ }r|f$><f3|Q{n k: } |{n] ]}T+1|ZS>’

—{n; J}r+1
(3.226)
Summing over all scattering channels, the first Born’s order contribution to
the collision integral is
!

Z Z > H eV | O (3.227)

ucr 0{”1 z}z 1,. lj 1 Jj=r+1
(rén,nl 5k,k1 B (l - T)6n7nr+15k7kr+l> W[l];[l}
ri(l —r)! ri(l —r)! {nk;}i{nik; b0
where
;1) i Wne; =y Wk )t
W{"J .7} {n; J}r+1 /dte e T (3.228)

R WEE B
< R TR Q{njk-}w{njk»}h)‘

Following the same steps as in Sec. |3.C.2.3| it is easy to see that W[l] ]

ki T H{njk; }r+1

always enforces detailed-balance, namely

;1) S O DT ) B 1L
kbl ngdi}y, € R X Wi sl )y
(3.229)
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We now prove two important properties of the collision integral, as obtained
from first Born’s order, which derive therefrom.

3.D.2.2 No equilibrium current

The equilibrium current is due to Ok = Cpx [Ny — Ny Ao], the constant term
in the collision integral.
In the present case, by performing a change of index r +— [ — r in the second
term of (---—...) in Eq. (3.227)), and resorting to the detailed balance relation
. — 1 .
Eq. (3.229) and taking N}, = oy one can easily show that

Onk - qui [Nnjkj = NZ?kj] =0. (3.230)

This means that no shift of the phonons’ energies is needed at first Born’s order
to guarantee cancellation of the equilibrium current.

3.D.2.3 No phonon Hall effect

The off-diagonal contribution to the collision matrix at first Born’s order, M nk k! =
(‘% an, reads

l

nk n'k! — Z Z Z H H (N's?kj ) W{[g;[ﬁy}“{ny k; }lr+1

— ucr 0 {n;k;}i=1, 1 3=1 j=r+1
1
X m [r&nm 6k,k1 ((7“ — 1)5n’,n25k’,k2 + (l — r)(sn’,nT+15k’,kr+1)
_(l - r)(sn,nr+16k,kr+l (Tdn’mlék’,lq + (l -r- 1)5n’,nr+26k’,kr+2) ] :

(3.231)

After some algebra, following essentially the same steps as outlined here-
above, it is possible to show that

Méﬁ,n/k/eﬁw k! (Ne?k’) — Mé?k,mkeﬁwnk(]\[sil()? (3'232)

This, as was illustrated several times in the main text and the appendices, entails
that M'® does not contribute to kg — see Eq. We have thus shown that
no contribution to the thermal Hall conductivity can possibly come from first
Born’s order, regardless of the number of phonon operators in the Hamiltonian
and of the nature of the operators ) to which they are coupled.

3.E Application—further technical details

3.E.1 Solving the delta functions

In order to solve the two simulaneous delta functions, we use the following rewrit-

ing of 20°,
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©,9q _ 647> 3751,€2|q4 q1,92 ~ nlal3]g2q3q n'0301|—q3q1q
W, = BN R D D gy Jmg B 2R B
uc p {Zqu 2 2

Bn€1€4| 7194—q gn n'l4lo|— Q4 a2—q

kp+ qk k’,p+qk+ q'k’
PP 2

) + (n7 q, k7 q4> — (nla q/7 kla _Q4)] }

20mq1 (M + Qzl,p - Q1Q4Qe4,p+qk

(]12 ’ A A
0 (UmQI ["k"k +Qpp+ q1q2922,p+qk+q’k’] )

Um

Q1qlwn’k’ A A
6 —2omq ——+ Qoo — 1832 prg | ) (3.233)

m

where Qy , = Q p/vm and

03,01 ,0 41,
“7:I>?q1<141’21<‘l’14 = gy (QnB(Qﬁs,erq’k’) + 1) (2nB(Q,p) + @1 +1)
X (QHB(QEQ,erqurq’k’) +q2+ 1) (3.234)

is a product of thermal factors (note F =qF, cf. Eq. (3.101))). Now collapsing
the delta functions, we can write:

6,99 _ M@quqsq n' 0l —q3q1q’

Wl = Z > Jm{ koot bt a1 B pr st (3.235)
J K{Qz}

anﬁl—qqu n' | —qa—q2—q’

k.pj+3gk K, pj+gk+3q’k

PP g _ k
20mq1 (7‘“31;"“ + Qp; — q1<J4Qe,pj+qk)

X

£,0,0|q4,q1,
+(n’ 9 k’ q4) AN (’I’Ll, qla kl) —Q4)] } Jw(pj)fpﬁql“qjlfi(l’ q27

where, when they exist, the solutions, j = 0,..,3 take the form (recall v; = v,
Wi =W,;, Pj=D.)

] —_—

T2
Py =tz Viss2) + U o) Wiia), (3.236)

where, for ¢ = 0,1
vi = asgky + (—1)'arks, (3.237)
Wi = Zxv, (3.238)
k? 4+ (—1)’a1k3 — 1)
b= asky + (—1)'a1ks 31612((11 + (-1) ag)’ (3.239)
2v;

() —Bi:I:\/B?—KLAiCi 3940
A; = dal (v (ki A k2)2), (3.241)
Bi = (=1)4aip1(ky Ao)(afyy —kiy +2(vi - Kipq ), (3.242)
Ci = —(airi(aiyr —260) —ki1q) (aisr(airs +260) — ki'yy) (3.243)

—4(a$+1 - k?—&-l)(vi ‘kz'+1)tz' + 4(“7,2+1sz — (v 'ki—l-l)z)tz?v
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and Jyy(p;) is given in the main text, Eq. (3.103]).

3.E.2 Choice of polarization vectors

Below, we enumerate possible explicit choices for a basis of polarization vectors
(€0,xs €1,k €2k)- In the numerical calculations, we use choice 2.

3.E.2.1 Choice 1

A simple choice is that of momentum-independent polarization vectors, which
can be, for example: go(k) = %, e1(k) = §, ea(k) = 2.

3.E.2.2 Choice 2

Below, we describe the choice of polarization vectors used in the numerical im-
plementation. Its polarization vectors €, x form an orthonormal basis in which
k points along the [1,1,1] axis, so that k - €, x = ‘—\1/(31 Vn. This, as explained in
the main text, ensures that the structure factor 8*# does not vanish for o = B,
corresponding to the largest coupling constants Ay 5 (as opposed to anisotropic
Ag,7 for which a # ).

The starting point is the orthonormal basis made of three vectors e,,n =
0,1, 2, defined as

ey = % (V2% +2)
e1= = (X + V3§ +Vv22) (3.244)

822%(—??—\&94-\/52)

in this basis, Z = [1,1,1]. To rotate the Z axis into k’s direction, we define the
polar angles of k,

0 = arccos(k,/k|), (3.245)

so that a good choice for the three polarization vectors is
€nk =1R3(¢) - Ry(0) - diag[s(k),1,1] - e, (3.247)

for n = 0,1,2. In the above, we defined Rj(y) to be the direct rotation matrix
around the p axis by an angle v, and we used the “sign” function

S(k)_{—H if keD, (3.248)

-1 if keD_

with respect to two domains D, corresponding (up to unimportant details in a
set of null measure contained in the k, = 0 plane) to the “upper” (k, > 0) and
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“lower” (k, < 0) halves of R?, and more precisely defined by
Dy = {k|k>00r (k=0 (3.249)
and (ky > 0 or (k, =0 and k, > 0))) },
D = {k | k. <0or (k. =0 (3.250)
and (k, <0 or (ky =0 and k, < 0)))}

such that R? = D, UD_ U {0}. The role of this s(k) function is to help ensure
that this choice of polarizations enforces ,(—k) = e,(k)*, as well as all the
tetragonal symmetry group of the crystal. This last statement means that under
a symmetry operation g belonging to Dy, the symmetry group of the crystal,
they transform as

enl(g k) =) (k) g ew(k), (3.251)

where g- denotes the action of g on a vector, and most importantly the cin, coef-
ficient either is d,,,, or exchanges the n = 1 and n = 2 polarizations, depending
on whether k is in a high-symmetry position. Indeed n = 1, 2 are constructed de-
generate (as eigenvectors of the dynamical matrix) at the high-symmetry planes
and axes of the Brillouin zone. See Ref. [Maradudin and Vosko, 1968] for details
and further discussion on the behavior of polarization vectors under symmetry
operations.

3.E.2.3 Choice 3

One may also use the Hall-plane-dependent basis for the polarization vectors
and label €,), assuming pv is the Hall plane, p is the direction transverse to the
plane, and pvp forms a direct orthonormal basis:

eox = tk/|k| (longitudinal), (3.252)
e o x ko in Hall plane) (3.253)
= j—t—— (transverse, in Hall plane :
l,k |ﬁp X k‘ ) p Y
Kk — k%4,
€2k = €0k X €l k= (transverse). (3.254)
klla, < k|
(3.255)

Then, if o, 8, u, v, p € {x,y, 2z}, we can write:

1 2q¢i

S’ T kek? 3.256
ok Vo [k (3:256)
. 1 ;
Gof _ T (ppe B V(R B 9
S oxla, K (K (k05 + k7000) — K (K05, + kP 80,,,)(B,257)
. 1 —1
Sgi(aﬂ — (kz(ka(s/&p 4 kﬁda,p) _ Qkakﬂkp) , (3258)

Vo [K[[G, x K|
so that Lo x k- A -k, £1 oc [k x (A-Kk)]?, L2 oc [k2(A- k) — (k- X - k)K]P.
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For this choice of polarization vectors, the phonon-magnon coupling con-
stants can be decomposed in such a way that their behavior under M, M, and
M, C}” becomes transparent, in other words under the basis harmonics of the
group generated by the latter operations. Note that, because the magnetic space
group of the system is a priori independent of the symmetries associated with
the choice of Hall “geometry,” the coefficients of the harmonics need not be inde-
pendent. (In the the square lattice case discussed here, some of the symmetries
of the system coincide with those of the Hall geometry, so that these coefficients
are not entirely independent. Note that this causes additional constraints for
the existence of a nonzero Hall effect.)

3.E.3 Numerical implementation

S1,02;08 _ yaf . .
We define )\575, = )‘§£1+§+1,£%2+§/+1;§§" so that, in particular,

jhl2aB _ yap

AL = At1l4111

JoeieB  _ yaB
0,0 01+1,024+1;00’

Jhl2af _ yap

AL0 = )‘£1+1,22+1;10’ (3.259)

(note the bars) and

L1t N $01,02; ;
oot =T [T S0 = Y Agrsee. (3.260)

a,f=x,y,z
Moreover, given (i) our choice of isotropic elasticity, (7i) a given Hall plane uv
and perpendicular Hall axis, p, (iii) {1 = o = ¢, )\ is a function of Aﬁ(/)7 contains
72 values, which can be parametrized by a single index ¢ = 0, .., 71 through, e.g.
i = 36§ + 188" + 9 + 3« + S if we identify (z,y, z) with (0,1,2) for a and 3, S
is a complex function of n, p,k, q, ¢, a, 5.

3.E.4 Details of the derivation of the general forms of the scaling
relations

Here we give details about the results and calculations in Sec. [3.5.5.5

3.E.4.1 Dimensionless functions

The functional forms of the scaling functions introduced in Eq. (3.117)) are

a(@) = g (Ismel +m ' X)), (3.261)
QF () — %\/siHQ OX2(J) + 2+ 2n[sin 0]y X (7),  (3.262)

with -
X(j) = 1+4sm2eyﬁ’ (3.263)
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and

E='@) = ©(y?—sin®0—4[g), (3.264)
=10 = 6910 (sin®0 —47?), (3.265)
- =072z ()|
B = |y Lo (3.266)
r—=+1 Cr(y) +y

Inserting the expressions for £ and F into that of B, we find

B Ll 45— _ n 5\”%/045 ZE si ¢ 1 (E—&—E/)K
k; p<77)( )+% m% ﬂ;y}z 133 ( ) ( )

ko‘aﬁk + kPedy 1 i1
—_“nk = " Tnk §—35 g—1
\/m (XQEPEK) (y)) 2 (XQKpé;n) (y)) 2 (3267)

because F¢q(—p) = Feqe(p). Then, for §p = 0, and defining k* = (k)q, the Beer

introduced in Eq. (3.117]) are:
~ isy to-! A A N N
= i ST A (Rey + el (@) (7))
2\/2Mcvpn oy

NI

. (3.268)

s —ing XUm §haB (g | B0 ) (@ () 1
B = ——22 1 A kel + EPeC ) (QM()Q(7))2,  (3.269
5 2Mucvphaﬁ§y7 (ke 1) (Q(G)Q(9)) ( )
B = % Z (k,a B4 B “) (3.270)
2/2Myetpn . nk
p a76_$7y7

86527 (@1(3) 2 (@)% + 5 MG Q0 (7)) (3)) 2]

3.E.4.2 Details of the behavior of the scaling function F

Here we derive the behavior of the scaling functions F (5, 7, #) defined in Eq.
at small and large s.

Let us first consider the large-s¢ limit. The hyperbolic sines in the denomi-
nator of the integrand grow exponentially in this limit (because the two tan(gj)
functions cannot be simultaneously be made to vanish), so that they can be
approximated by their leading exponential forms. An application of the saddle
point method then shows that the integral is dominated by region around § = 0,
and is exponentially suppressed for large s». For 7|sin@| > 1, i.e. when the az-
imuthal angle of k is smaller than y~!, this suppression exceeds the exponential
growth of the sinh »/2 prefactor, and the scaling function decays exponentially:

o

Fo(3e,7 > |sinf]™') ~ e 1 —~|sind))|. 3.271

w7 > [sind] ) ~ exp[Z(1—7]sind)) (3:271)

For smaller angles where v|sinf| < 1, F does not decay exponentially in the

large x limit. Here Eq. (3.271]) is correct to exponential accuracy, i.e. it is

asymptotically correct for In(F) at large ». To this accuracy, the asymptotics
are independent of x.
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Now consider the small s limit. The naive result for the scaling function is
obtained by expanding both the hyperbolic sine in the numerator and the two
in the denominator of the integrand around zero leads to

1 (3—s)a
? 3¢ 2T h292

/ Ty EGRHY =W
= Q39,7 (7)

— 00 7

F() (5e < 1,7, 6) (3.272)

This expression is correct provided the integral in the second line converges. The
convergence is problematic only at large ¢ for the case s = —1 (in the case s = 1,
the integral is confined by the [5=! factor to a finite domain). In this limit the
Jacobean J*=~1 grows linearly in § as does 2, while the factor C, (9) behaves as
7%*. As a result, the integral converges for the case x = —1 and the 1/ scaling
is correct in this case. In the cases x = 0,1, the integral is logarithmically and
quadratically divergent at large ¢, respectively.

In the latter two cases, we must reconsider the naive result in Eq. .
The divergence in this equation is an artificial result because the hyperbolic sines
in the original expression in Eq. grow rapidly once € > s~ and ensure
convergence of the integral (i.e. the large §j > |y»|~! contribution is negligible).
Proper behavior is restored for small s by simply using the expanded form
of Eq. but only integrating up to an upper cutoff |§| < |sy|~!. This
regulates the divergences and one obtains additional In(1/s) and »~2 factors
multiplying the 1/ form for the cases x = 0,1, respectively. Collecting the
above results we see that

1

33 .'E:].
Fgw%>21 Wl p—g . (3.273)
i r=—1

This function is non-zero for |ysin 8] > 1, while F(*1) is non-zero when |7y sin 4| <
1.

In the latter case, as mentioned above, the integral over g always converges
because the set of integration is an ellipse instead of a half-hyperbola. Therefore

the naive scaling is the correct one and the Fgc+1)(%) o 1/5¢ behavior holds for

all z.

3.F Application—further physical details

3.F.1 Microscopic derivation of the coupling constants

We consider the most general coupling between the strain tensor and bilinears of
the m, n fields, exhibiting all the symmetries allowed by the crystal symmetry
group in the paramagnetic phase: the Dy tetragonal point-group generated by
mirror symmetries S;, Sy, S», fourfold rotational symmetry C;¥; translations of
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one unit cell —which forbids interactions of the myn; type; and time-reversal.
The corresponding hamiltonian density reads:

H g = A (mzmxé’m + mymyé’yy> + A (nxnxgm + nynyé’yy)
A £ 4 AP g7
+ AL (1, €+ mymy €7 ) + AL (nyn, € + nyn, £7°)
+ <A§m)mzmz + Agn)nznz) <5M + Eyy>
+ Aflm) (mxmx + mymy>5’zz + Afln) (nwnx + nyny> E**
+ A mymy €% 4 AP n,n, 7 4 A (mzmz g
1y €7 ) + AL (€7 + nyn.£77) (3.274)
€3]

We now propose a microscopic origin to the A’ coefficients appearing in it.
We start from a generic spin exchange hamiltonian of the form
Hex - Z ZSﬁJﬁb_R/S%/, (3275)
R,R’ a,b
where R, R’ indicate the actual locations of the sites in the distorted lattice, and
each sum spans the whole distorted lattice.
We then express R = r + u,, where r belongs to the undistorted lattice and
u, is the displacement field at site r. Taylor-expanding the coefficients Jﬁb_R,

with respect to the displacement field (and identifying S§ = S¢), we thus obtain
Hex = HY + H! + O(u2), where H), = Hex|R R/rsrr and

ZZS" = uls) O JaP

r,r’ ab,y

sb,. (3.276)

n=r—r’

Then, identifying .5 = %((%UB + Jguq) the symmetric rank-2 elasticity tensor

(i.e. strain tensor) we identify H) = H.._ + ..., where

Hy,. = Z @ SE [0, + 150y ] “b]nsaﬁ(r)Jr..., (3.277)

where a,b = x,y,z is a spin axis index, o, = x,y, 2 is a spatial index, and
“4...7 encompasses terms featuring wqg the anti-symmetric rank-2 elasticity
tensor, as well as higher-order derivatives of the displacement field.

Finally, we take the particular case of a square lattice with tetragonal sym-
metry, and describe the spins in terms of m, n fields as in the main text, namely

Sy = (—1)*uon(r) + a®m(r). We identify Hl,. = Y, Hica(r) + ... where
“+...” is made of rapidly oscillating (time—reversal breaking) terms, and H{q,,
is as displayed in Eq. (3.274), with identification
m),x 1 a
Afsz b= 3 > (1003 + ) o (3.278)
n
A(n)aaﬂ _ 1 TN o ) Jab 9
ab = 526 (100 + 10a) ‘n, (3.279)
n
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where the sum over 1 spans the whole direct (two-dimensional square) lattice,

and ™ = (%, %) with a the square lattice parameter.

3.F.2 Contributions to intervalley couplings

In the main text, the n,, m, fields live in the valleys identified by:
£=0: Ny, M
(=1: Ny My. (3.280)

Therefore, intervalley couplings are of the form Aup,eer with d¢er + gy = 1. More
explicitly, using Eq. (3.78)), they are:

NPy = Ales (3.281)
AT = Almes (3.282)

« -1 m),x z A (m),a n),o
)‘yyﬁ;[)l = nio [mgAg(/a:)7 g + TnOAga:)7 g + mgAg(Jx% B] ) (3283)

N —1
Ao = - [mGAI B 4 m Aef 4 mEAm)ef] (3.284)
Also recall from Eq. (3.74]) that

A©Qey — A©wr — 7O, (3.285)
A2 = A& = Az = A2 = 7D, (3.286)

and all other values of «, 5 yield 0 for this set of lower indices. From this, it is
clear that the A(f) couplings always mix valleys, regardless of myg, and contribute
a Ayz.¢e term. This intervalley coupling is a small contribution which does not

contribute to 7 breaking. Meanwhile, the 7T-odd Ayy.01 and A...1 intervalley

couplings both contain contributions from both A(f)m(z) and Aég)mg.

3.F.3 Derivation of the gaps from a sigma model

Here we provide a heuristic microscopic argument for expressing the gaps in
terms of spin-spin couplings. We ignore spin-lattice coupling, and just consider
corrections to the isotropic Heisenberg model. We assume the addition of a term
of the XXZ anisotropy form:

Hyxz = gJ Y (28787 — S7S7 — SYSY). (3.287)
(i)
This is to be added to the isotropic Heisenberg model, along with a Zeeman
coupling to the transverse field.

Carrying out the long-wavelength expansion in terms of m and n fields, we
obtain the corrected potential part (i.e. without gradient terms) of the nonlinear

sigma-model Eq. (3.48):
1
H%’ES = a\rn\Q +2gJa* (2m? —m? —m?) (3.288)

2
— 29J% (2113 —n? - ni) — hymy — h.m,.
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Note that the first term includes an m?2 term, which is absent in the quadratic
expansion describing linear spin waves in the main text. Indeed this term is
higher order in the small fluctuations around an z-ordered state when carrying
out a zero field spin wave expansion, which was the case in the main text where
the external field had already been integrated out to yield the nyn; mass term.
We also included an external uniform field which lies in the y — z plane.

Expanding around the x-ordered state, using that m, = —myn, — m_.n, and
n,=1- (n + n? + 5 (m + m?2)), yields

1 2
HNLS oM (mz + mz) +2gJa? (2m§ — mz) — 2gJ% (2n§ — nz) — hymy — h.m;

1
+(2><—29Ja2> (m n —|—m n2 > +2mym.nyn )

Mg L o 2 1 2 2 2
29750 [1—§(ny+nz+?(my+mz)) . (3.289)
0

Note that the first term on the second line is of the form (m_ - n,)?, where
the | indicates the components of the vectors normal to the ordering direction.
Since we in the next step shift the magnetization by its value induced by the field,
this is proportional to (h-n)?, as is postulated in the main text on symmetry
grounds.

We now show this explicitly. We shift the definition m, = mg + xqhe for a =
y, 2, and expand the result to quadratic order in m, n. Here y, = (1/x+4gJa?)""
and x, = (1/x — 2gJa?)"L.

This gives

1 2
HNLS 2X (leJ + mz) + 29J0.2 (ng — mi) — 29]% (Qng — nzgl)

1
+ <2X — 2gJa2) (than ghgnz + 2nyzhyhznynz)
12
- 2gJa—3 [ng +nZ+-], (3.290)
where the ‘- -’ in the last brackets account for terms higher order in field, mag-
netization fluctuations, etc.

The amsotropy coefficients, denoted by I'yp in the text, can now be extracted.
The terms in H¥ LS which are quadratic in the n,,n. fields read

2 (1 2 2 1 M(Q) 2
Hin h ——2gJa Zhi —2gJa? —6gJ—=|n
2x a
1
+ 2xyXzhyh <— —2gJa > Ny (3.291)
2x
Note that the two terms proportional to ng from the right-most contributions
on each line of Eq. (3.290) above canceled. That means the the coeflicient

of nf/ in Eq. (3.291)) vanishes if h, = 0. This occurs because of Goldstone’s
theorem and the assumed XXZ form of the anisotropy: if the field is purely
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along the z direction, XY symmetry of the Hamiltonian under rotations about
the z axis is preserved, and this makes one of the spin wave modes remain gapless.
Conversely, for a field along the y direction, and in the presence of anisotropy,
both modes are generally gapped.

We can simplify the above expression if we assume |g| < 1, which means
)@1 ~x; !~ x! =4a%J and therefore 1/x > gJa?; hence

xh?
2

xh:,
o~ X500+ |

2
- GgJ/;g} nZ 4+ xhyhonyn.. (3.292)

The above shows that if h, is small or zero, stability requires g < 0. This can
be understood from the fact that, if the field is along y, then Hxxyz is the only
term, in the pure spin hamiltonian, breaking explicitly the O(2) symmetry in
the x — z plane. It should therefore favor antiferromagnetic alignment along the
x axis, which is the initial assumption of this derivation. It also proves the X
prefactor used in the main text.

The coefficients in Eq. give contributions to I'y,, I'., and Iy, respec-
tively. In this Appendix, as opposed to the more general expressions given in
the main text, we assume they are the only contribution.

Since taking the magnetic field purely along one of the two axes y, z guar-
antees that I'y, = 0, so that (as explained in the main text) the two magnon
valleys are independent, let us assume that the field is along the y axis. Then
one gap is Ay = |hy|, the Zeeman energy associated with the field along y. The
other gap gets contributions both from the anisotropy and the Zeeman energy
associated with the field along z.

Note that the anisotropy-induced gap involves the square root of the anisotropy,
ie. Ag\ . 4MJ 10, which is not necessarily wvery small for reasonably
small values of g.

3.G Application—Supplementary figures

Here we present further calculations of scattering rates and (diagonal) thermal
conductivity for the model of Sec. as supplemental figures.
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Figure 3.G.1: Diagonal scattering rate D,y with respect to 0(k) € [0,7/2] (hor-
izontal axis) and ¢(k) € [0, 27| (vertical axis) for fixed temperature T' = 0.5 Ty,
polarization n = 0, and momentum (1) |k| = 0.0625/a, (2) |k| = 0.125/a, (3)
k| =0.25/a, (4) |k| = 0.5/a, (5) |k| = 1.0/a, (6) |k| = 2.0/a. Color scales vary
from figure to figure. Note that the C4 symmetry is approximately preserved for
small |k| but broken at large |k|, as stated in the main text. Also note how scat-
tering processes at (k) < 6_ become allowed for wy > 2A,2A’; then dominant
at large |k|.
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Figure 3.G.2: Diagonal scattering rate D, with respect to (k) € [0,7/2] (hor-
izontal axis) and ¢(k) € [0,2x] (vertical axis) for fixed temperature T" = 0.5Tp,
momentum |k| = 0.5/a, and polarizations (1) n =0, (2) n =1, (3) n = 2. Color
scales are different in (1) and (2,3). Subfigure (1) is reproduced from the main
text. Note that with our choice of polarization vectors g, i, results for n = 1
and n = 2 are simply related by the mirror symmetry ¢ — m — ¢.
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Figure 3.G.3: Diagonal scattering rate D,y with respect to (k) € [0,7/2] (hor-
izontal axis) and |k|a (vertical axis) for fixed temperature T' = 0.57j and (1)
¢pk) =0and n =1, (2) ¢(k) =7/2and n = 0, (3) ¢(k) = 7/2 and n = 1.
Color scales are different for the three subfigures. The ¢(k) = 0 and n = 0
case is displayed in the main text. Note that polarizations n = 1 and n = 2
yield the same results here. Note also that the general features are the same for
polarizations n = 1,2 as for n = 0: although the scattering rates of n = 1,2
polarizations for energies w,i = 2A are not as clearly visible as they are for
n = 0, they are finite (of order 10~ in our units) and are only parametrically
smaller than those for the n = 0 polarization, due to purely geometrical factors

(8% in the main text).
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Figure 3.G.4: Longitudinal thermal conductivity «y with respect to temperature
T, in log-log scale, (left) for four different values of Yext = 1-107*(vpn/a), 2 €
[4,7], from darker (z = 4) to lighter (z = 7) shade, (right) for four different
values Yext = 1-107%(vpn/a), z € [6,9], from darker (z = 6) to lighter (2 = 9)
shade. Note that the two “bumps” come from the competition between ~eyxt and
Dy, 0 for valley index ¢ = 0,1, as explained in the main text.
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Figure 3.G.5: Skew-scattering rates (1) 205, 7, and (2,3) 205, 7, with re-
spect to O(k’) € [0,7/2] (horizontal axis) and p(k,k’) = ¢(k’) — ¢(k) (vertical
axis), for fixed magnetization my = 0.052, temperature 7" = 0.57), momen-
tum |k'| = 0.8/a, k, = 0.1/a, and (1,2) k, = 0.2/a, k, = 0, (3) k, = 0,
ky, = 0.2/a. The case QU%(;,_I{,,k:x = 0,k, = 0.2/a is in the main text. The
colorbars are different for each figure and not linearly scaled. Note that thanks
to anti-detailed-balance, angular dependences of Qﬂfl’(?;,, QIISI’{:,_I{, are identical

to those of QU%’{;,_k,, Qﬂfl’(;,j;,, respectively, for an isotropic phonon dispersion.
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Chapter 4

Phonon Thermal Hall
Conductivity from Electronic
Systems and Fermionic
Quantum Spin Liquids

In this chapter, excerpts and figures are reprinted with permission from L. Man-
geolle, L. Balents, L. Savary. The work presented here is still in progress. Up-
coming copyright 2022 by the American Physical Society.

4.1 Introduction

In the previous two chapters, we studied in general terms the coupling of phonons
ank to any other degree of freedom @, and found that the phonon thermal con-
ductivity is determined by correlation functions of this @, field. Computing
these correlation functions is a challenge, which must be taken up for each dif-
ferent degree of freedom coupled to the lattice (i.e.each instance of Q,x). We
applied our results to the case of phonon-magnon coupling in Néel-ordered an-
tiferromagnets. We showed in particular that a generic model for spin-lattice
coupling, in the presence of both anisotropic magnetic exchange and an external
magnetic field, enables a phonon Hall conductivity. This left open the question
whether the presence of magnetic ordering, or any form of long-range spin cor-
relations, is a necessary condition for the phonon Hall conductivity. Here, we
consider the coupling of phonons to fermions. This includes electrons, as well
as models for disordered magnets where the low-energy physics is described in
terms of emergent neutral fermions. Our work addresses both Dirac cones and
quadratic bands, with or without a Fermi surface.
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4.2 Previous important results

Here, we recall a few important results from the previous chapters which we use
in the present one.

The thermal conductivity of phonons a,x, where n is the polarization index
and k is the momentum, exists through the couplings of the phonons to an other
field @,k (note that here the phonon-field “coupling constant” is absorbed in Q)
via the interaction hamiltonian density

H =3 (QLkQLk + anank) : (4.1)

nk

The longitudinal (dissipative) part of the thermal conductivity, obtained from
solving Boltzmann’s equation for the phonons in a semiclassical treatment, is

2 B2 v
o h 1 Unk%nkUnk

"L T kgT?V %} 4Dy sinh® (Bhwn/2)’

(4.2)

for p,v = x,y, z, where V is the volume of the system, T the temperature, kg
Boltzmann’s constant, 5 = 1/(kpT), and w,x and v,x = Vyiw,y are respectively
the phonon frequency and velocity in mode nk. It is controlled by the phonon

scattering rate D, = Dr(llk) + f)nk, where

DY) = 7% / dt e~ wnict <[an(t),QLk(O)]>6 (4.3)

is obtained at lowest order in perturbation theory in the strength of the coupling,
with (-) 5 denoting thermal averaging, and D,k includes both higher order terms
and contributions from other mechanisms such as scattering from impurities.

The thermal Hall (antisymmetric) conductivity at leading order in the cou-
pling strength is expressed as

— _ J e
H kBT2VnZ " 3D \ Nue 2 sinh(Bhwic/2) sinh(Bhwnie/2) ) 2Dpne ™

kn/k’

(4.4)
where pu,v = x,y, z and we defined the phonon current Jﬁk = Nsi wnkvzk, and
Nl is the number of phonons in mode nk in thermal equilibrium. It features
the “skew-scattering” rate

» o1 . eﬁhwnk/Q ( 1 (eﬁﬁwnk _ eq,@ﬁwn/k/) m??l’:,rr;?k’ )eﬁhwn/k//Q

! 2Nyc

([Qui(=t = 1), Qe (=t + )] { Qe (1), Qi (+12)} ) 45)

Re { / dtdty dtasign(t; )e @@t d @)t giltiFte) (@wnc—q'wne)

where the exponent ¢ identifies Q1 = Qf,Q~ = Q. As a result of close-to-
equilibrium thermodynamics, 20° satisfies “anti-detailed-balance”

©,9¢ _ _  —B(qunk+dw, ©,—q—¢
W = e Plawnctd W) g d-d (4.6)
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which in fact defines the specific form of the skew-scattering rate which appears
in the thermal Hall conductivity and resistivity.

As mentioned above, in what follows, we consider ),k to be a fermion bilin-
ear, for several species of fermions, in different contexts. In the last section we
will also make a brief detour whereby @, will be an electric field.

4.3 General results for fermions

We now consider the most general, translationally-invariant, coupling between
one phonon operator and a fermion number-conserving bilinear, deriving from a
local coupling to the strain tensor. We thus define Q,x, the field to which the
phonon annihilation operator a,x is coupled, as

Qnk = Z Bnu fepfz' ptk (4.7)

p,0l

Here the coupling constant B ’p’ " is introduced phenomenologically, and a more
specific expression will be derived in a particular case below. The fermion flavor
index £ is kept general at this stage. We consider free fermions, with hamiltonian

H} =3 etpfiplin (4.8)
Lp

where €/, is the fermion’s energy.
In order to obtain the diagonal scattering rate, we insert Eq. (4.7) into
Eq. (4.3) and obtain, after straightforward algebra,

flk) Z d(€rp — €0 pik — Wnk) (4.9)
Pl 4

X [np(erp) — nr(er pix)] |Bn”| ,

Where nF is the Fermi distribution function. Note that when B"” Sppr

Eq. is the expression for the imaginary part of the density susceptlblhty
(den81ty density correlations) of a fermion gas |Giuliani and Vignale, 2005]. We
will evaluate Eq. in specific models below, Eqs..

We now turn to the skew scattering rate. By inserting Eq. into Eq. ,
applying Wick’s theorem, evaluating the time integrals, and after some algebra
(see App. for details), we find

/ l; l; a4 {4
w5 = O N S DI (o) WAL (0) RIS (B) kg 5 0K,
p.{i}
(4.10)
where Dgf 7’;{,&,} (p) is the product of two Dirac functions which enforce energy
conservation,

45 lo ¢ L

Dgﬂz n{/k/} (p) = 5(6€ ~ g T q'wper )0 (qunk + €ptaktqll ~ Eprgie)s (411)
4; ¢

Nglgnfk’}(p) - TLF(G ) [27’LF( p+q/k/) - 1:| [1 - nF(6p1+qk+q’k/)} ; (412)
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and R%! ,;{,il,} (p) is a factor whose structure is inherited from second-order per-
turbation theory, whose denominators are energy differences, namely

[t )] o i 0)

Ly

!
K.
R%q 7{/ z/} (p) — PP
k L3 Ly L3 /
€pigk — €p T qWnk €piqk’ — €p T Wk

nk,n

, (4.13)

and whose numerators are products of coupling constants,

v | a4’ {4} _ ralnt,le q'|n’ £2,03
0 = B B (419

—qn 3,0y p—q'|n' L, 01 —q'|n' €3,0s 1p—qIn,la,lr
X
o0 Bk?P—l%qk k’;pfl_Tq/k’Jqu oy Bk’;pfl_Tq/k’Bk;p— Slk+q'K
(4.15)
0.0
Here we defined Bﬁ‘_g’ " for ¢ = £ as follows:
—|nl om0 . +|n, 0,0 n, 0’ 0\ *
Bip™ =By ’ Bip™™ = (Bk;p ) ' (4.16)

Eq. , which expresses the skew-scattering rate, applies to any fermionic
dispersion relation and regardless of their dependence on the ¢ index. In Ap-
pendix we check explicitly that Eq. satisfies anti-detailed balance,
Eq. . Note also that Eq. decomposes, as did the phonon-magnon scat-
tering rate in the previous chapters, as a product 20 ~ DN'R. The differences
with the magnon (boson) case lie in NV which here includes fermionic population
factors, and in R, which is simpler in the fermionic case (here the ¢; indices are
absent) because phonons can only couple to fTf operators (while btbt and bb
combinations were allowed as well in the magnon case).

4.4 Application to Dirac and quadratic fermion dis-
persions (with or without a Fermi surface)
For the sake of clarity, in the main text, we present only applications to “simple”

dispersion relations, namely Dirac and quadratic ones with or without Fermi
surfaces. More precisely, we take the dispersion relation to be

eggaCQd = ou|p—7 — tua, (4.17)
2
G . (4.18)

21y

In Eq. , ¢ = (v,0,«), the Dirac cones are located at m,, and we take the
two half-cones ¢ = + to have the same velocity v, and to be independent of
the extra index . The momentum p in €y is two-dimensional and assumed
to be in a neighborhood of m,. Finally, 11, is a (spin- and valley-dependent)
energy shift of the cone, responsible for the formation of a Fermi surface when
it is nongzero. E| In Eq. , p and 7y belong to the d-dimensional space

"We also consider that the Dirac cones are well separated, so that fermion scattering between
different cones has a very small probability, namely v,ndéII > kT where 011 = min{|7rl, -
ol vEY } In what follows, we neglect such intervalley scatterings altogether by including
a d, , factor in the solution of the energy conservation equations.
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of fermionic momenta (d = 2,3). This quadratic dispersion allows for analytic
solutions for the longitudinal and skew scattering rates. E| We present a more
general model in Appendix m For each value of ¢/ = +, Eq. de-
scribes a circular/spherical Fermi surface centered around a given point 7 in
reciprocal space, and the mass m, can be of any sign. This “low-energy” ap-
proximation of the dispersion relation by a second-order polynomial ought to
yield an accurate description of phenomena occurring close to the Fermi surface
if kT < p%/(2|m.|), where the Fermi momentum pp = +/2|m.|u, is a priori
{-dependent.

The diagonal scattering rate Eq. involves an energy-conservation con-
straint in the form of a delta function which is nonzero when €/ p, — €y o1k —wWpk =
0. In the case of 2d Dirac fermions, the solution is a conic (see Chapter 3 and
App. . In the case of quadratic fermions the solution is a straight line

(d = 2) or a plane (d = 3). Converting 5>, — V5 éldTI))d’ with VS the
volume of the d-dimensional unit cell,
i 271' 5 / Vuc +oo
D(l)DlraC2d —_ _=7 v,V 2D / d s Js an )
K h Z%; v, (2m)% ) o yz wa¥) o) kip, % (v)
X [TLF( € p f,i(y)) _nF(EE':Pi’ﬁ(Z/Hk)} , (4.19)
ddflpL |m ‘ 2
D(l)Quad _ Vuc/ * Bnéz
nk % dD ), (27T)d71 |k’ k7'r0-|—p k+PL
X [nF( Ewo+pnk+m) - nF(65/7WO+f)fLZIL+pL+k)j| : (4.20)

Hereabove, k is the projection of k onto the space of fermionic momenta:
thus ford =3,k =k and ford =2, k = (kz,ky,()). In Eq. (£19), s = =00’ =+
and the 7 sum runs over n = =+, the p (y) = c Yk +yz x k + m, are
the solutions to the energy conservatlon constramt in Eq. ( ., which, when
they exist, form a half-hyperbola or an ellipse parameterized by the variable
Yy (cffgl (y) is given in App. , J5(y) is the jacobian of the reparameteriza-
tion (see Appendix) and solutions exist when f;7, (y) # 0 or f,, (y) # 0, where

£5(y) = O(a® — k* — 44%) o
{fu,n@/) by 00 azy T (e = ) o T o (320,
plh =k (—=1/2 + mu [ — e — wi] /K|?) and the (k) | integration is that over
the (d — 1)-dimensional field orthogonal to k.

The skew scattering rate in Eq. involves two delta functions enforcing
two energy conservation constraints. In the case of linearly dispersing fermions,
the simultaneous solutions, when they exist, can be found analytically (see Chap-

ter 3 and App. [4.C.1)) and in turn the delta functions can be fully collapsed. In

*We note that the model Eq. can be trivially generalized to a collection of circular
Fermi surfaces with (fermion-like or hole-like) quadratic bands, provided that they are well
separated in momentum space—namely, that vpndIl > kT where 011 is the smallest distance
between two Fermi surfaces.
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the case of quadratic fermions, the solutions to the delta functions are given by
p— Ty = f)iﬁ}n,k, + p1, for any p; such that p; -k; = 0 = p, - kg, where

we define k; = ¢’k and ko = gk + ¢'k’ and we provide an explicit expression

for p;{Lk}n,k, in App. 4.C.2, Then, recalling that A and K%' were defined in
Eqs. (4.11{.14),
mg}gz/]iliraCQd — QNHCZZ H(Sl,“,/ 2D v (4.21)
ARUS
4; l; l;
jq{k q}’k’(pJ )Ngkqn;{k/}( i) Riﬁ r;{/k/} (pj) + (nkq < n'K'¢),

, dd QPJ_ _ ..
WAL = Ny VS / K x K| NGO p)
'l {EZ} P ) 0 (1), @2 [k ||k2|‘ - 2‘ nkin'k
~ 0 l; 1 4;
op I [ )] opIm K™ )]

X (—1)it1 —ad'k - K + _
S (1) g, — g’k - K /m, Loy — Hie,
+(nkq <> n'K'q). (4.22)

In Eq. , we formally forbade intervalley coupling (as explained before)
by adding an extra Kronecker delta []; 6,,, enforcing vy = 15 = v3 = 14 — v,
and p; for j = 0,..,3 are the solutions, when they exist, to the two energy
conservation constraints in Eq. , and j ok q,k,(p]) is a jacobian factor which
appears when solving the energy constraints. We provide explicit expressions for
both in App. 4.C.1| In Eq. , for clarity, we wrote p + 7o + f)?{ii};z'k’ +pPl1,
and for any vector v the unit vector v = v/|v|. The (k;), N (ky) integration is
that over the (d — 2)-dimensional field of fermionic momenta orthogonal to both
k; and k,. For d = 3 this is an integral along the straight line with director
k; x k,, and for d = 2 this reduces to replacing p; — 0.

4.5 Fermionic spinons in a quantum spin liquid

Here we evaluate the thermal conductivity tensor in the case of emergent spinons
from a spin model for a quantum spin liquid.

We start from a spin system with exchange interactions parametrized by Jﬁl;/
coupled to an external magnetic field h via the local g-tensor at site r, gf{lfir,,},
i.e. we consider the Hamiltonian

H§ = JESESh = Y gl Sy, (4.23)
r,r’ r
where a,b = x,y, z are the spin directions. Note that the g-tensor depends in
principle on the positions r” of all the lattice sites because of crystal fields. In
the main text, for clarity, we restrict the exchange matrix between two sites r, r’
to contain a Heisenberg and a Dzyaloshinskii-Moriya (DM) coupling of strengths
J‘SO and J%_, respectively, i.e.

r'—r’
T, = TG + Zér/ v (2 X m)° T D e, (4.24)
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i.e. the DM vector is Dy L (r' —r). We then rewrite the spin operators using

Abrikosov fermions, Sy = % > ap lﬁiadaglbrg with spin indices o, 8 =7, | and a lo-

cal constraint ), wlawm =1 Vr. Finally, we perform a Hubbard-Stratonovich

transformation in the channel where the mean-field boson expectation value
0 = (Ylathers) i f i hoi d f

Xpp = (Yrathry) is nonzero (for a given gauge choice), and for concreteness

take an ansatz of the following form:

Xf/f' = (1 - 5r»r,)X|OI‘,—I“665/ + 5I‘,I‘,Xf’r 9 (425)

i.e., translationally invariant, and with a diagonal off-site contribution (the on-
site term is not constrained at this stage). This procedure identifies Hg — HY,
where

HY) =0l (K% + 0e LS ) s (4.26)
r,r’
where
K3P = J)6as — iog 2+ (0 X 04p),
L({Xrﬂ—r”} = h{rfr”} *Oap, (4.27)
with
1 .
JI(‘)fr’ = _ZX?I'—I‘/IJII'?IC‘)”
1
R 0 D
Qp_y = 71X|r—r’|‘]|r—r/|’
b 1 a 7ab 1 a ab
h{l‘fr”} = 1 Z My JI‘”,I‘ — ih g{rfr//},
r//
—1
mg = [(SeJew) ], BGG ey (4.28)

Here m¢ is the classical magnetization; it coincides with the mean-field value
me = agﬁxfﬁg, see Applél.G Note, that the Dzyaloshinskii-Moriya interaction
between spins manifests itself as a Rashba interaction between spinons: a nonzero

a,f; is allowed by spin-orbit coupling and the lack of inversion symmetry.

In momentum space, where 9 o = \/% >p e~y o, the quadratic hamil-

tonian Hg is diagonalized by a unitary transformation of the fermion operators,

Ypa =D ¢ Uggfp’g so that Hg — HY, as defined in Eq. (4.8]). Technical details
and the expression of Uy, are provided in App[d.E]|

4.6 Phonon-fermion couplings

We now consider coupling this emergent fermion system to phonons as in the
previous two chapters. As explained above, we consider a coupling term with
parameters B from Eq. . Given our two-band system, B can be seen as a
sum of Pauli matrices acting in this space, i.e. we define

o = .
Bﬁ;p - (Bg,k;p]l + Brip - 0)eers (4.29)
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where £, ¢ =

Before proceeding further with a symmetry analysis, we describe a possible
microscopic magnetoelastic model from which the B ﬁf as in Eq. - can
arise. Namely, we now consider the above model, Eq -, in a distorted
lattice, by replacing all positions r — ¥, with T the positions of the sites in the

distorted lattice. The fermion hamiltonian then becomes H? — H,=H 0| .
» Plr—§

Then we Taylor-expand the couplings with respect to the displacement field
u(r), i.e. T = r + u(r) where T belongs to the distorted lattice and r to the
undistorted lattice. Then, Hy, = Hfz + H{/J + ... where “4...” accounts for
terms at least quadratic in the displacement field, and the linear in u term,
H{ZJ’ is the interaction hamiltonian of the form a(), with @) a fermion bilinear
as in Eq. (4.7] It is convenient to define new fermion-phonon coupling terms
gzzifk ~ [U;r) e )(K L)Up+k} iy (recall U diagonalizes the noninteracting
fermion Hamiltonian) as along components of the polarization vectors (&)*. More
precisely, gf’;;ffk is defined through

a
Bt = _fnk NT(eikn _p) gt 4.30
Z 2]\4uc]\fucwnk Z Pk’ ( )

a=z,y,z

and contains all the information about the fermionic wavefunctions (as opposed
to dz'spersion), and depends on the spatial derivatives of coupling tensors K, L.
Indeed, 5.z ( ) denotes functional derivation with respect to the ath component

of the displacement field at position 77. For later use, we parameterize Bmp;k as

B?If‘fk = (UIT))ZOZ [Zb:x7 Uga’ (ezpnv + efzknugn) (431)

1!
+e anuan Oaa! +€ant0 5 } (Up-l-k)ae)

where t0, u®¥, v¥¥? are parameters.
Technical details and the full expression of Ba il  (or, equivalently, of the
parameters t’, u®Y,v®¥?) can be found in Appendlces E- We moreover

define Byiy = (BYpacl + Bapx - &)er (cf. Eq. E29)).

4.7 Anti-unitary symmetries and phonon thermal Hall
effect

We now turn to an analysis of cases under which the thermal Hall effect vanishes.
One can show (see App{4.B|) that, if there exists a relation of the form

B’ =& ( "ﬁ’f,p> , (4.32)

where ¢ <> ¢ are in 1-to-1 correspondence and & is a coefficient satisfying
: 0/1 2
the constraint &, 2,80, 05805048050, =1 V(€1,02,03,04), then lCn{{ n|,13,q A }( ) =

(7. * o~
(K?l/_l k‘,n‘iﬂjel}(—p)) . Formulated in terms of B as a matrix, Eq. (4.32) is true
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iff BAa,n;p;k + B\am;_p;_k or BAa,n;p;k + azB\am;_p;_kagﬁ have purely real diagonal
components and purely real or purely imaginary off-diagonal components (in the
0,0 = + basis), see Table

If, furthermore, the relation €, = € _p holds (i.e. if the noninteracting
fermionic spectrum is symmetric under the reversal of momentum), by direct
inspection of Eqs. (4.1074.13)) then Qﬂf}f{;{'k' + S w = 0. We showed in

n—k,n/—

Chapter [2| that the latter leads to kg = 0, and is a manifestation of (effec-
tively) preserved time reversal symmetry (there, time-reversal combined with a
translation is preserved).

We now ask whether there exists symmetries of the combined phonon-fermion
system which imply realizations of Eq. together with a fermionic spectrum
symmetric under p — —p. It is indeed the case provided that one can factorize
§e,00 = GG with (,¢y = £1 (which is true in all the specific cases we consider in
App. reported in Tab.7 because wpx = w,_k (always true because
the pure phonon theory is time-reversal invariant and phonons do not directly
couple to a magnetic field).

More precisely, the above is the case if and only if Hy + H = Hiy, =
7A’Ht0t’7A’*1, where Hy = HJQ + >k wnkazkank, and the anti-unitary operator

T = UK is the combination of complex conjugation K and the unitary opera-
tion

U : (ank, fop) = (an1e, Cefi _p)- (4.33)
0 &e | & ¢ & | U | Cases
O (=) 4 — — = ie¥ | (a)
l 1 + + + —-|0° (c)
l 1 + 4+ - + | 1 |(b)(d)
/ (_1)1+5é’£/ + _ + + P _
Table 4.7.1: Particular instances of relations Eq.(4.32)), defined by columns 1
and 2. The corresponding &# (realizing Bgn‘p‘k = ¢ (Bsn-—p—k) , for a =

x,y,z, p = 0,2,y,2) are displayed in columns 3 to 6. Column 7 identifies the
corresponding unitary operator of the symmetry. Column 8 lists special cases
where the symmetry is realized — see Table

A summary of four particular cases is given in Table [£.7.1] where the corre-
sponding symmetry operation on the fermions U/ is defined by

U = (Fico 1pn) ® (I o Uy), (4.34)
i.e. the decomposition of U between the phonon and fermion spaces. Here T

and 7, reverse phonon and fermion momenta, respectively, and Ly : apx — ank
is the identity in phonon space.
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Finally, in the case of our spinon Hamiltonian Eqgs. and micro-
scopic magnetoelastic coupling given in App[.E.2] we provide a number of con-
ditions on the physical microscopic parameters a®, h* and u®, v® (defined in the
Appendix) under which ki = 0 in Table [4.7.2] (with the relation realized on the

Bs’mp;k in Table [4.7.1)).

Case | h™Y ugp h* ui, oy Vi
@|o o o o - -
™| - o — 0o 0 o0
© |- - 0o o 0o o0
@0 o - — 0 0

”

Table 4.7.2: Summary of some particular cases, which all entail kg = 0. A “—
symbol indicates that the Hall conductivity vanishes regardless of the value of
the corresponding parameter.

4.8 Phonon-photon coupling in a U(1) spin liquid

For completeness, and although this chapter focuses mainly on fermionic systems,
we also consider the coupling Heg between the strain tensor £ and an emergent
electric field:

Hep =Y > Aape[00Aa(7, ) — 8 Ao (T, 1)] Epe(T, 1), (4.35)

r ab,.c

where a,b,c € {x,y,2}, 0y = 07, and Ay e is the coupling strength. The
low-energy action of the electric field was derived in [loffe and Larkin, 1989] in
terms of Ag and A, the scalar and transverse components of the gauge field

in Coulomb gauge, respectively. This theory has two parameters: y = Wlmg

the spinon gas diamagnetic susceptibility and v = i—z the Landau damping
coefficient, with 7 the spinon density and mg the spinon effective mass. Details

of the model and our calculations are provided in appendix The phonon-

1
photon diagonal scattering rate is Dfllk)’A = DSk)’A + DS@’AO, where

2
2 —1 -3
N,AL ywi My K| _ .
D = e S |3 TRtk (4.36)
X |k| + & asb,c
1, ,—1 2
(1,40 My wp e 2m/mis ,
an "= hﬂ Wnk Z ka)‘a;bcgnkkc ) (437)
Wnk vr|K| asb,c

a€{x,y},a=r < a=yandb,ce<{r,y,z}.
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4.9 Further directions

4.9.1 Scaling relations

Our analysis of the scaling relations of kr,(T"), o (7") is still in progress. The
interested reader may find them in Appendices [L.D] and [AJ Here I will just
summarize our results for the temperature scalings of the phonons’ longitudinal
conductivity and thermal resistivity in a spin liquid with a Fermi surface of
d = 2-dimensional spinons and an emergent electric field.

quantity 1 KL, 95° L o
T—scaling T‘S T3_5 T’Y+1—2)\ T4—2)\+fy T'Y+1—2/\

Eq.ref | @149) (Eis0) @E147) ([@147)  ([@.151)

Table 4.9.1: Scaling relations derived in Secs. 14.1.2 |4.1.3] [4.1.4] and the corre-
sponding equation number where they appear. The exponents é = 0,1,3 and
v, A = 0,1 indicate which contribution dominates each scattering rate.

Our results are displayed in Table The value of § = 0, 1, 3 indicates that
the longitudinal resistivity is dominated by the scattering of phonons by sample
boundaries, fermions, or the emergent electric field, respectively. The values of
v =0,1and § = 0,1 depend on the comparison between several parameters
which depend on T, h, u®¥%* v®¥ t0 af m,, vp. I do not reproduce the full
discussion here.

4.9.2 Remark and outlook

This Chapter is still ongoing work. We want to investigate further the scaling
relations of k1, and py with respect to temperature, as well as the dependence
of pg on microscopic parameters.
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Appendix

4.A Derivation of the scattering rates

4.A.1 Diagonal scattering rate
We apply the general formula Eq. (4.3) to the model Eq. (4.7)), and using the

formula

(oo ® Fepunnc®: T ppisciaa) ), (4.38)

_ZE[/I Pl +kt (

_ i€p t
= 5P17p2541,€25f’1,€’2 X etfeite nF(6é17p1> - nF(ef'l,p1+k)) )

then performing the time integration [ d¢ e = 2716(Q), it is easy to derive the
result for ng), Eq. (4.9).

4.A.2 Skew-scattering rate

We apply the general formula Eq. (4.5) to the model Eq. , and using the
useful formula

q __ gq|n,t, +
nk Z Bk'p—lﬂk f&pfﬁ’,p—qlu (439)
o WA ’ 2

one arrives at the intermediate result

’ 2 . ’ . ’
Qﬂ%’gg/k/ = ﬁ 9%6 {/ dtdtldtQSign(tl)el(qwnk+q wn,k/)tel(tl—’_tQ)(qwnk_q wn’k’)

—q|n, 01,2, —id' D! —q'|n’ 2,0/ i’ D’ "In! £y,0), i’ v’ n,l3,

v } : B ql 1_1q e~ 'Pam2 g7 | 12_5, i4'Pana gl | 41j—q’ ol p3nSBQ\ 3
kip1— =57k K'pa— 5L k' K';pg— itk k;ps—

{pPilill}i=1.4 P1=73 P2 iPa— "5 P3

2

N NP N N
x 6Z P17~ py+gk (_t_tl)ez P2 “potalk! (_H—tl)el P4 py—g/K! (_tQ)GZ P3 ™ ‘p3—ak (+t2)

T T T T
x <[fp1,€1 fp1+qk7f'17fp2,62 fp2+q/k/,€/2} {fp4,€4 fp4*q’k/,fﬁp fp3,43 fPS*qk»gé}>I@} :
(4.40)
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Then, we apply Wick’s theorem:

(A Forvacts: Fpty Torrarons]) {lbaes or-arce Bty Foacts}),
= —0p,0,00 0500, 050040, Op1,ps—q'K Opi+gk,p2 Opo+q'k!,ps Ops,ps—gk
nF(Eph@l) (2nF(€p4,f4) - 1) (1 - nF<6p37@3))
+ 0st,.0,00,0,005,0,007 04 Opo+q'k’,p1 Op2,ps—gk Ops,pa—q'k’ Opi+qk,pa
nF(Epmfz) (2nF(€P3,€3) - 1) (1 - nF(6p47é4))
= 00y,0,00, 0505000, 04 Op1,p3—gk Opi+ak,p2 Ops,pa—a’k’ Opatq’k’,ps
nF(Eph&) (QnF(Ep&fa) - 1) (1 - nF(6p47f4))
+ 000,005,000, 05005, Ops+q'K,p1 Ops,pa—q'k’ Opi+gk,ps Opa,ps—qk
np(€ps,eo) (2np(epye,) — 1) (1= np(epg,e)) - (4.41)

The first two lines correspond to the KY term in Eq. , while the last
two correspond to the K term. We can then compute the time integrals: we
use [dte™ = 276(Q) and [ dtesign(t) = 2i PP, and finally §(2)d(y) =
20(x 4+ y)d(x — y), yielding the result Eq..

4.A.3 Anti-detailed-balance

We start from the definitions Eq. (4.14)).
They verify the relations

Ko (p) = Ky i 1B (p gk + g'K), (4.42)
Krieriie 2 (0) = K™ (b gk + g'K), (4.43)

and
K?Z,Lf{;;iv{fl,f4,f3,€2} (p) = [’Cgk‘,ff/’i/{el 2,03,01} (p)} * (4.44)
Kol ittt t2d () = [1c) | g At totil ()], (4.45)

Note that the hereabove relations, Egs. —, do not resort to QILk =
Q—x, since anti-detailed-balance is a thermal equilibrium property of 20°, em-
bedded in its commutator/anticommutator structure Eq., and which does
not depend on the form of @, at all.

Anti-detailed balance of the skew-scattering rate 20° can be checked in a few
easy steps. It goes as follows. Start from QBSI’(;?I’{T‘]/ as defined in Eq. (4.10). Then
perform the change of variables p — p + gk + ¢'k’. Then use Egs. , (4.43).
Then use ng(E) [l —np(E")] = e PE=E) pnp(E)[1 — np(E)] along with the
energy delta functions to extract the factor e? (qwnktd'wnne) - Then use Egs. ,
(4.45). Finally exchange (nkq <> n'k’q’). This concludes the proof of Eq. (4.6)).

4.B Symmetry constraints and discussion

4.B.1 Remarks about the phonon-fermion coupling

We considered the most general, translationally-invariant, coupling between one
phonon operator and a fermion number-conserving bilinear, deriving from a local
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coupling to the strain tensor. )k, the field to which the phonon annihilation
operator a,k is coupled, was defined in Eq..

Note that, contrarily to the case of a coupling between phonons and bosonic
excitations, as was studied in the second part of Chapter 3 (Section V thereof),
a term of the form Aﬁ’g fgvk(ﬂ is not allowed in @,k since the latter must be a
bosonic field, because it is coupled to a,) in the hamiltonian. Such a term is
also forbidden by the U(1) gauge invariance of the fermions, whenever it exists.
Indeed the latter entails number conservation. It also forbids “pairing” terms of
the form o) fT 1 (M) fr.

A few comments are in order. (i) Viewing the Fourier-transformed fermions
fre = \/7 dpe ~Pr f o (Nyc is the number of unit cells) as local annihilation

2,0 2,0
operators at site r, and rewriting Bn =2y t” K e’P" where the sum over n

spans the whole direct lattice, the an field then reads

0,0
an - Z tﬁ zkr f r+n,0 fr,g/a (4'46)

r,n, Ll

and one can interpret t"“ as a local hopping coefficient between sites distant
by n. (i) In Eq. (4.7), € #+ (' is a priori allowed, i.e. the interaction allows for
“intervalley” or “inter-band” interactions. More generally, 1:”;,,7 is not diagonal
in the ¢ basis. In the case where ¢ =1, is a spin-1/2 index, this means that the
phonon-fermions couplings depend on the choice of quantization axis, i.e. that
the O(3) symmetry of spin rotation is a priori broken, as per spin-orbit coupling.

Before considering specific instances of Bﬁ;f)’zl, we nonetheless make one as-
sumption about this otherwise completely general coefficient. We assume that
Bﬁ;’f)’gl arises purely from a coupling between the fermions and the elastic strain

tensor. In the strain tensor, a,, and aLk do not appear independently, but
always as the combination (ailk + a, ). In that case, without further loss

of generality, we can choose Q:Lk = @,,_y, Which translates into the constraint

B" ad (Bnﬁ rf +k) . This relation will have strong implications on the existence

of a nonzero thermal Hall effect, which requires the breaking of time reversal (see
Sec. .

Note that in principle, other terms can occur, for example through the cou-
pling of the fermions to the lattice momentum (see e.g. [Manenkov and Orbach, 1966,
Abragam and Bleaney, 1970, [Toselevich and Capellmann, 1995]). In that case,
the interaction Hamiltonian involves two phonon operators, and in turn should
be expected to yield a smaller phonon Hall effect compared with that of single-
phonon scattering [Kagan and Maksimov, 2008, [Sheng et al., 2006].

4.B.2 General coupling : strain tensor to fermions

In the following, 11, v = z,y, z are spatial directions, and £, (r) = % (8w, + dyuy) ‘r
is the strain tensor at position r. The FT is defined as £, (r) = \/%uc dp Euw(p)etPr.

Our starting point is a general translation-invariant local coupling between
the strain tensor and number-preserving fermion bilinears:
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H{b = Z Félez (1) + Ew(r + 1)) fghrfb,wm (4.47)

- Zg,w (F5#2(p>+F5#2(p+k>) Aotk (4.48)

where ), ‘162 (1) is a generic coupling constant, and the FT is defined as F 5#2 (n) =
\/ﬁ Zp Flf}f?( )e’P™. The constraint of hermiticity requires Fﬁ}/g? (n) = Fﬁ?,fl (—m)*,
or in other words Fﬁly@ (p) = Fﬁggl (p)*.

Expanding the strain in terms of phonon operators as in App.[d.G| above,
the coupling hamiltonian can then be expressed as H’ F= = ok @nknk +hec, i
which @,k takes the form Eq. - The corresponding “hopping coefﬁment

by Z/2 (kugnk + kyﬁnk)

t =
nkn Nyce p 2Mwnk

P11 (k4 1)F51f2 (p), (4.49)

in terms of which the hermiticity constraint reads (t EQ@{(_U)* = ¢~ kn thllf%. This

is equivalent to the relation B f)l b2 (Bnﬁi’ﬁk) given in the main text, which
is a consequence to the fermlons being coupled to the lattice displacement and

not to the lattice momentum.

4.B.3 Time reversal operation

In this subsection, we assume that the fermion index ¢ is decomposed as ¢ =
(0,a) where 0 = S, S —1,...,—S + 1,—S is a spin index (for any value of the
local spin S carried by the fermions f;,) and o encompasses any other time
reversal invariant indices. Thus £ = (—0o, a) denotes the time reversed index.

The time-reversal operator is 7 = UK where K denotes complex conjugation
and U is the unitary operator defined by U2 = §,, _,,(—1)°~1 (note that this
choice is not unique and depends on the spin quantization axis). Thus U reverses
spin within the o space and acts trivially within the « space.

The time-reversed coupling constant is then

014 — 01,0
T F2(n) - T = (=1)7 72 [F % ()] (4.50)
Equlvalently, the time reversed hopping coefficient is tflllf% = (=1)91to2 (tilsz)*.
The S = 5 version of this identity is t51£2 = —(=1)%12 (tﬁ{fim)*.

4.B.4 Identification of a symmetry of the model

We now ask if there exists a symmetry of the theory from which relations as those
described above hold. In other words, what symmetries of the total Hamiltonian

Hiot = anka KOnk + Zflpfgpfé,p
¢p

<Z Z anf ankfg,pfél,r’+k + h.C.) (4.51)

nk p,t,¢
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lead to Eq. and € p = 627_p? Since wpx = wp_k (which is always true
because the pure phonon theory is time-reversal invariant), and provided that
one can factorize &y ¢ = (¢(p with (,+y = £1 (which will be true in all the specific
cases we consider in Sec. |4.F.2), Eq. (4.32) and ¢/p = € _p are true if and only if
Hiot = 7A'Ht0t7A‘_1, where the anti-unitary operator T = UK is the combination
of complex conjugation K and the unitary operation

A

Uu: (CLnk, ff,p) — (an—lo Cff(z_p)' (452)

This is discussed in particular cases in Sec. Here we demonstrate
generally the above statement. We write Hio = Hq + Hy+ Hgyf as in Eq. (4.51)).
Then,

H, - ,7-Ha7—_1 = ank (alkank - aL,kan—k> = Z (wnk - wn—k) aikanka
nk

nk

(4.53)

Hy = THT =Y e (Flpfon = fL_fp) = (cen = 1) flpfom:
4,p L,p

(4.54)

H,;— 7A-1r1’af7A'_1 = Z Z (Bﬁ;’i,’z ankfzpfe’,mk

nk p,6,0
(BTL,Z,E/ * T - h
- k;p ) Cfcf'anfkfﬂ_pfécfpfk + h.c.

o0 v
=>_ > (BIZLP — G (Bik;*p)*> a”kfgvpffﬂwrk +h.c..
nk p,l,0
(4.55)

Thus, Hiot — T Heot 7T~ = 0 if and only if the hereabove conditions (along
with wyk = wp_k) hold. This proves the statement.

4.C Details about momentum-space integration

4.C.1 2D Dirac fermions
4.C.1.1 Diagonal scattering rate

The set of solutions, pf;’ﬁ;(y) = cf;’e/ () k+y2 x k+m,, is a curve parameterized
by one parameter y, where

/ 1 42
0.0 Y
e (y):2(yk\+na 1—@2_1{2), (4.56)
where a = (Wpk + tv,a — o)/ Vy-

The jacobian of the transformation from the cartesian coordinates to coor-
dinate y is

Sr=D/2p 8
Ty =1>" W (4.57)

= e ()% +
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as we have already shown in Chapter 3.

4.C.1.2 Skew-scattering rate

The solutions are, for j =0, .., 3,

Pj = t|j/2)V /2l + u(é%]j)wb/% + o. (4.58)

In the above, z [2] is x mod 2, [z] denotes the floor of z, and for i € {0, 1},
we note i = (—1)"*1 and define v; = ask; + (—1)’a1ky, W; = % x v; where we
use the shorthands a1 = o3(qwnk + ¢'wnk’ + tuas — Huay)/ Vv, a2 = 03(¢' Wk +

Hu,o3 — Nu,ag)/vua ki = —qgk — q'k’, ko = _q/k/'
(+)

Coefficients t; and u; " are:

agk% + (—1)ia1k% — a1a2(a1 + (—1)ia2)

ti = - : (4.59)
—B; + /B2 — 4A,C;
u® = 1 7 (4.60)

with
A =4ai, (Vi — (k; Ako)?),
Bi = (—1)"4ai11(k; Ako)(ai,y — Ky + 2(vi - ki1)ti),
2
Ci=—(afy — ki) —4(afy — k) (vi- ki)t
+4(a7 1 vi = (vi-kip1)?) 87, (4.61)

where V; AV, = Vi#VY — VJV{* for any in-plane vectors Vi,

Coefficients to; are always well defined, but for each ¢ € {0,1}, uz(»i) are the
solutions to a quadratic equation which has zero, one or two solutions, depending
on whether its discriminant is negative, zero, or positive.

Finally, the jacobian appearing from the intersection of the energy conserva-
tion curves is

kiAp. p. ANk
¢ £y P P 22
T (Pj) = v x |51 sy
€l3,p;€01,p;—k1 €l3,p;€l2,p;—k2
_kl /\kQ +p /\kQ —P. /\kl -1
+ 5182 — — . (4.62)

€01,pj—k1€l2,p;—ka

where s1 = —o0103 and s9 = —0903.

4.C.2 Quadratic dispersion in dD
4.C.2.1 Diagonal scattering rate

The solut/ion to the energy conservation constraint is given by p = 7 —&—f)ffl; +pL,
where P24 =k (—1/2 + m. [y — pe — wpk) /[k|?) and p, -k = 0 spans the whole
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(d—1)-dimensional hyperplane orthogonal to k, which is the projection of k onto
the d-dimensional space of fermionic momenta (thus for d = 3, k = k and for
d=2,k= (kg ky,0)).

The delta distribution is

|m*\

O(€ep — €rptk — Wnk) = K] 00 ([p = o] - k — [Pl ) » (4.63)

where k is the projection of k onto the d-dimensional space of fermion momenta
(that is, the zy plane for d = 2 or the whole space for d = 3).
Therefore, the integral is converted as follows:

d?p
o / (et = et piac — i F(0) (4.64
MMy oyl
’]k\| / 27r F(mo + Phy + PL),

where (k) is the (d — 1)-dimensional set of fermionic momenta orthogonal to
k, F(p) denotes any function of p, and f)ffl; is given in the main text.
4.C.2.2 Skew-scattering rate

The solution in the (ki,k,) plane to the two energy conservation delta distribu-
tions is

- {¢; ky—(k; -k, )k A oA
Bl =k Fy+ 1_Ekk§ (ol B — k| (K, - K) ). (4.65)
where
Py = (1/2 = mu [pe, — p — qwnne] /) (4.66)

Fy = (1/2 — M [:ufl — Hes — qWnk — q/wn’k’] /|k2’2) ’

where again k; = —¢k — ¢'k’ and ko = —¢'k’.
Then the product of delta distributions is

l;
DI (P) = 0(elf — €2 o — d'wmie) 3(qwnie + 0 — € + € s o)
(4.67)
2
my —1

= K, - Ky) ’k K

i) L~ % k)] [ <k
5@ (p _ et 168
X ( (k;xky) 1 [p Tl'()] pnk’n/k/), ( . )

where P xk,), [-] is the projector onto (k; x ky)1, the d — 1 dimensional
space perpendicular to k; x k.
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4.C.3 Generalization to a Fermi surface of any shape
4.C.3.1 Physical remark
It is possible to generalize the Hamiltonian Eq. (4.18) by adding:

e Rashba-like terms of the form «;;p;6;, where 6;, i = x,y, 2z are the Pauli
matrices acting in £ = & space, o;; are real coefficients ;

e Zeeman-like terms of the form h;5;, where h represents an external mag-
netic field.

Such addenda lead to a correction to the (otherwise spin-independent) fermion
energies,

Aep =+ Z(Z Qiip; + hl)2 (469)
(]

To leading perturbative order in app/h < 1, a;jp;6; introduces Zeeman splitting
of the Fermi surface (via the spin-dependent Aep) which can be captured by a
spin-dependent chemical potential p, = ¢|h|, already included in Eq. .
An /-dependent mass m, or momentum 7y only occur at higher orders in
apr/h < 1. In the case of a circular Fermi surface considered hereabove, we
thus considered implicitly the limit app/h < 1.

Much more generally, in the following, we reproduce the line of arguments
given hereabove, Sec[4.C.2] for the case of a completely general Fermi surface of
any shape in d dimensions.

4.C.3.2 Diagonal scattering rate

Again we write N%w >p — Vib ((;T‘))d, with V)5 the “volume” of the d-dimensional
unit cell.

The solution to the energy conservation constraint is denoted as p € Efﬁ;,
where %/ is a (possibly disconnected) (d — 1)-dimensional surface contained
in the d-dimensional space of fermionic momenta. Any fermionic momentum p

thus decomposes as p = Py [p] + p Luffl;(p), where Py |-] is the orthogonal
nk nk

projection onto Eff{( and uffl;(p) is the unit vector orthogonal to Zfﬁ; at position
szﬁi [p].
The delta distribution thus reads

8(etp = € pik — wnk) = Jike(Pyer [p]) 61 (p1) (4.70)

ee’
nk
where Jﬁ; is the jacobian of the coordinate change, namely

. ) , ot
Jﬁc(P) = % (Ee,p - 62’,p+k) : uffk(P) . (4.71)
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Therefore, for any function F(p), the following integral rewriting holds:

d%p
2 [ o bad(etn = e — i F(0) (4.7

R ) / K P
nk Yok Zee}i (27T)d*1

In particular, we find that

DY — 3 v / d*“'pg [
Y megy (2m)d=t TP

< I (Px) [nr(erpy) — nrler pyrk)] - (4.73)

2

4.C.3.3 Skew-scattering rate

The solution to the two energy conservation constraints is denoted as p €
Egilgﬁ},, where E%fﬁj is a (d—2)-dimensional set contained in the d-dimensional
space of fermionic momenta, which may be disconnected or (for d = 2) a discrete
collection of points.

Any fermionic momentum p thus decomposes as p = P ie) [p]+p.L, where

nkn’k’
Pﬁqi{,@ [-] is the orthogonal projection onto Efg{ffﬁ}/, and p, is defined by sub-
traction. ) /
For a given point py € 2%{;{5;{}/7 we also define Hff(ifﬁj (px) the plane of

fermionic momenta locally orthogonal to Ef:f(/iﬁj. For d = 2, H;ﬁ;gfj (px) is
simply the 2D space of fermionic momenta and is the same for all py, while
for d = 3, ngfé;{f{j is a 1-dimensional curve embedded in R? and HZ{&?{;},(pg) is
the plane locally orthogonal to it at the point ps. A coordinate basis for this
plane, p; = piu; + pauy, can be defined globally for d = 2 (take u,,u,) but
only locally for d = 3 (then u; 2 are functions of py).

For a given such choice of basis, the product of delta distributions is

@' A 1] 1) ? £
D’(r}llzm{’k’}(p) = 6(63 - €p2+q’k’ - q,wn’k/)5(qwnk + q/wn/k/ - 6p3 + Epl-i-qk—l-q’k’)
(4.74)
"{e: 1 1
= T (P [p]) 00 (01) 60 12). (4.75)
and the jacobian of the coordinate transformation is
o (45 ¢ o (45 4 -t
2 2
qq'{t:} op1 (€P3 B 6P+q’k’) ‘p o2 (65’ - 6p+q'k') ‘p
Jnkn’k’ (p) = y (476)
0 (651 _ 663) 0 (651 _ 663)
dp1 \ p+gk+q'k’ P/ |y 9p2 \"ptaktd'K P/

where we emphasize that p; and py are defined in a local basis which depends
on quq’{ﬁi} [p]

nkn’k’
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The skew-scattering rate then reads

’ dd_Qp 7). ’ . ’ .

o, _ Y 1qq'{t:} q,q’ {4} a,q {4}

mﬂk‘{g'k’ - Z Vdu[% qu/{gi} (27[.)(1—2 Jnkn’k’ (pz) Nnk,n’k/ (pz) Rnk,n’k/ (pz)
{Z’L} nk

n'k’
+ (nkq < n'kK'q), (4.77)

where the N and R functions were defined in the main text.

4.D Small momentum scaling behaviors

4.D.1 Linearly dispersing two-dimensional fermions
4.D.1.1 Diagonal scattering rate

The small-momentum scaling behavior, when |k| ~ |k’| ~ k, depends on the
existence of a Fermi surface. Two cases must be distinguished.

(i) For py =0, i.e. when the Fermi surface reduces to a point.

e For s = — the factor Anp is sizeable only for |p(y)| ~ k (< kpT'), namely
Anp ~ e POWE)  In the T — 0 limit, the [ dy integral in Eq.(#.19)
can be evaluated in the saddle-point approximation around y = 0, where

J50(y) =~ L, so that DY) ~ k'|B(K)|>

e For s = +, the [dy integral is over an ellipse with typical dimension
Ip(y)| ~ k, and where Jf, (y) = O(1), therefore ng) ~ kY B(k) 2.

(ii) For |pyo| > kpT, i.e.when there is a (circular) Fermi surface
around each 7,. Then only s = —1 contributions are significant. The factor
Anp ~ kv,n’y (where n/, is the derivative of the Fermi function, namely n’z(z) =
—B/ Tges(e®® 4+ 1) o —B6(Bx)) is sizeable only for |p(y)| ~ pr > k. Thus

—0

one can replace [ dyAnpg(y) — kg(pr) for any smooth function g. Besides, in
this limit, y/k > 1, one finds J,, (y) ~ y/k. Therefore ng) ~ KO1B(k)|?.

4.D.1.2 Skew-scattering rate

Again, two cases must be distinguished.

(i) For py =0: the solutions of the energy conservation constraints, when
they exist, are of order |p| ~ k. For such values of p the jacobian scales like

J (k) ~ k°. Thus W50, ~ R(k).

(ii) For |uyq| > kpT: the product of population factors N is sizeable only
for solutions p close to the Fermi surface. Therefore:
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e Decomposing p = prs +pu; where prg belongs to the Fermi surface and
u is locally orthogonal to it, we approximate N'(p) ~ 6 (p, ) [ dp N (prs+
piuy). The integral is O(kBFT).

e Denoting by X the 5-dimensional surface in the space of (k,k’) defined by
p1(k, k') =0, we have 6()(p) ~ %5(1)[(& k') € XJ.

e Finally, since |p| ~ pr one has J (k) ~ (pr/k)?. Therefore N' (k)R (k)T (k) —
BE R(k) x O(E2L)5(W[(k, k') € 3].

UF

e This, for k ~ T, entails the scaling Qﬂfﬁqzl,k, ~ k7IR(k).

(iii) Summary: we find 20°(k) ~ R(k) when there is no Fermi surface,
whereas 20° (k) ~ k~'R(k) when there is one. In both cases, as long as |y, —
pw.or| < kpT for all a,’, the energy denominators in R(k) are of order k', and
therefore R(k) ~ k~1KC(k).

4.D.2 Fermi surface of quadratic d-dimensional fermions
4.D.2.1 Diagonal scattering rate

Close to the Fermi surface we can linearize the fermionic dispersion relation, and
assuming piy < p%/m., the population difference is Anpg ~ kvpn’,. Thus, the
small-momentum scaling with respect to k ~ |k| can be obtained following the
same lines of reasoning as in App. . We find ng) ~ |B(k)|*>. Note that
this analysis does not rely on the particular shape of the dispersion relation, and
it applies to any d-dimensional Fermi surface. In particular, it coincides with the
scaling relation found in the case of 2D Dirac fermions with a one-dimensional
(as opposed to point-like) Fermi surface.

4.D.2.2 Scaling of the denominators

If the band splitting deg, o, = s, — pte, in Eq.(4.22) is much smaller than I'f, the
typical inverse lifetime of a fermionic excitation (proportional to the imaginary
part of the fermionic self-energy, governed by all interaction processes involving
the fermions), then the second term in the bracket in Eq. is negligible.
Indeed, this corresponds to a regularization of “PP% = 07, namely one has

0 . . .. . .
PP — ;24 which is negligible in comparison to the first term.
0ce.t O¢hy 04T}

Two different regimes can then be identified, depending on the Zeeman split-
ting:

(i) Limit of large Zeeman splitting of the bands: k*/m. < Ap = |ur — .
The main contributions to R(k) come from the smallest energy denominators in
the left-hand term of Eq. (4.22), corresponding to processes where (=1, =
0 — for instance when no spin flip occurs. Note that the right-hand term vanishes
in that case, formally PP% — 0 (see also the remark about the I'y regularization
hereabove). Then, it is easily shown that R(k) ~ k~2K(k). Therefore the small

momentum scaling behavior of the skew-scattering rate is Qﬁfl’(qg,k, ~ k3K (k).
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(ii) Limit of small Zeeman splitting of the bands: k%/m, > Ap = |ur — py.
The main contributions to R(k) come from the smallest energy denominators
in both terms of Eq. , which are of order Au. In the right-hand term
this requires deg, ¢, 2 I'y, as emphasized hereabove. In the left-hand term this
requires k-k’ = 0. Then, it is easily shown that R(k) ~ K(k). Therefore the small

momentum scaling behavior of the skew-scattering rate is Qﬂfl’(q;{,k, ~ k().

4.D.2.3 Skew-scattering rate

The small-momentum scaling behavior, when |k| ~ |k’| ~ k, depends a priori
on dimensionality. In d = 3, the integral over p along with the population
factor N' ~ kvpn’. scales obviously like k'. Meanwhile, in d = 2, where the
integral is reduced to a discrete sum, one can follow the same lines of reasoning
as hereabove to show that A” ~ k! as well. This result, namely [d%~?p, N (p) —
O(k%), is identical to that found hereabove, in case (2) with Dirac fermions. The
subsequent skew-scattering rate, 20°(k) ~ k~'R(k), scales like that obtained
for linearly dispersing fermions with a Fermi surface.

Above (Sec. we investigate the scaling of R(k) as a function of
k (~ kgT/vr). Depending on the relative magnitudes of (kgT/vr)?/m. and
Ap = |py — py], we find two different behaviors:

Kk for A kgT 2 /m
R(k) ~ (VB Tor A< (kpT ur) fme (4.78)
E=°K(k) for Ap > (kT /vr)*/m.
We write R(k) ~ k~2}, where A = 0, 1 labels the two behaviors; thus
WO (k) ~ k172K (k). (4.79)

We will resort to these results in Appendix [£.1}

4.E Details of the specific model

4.E.1 General method for the couplings

Starting from Eq. (4.26)), we Taylor-expand the couplings with respect to the
displacement field, ¥ = r + u(r) where I belongs to the distorted lattice and r
to the undistorted lattice and w(r) is the displacement field at site r:

af ~ af
L{f._f.//} ~ L{r—r”} (480)
) B
=D (u(r) —u(’)) - Su() Lgsmy|, g
! ! 8 !
2% o~ K%+ (ulr) —u(r))) - o Kpy* A (4.81)
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to the order O(u). Thus Hy, = Hf/), +Hj,+..., where “+...” accounts for terms
of order O(u?) at least, and

Hy = Y o, (w(r) —u”)) o (4.82)

0 /
. 61./ N~ Kaa
( T op P

0 oo/ >
p=r—1' - 51"”'/ (511,(1‘”) L{?Pru} wu=0/"

where the set {n + u} stands for {r — T + u(r r) | T}
Then, expanding the displacement field in terms of phonon operators,

1 eik-r Enk

\/Nuc nk \/2Mucwnk

u(r) = (@ + 0l ) (4.83)

we obtain the spinon-phonon coupling Hl’z) = >k Onk@nk + h.c., where we iden-
tified

Ni'

_ c ik
@k = 2 Myt "kz%’p ( ) (4.84)
. o , 4]
ipn af —ikn af
8 <6 a7 | T Guly) M) u:o> V8.pik -
Finally, upon rewriting ¢, p = Ug‘e fep, we identify
Ba EK (U-I-)éa (U +k)a/£/ <€,L'pn a aa + efik'r, 5 Laal )
kK~ P ’ ' )
n;P; P apr P | Sua(n) In+ulm)} w0
(4.85)
as defined in the main text, Eq. (4.30)).
4.E.2 Phonon-fermion coupling constants
Considering the particular case Egs. (4.27)), we find
~ ;EKI
Bk = [Zb @ yoga/ (ezpnv te lknugn) (4.86)
+ e anuan Y +€ant0 50«1’] (Ug)ea(Up—kk)a/ya
where
th, = Op Jg\pzn, (4.87)
0
Upy = thn/Jru(n/)}‘u:O, c=ux,Y,2, (4.88)
V(CL,,’ = iEZCE (50,6 + Te 8[)“) « ’P:"? ’ c=x,Y, (489)
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where € is the Levi-Civita tensor, c = z < ¢ = y, and 5“% denotes functional

derivation with respect to the ath component of the displacement field at relative
position 7.

Hermiticity of HS} imposes JS = (JB,,)*, 045 = (ozf_{n)* and h?n} € R. We also
assume for simplicity that Jg = J9,7 and a?, = ar_{n.

As the gradient of isotropic magnetic exchange, the coefficient tg77 is typ-
ically the main contribution to spin-lattice coupling, and its role in thermal
longitudinal conductivity has been considered for a long time in antiferromag-
nets [Cottam, 1974]. On the other hand, ug3® and vg’y, which are gradients of
the g-tensor and a Rashba exchange, respectively, are typically small but play an

important role in the mechanism for phonon Hall conductivity which we derive.

4.E.3 Momentum-space rewriting of the unperturbed spinon hamil-
tonian

We used the convention ¢y o = \/% >p e~ o. The reciprocal space repre-
sentation of Eq. (4.26) (in the undistorted lattice) is

H) =>4, (Z ePTK P 4 Lf{‘,ﬁ) Vg.p- (4.90)
P n

With the particular values for Kﬁ’ﬁ and L?n/]% defined in Egs. (4.27), this
becomes

Hy =3 k(Do €®Mndas + 3 hiyoss
p n a

— ZZ P 0‘5 (nxagﬁ — nyagﬁ) VU8, (4.91)
n
We now define
wg = Z eip”Jg, (4.92)
n
wp = hgy —i—z’Zeip" 0‘5(’7 X 2), (4.93)
n

such that the spinon hamiltonian in the undistorted lattice reads Hfz =

>p 1/1}; (WYl 4+ wp - o) - Yp, i.e. more explicitly

o)=Y i, (mwg + ngagﬂ) Pp,g- (4.94)
p,af b

We note that because of both hermiticity constraints and our simplifying
assumptions mentioned above, both h and w are real vectors, and in addition
wp(h) = —w_p(—h). Besides, in the following we consider that the “effective
magnetic field” h is directly proportional to the external magnetic field h — this is
supported by the microscopic derivation in AppM.G| Therefore reversing h — —h
is equivalent to reversing h — —h. Thus, we rather write wp(h) = —w_p(—h)
from now on.
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4.E.4 Diagonalization

As a quadratic hamiltonian, Hfz is readily diagonalizable, by a unitary trans-

formation of the spinon operators, ¥p o = >, Uro,‘ffpj such that HO = H}), as
defined in Eq. (4.8). We parametrize the unitary transformation U according to

Up(h) = @) st (4.95)

sp(h)  cp(h)

with cp(h) € R and cp(h)? + [sp(h)[?> = 1. It is important to note that cp
and sp, and therefore Ugg, are not necessarily continuous with respect to p.
In fact, infinitely many different wavevector parameterizations can be chosen to

diagonalize H 3). Indeed, an equivalently good choice of diagonalization is Up —

Up [ 767 100y ] (Fs(P)L+ (1= f3(p))o®) for any fia(p) € U(1) and f5(p) €
{0, 1}, however singular. Two specific choices will be particularly useful in the
following. More precisely, choice [—where the band index coincides with the spin
index in all the BZ—is natural in cases where h* # 0, while choice II-—where
band and spin indices coincide only in half of the BZ—is more natural when
h* = 0. They read as follows:

(i) Choice I: this choice corresponds to a continuous Uge . It reads

@) h) — wi+|wp| . (1) h) — whFiwg 4
@ 0 = Zmeermr W= e (4.96)

for all p. The dispersion relation is then
I
e (h) = w + £ [wp (h)], (4.97)

with ¢ = & =1, |. It satisfies eg;(h) = 62)71,(—")‘

(ii) Choice II: this choice corresponds to a US‘[ continuous within each of
two subsets Dy partitioning the momentum space, but discontinuous at the
boundary. More precisely, we divide R?* — {0} into two subsets Dy and D_ =
R3 — {0} — D, such that p € Dy < —p € D_. For the sake of concreteness,
consider D = {p, > 0} U {p, = 0,p, >0} U {p = 0,p, > 0}. Choice II reads

peD.: ey (h)=ch(h), sp”(h) = st (h), (4.98)
peD_: 4 (h) =" (h), s57(h) = s")(~h). (4.99)

Denoting sp(p) = >_,—4 slp,(p), the dispersion relation then reads
erp(h) = wg + Usp(p) |lwp(h)|. (4.100)

It satisfies egp(h) = 5 (—h), where { =1 < l=].
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4.F Symmetries in the specific model

4.F.1 Explicit expansion of B

In the microscopic model for phonon-spinon coupling we consider, the auxiliary
quantity appearing in the coupling constant, Eq. (4.86)) in the previous Appendix
and Eq. (4.31)) in the main text, reads

* * *
a0l ipn,0 CpCp+k t SpSptk  —CpSpik T Splp+k
e = PO, (4.101)
gl ) *
~SpCp+k T CpSp+k  SpSpix +Cplpik /
_ * _ * _ o*
—ikn, 2 CpCp+k — SpSp+k CpSpik — Splp+k
e gy
*
~SpCpt+k T CpSptk  SpSpyk T Cplpik /
* X L%
L ogte CpSp+k  CpCp+k Lz SpCp+k  ~SpSpik
UBSHS UBSHS “ ’
—SpSptk  “Spfptk / ‘pCp+k  ~CpSpix/ ,,
: ta _ —ik T oY i x Y
where we write Z, 5 = e”""(ug ,, & tua.n) + €P(vg , +ivay).

Its behavior in limit cases is explored below. As a consequence of our sim-
plifying assumptions formulated in the main text, all four coefficients u®®¥->
hereabove are purely real, while both coefficients v¥¥ are purely imaginary.

4.F.2 Detailed symmetry discussion of the microscopic model

In this subsection, we show how the presence of certain symmetries, at the level
of the phonon-spinon couplings and the fermions’ wavefunctions and dispersions,
forbids a phonon Hall conductivity.

Two such particular cases are quite intuitive:

e (i) Preserved time reversal symmetry: assume h = 0 and ugy® = 0. Since

ug¥® = 0, the relation Eq.([@32) with & = —(—1)°¢ and ¢ = ¢ holds.
Using diagonalization choice II along with h = 0 yields ¢, = ¢; p which
concludes.

o (ii) Absence of spin-orbit coupling: assume 045 =0, vay =0 and ugy” =

0. Using diagonalization choice I, Uy is independent from p, therefore
Bf’;gk = e"p"tg’néglg/. Besides, €/p = € _p. Thus, the relation Eq.(4.32)
with & ¢ = 1 and £ = £ holds.

We also explore two other cases which are less intuitive:

o (iii) Effectively preserved time reversal symmetry: assume oz? =0, vgn =0,
h* =0 and ug , = 0. Using diagonalization choice I, €/p = € _p- Besides,
Cp = % and s_p = —sp, so that the relation Eq.(4.32) with £ =1 and
{ =7 holds.
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o (iv) Effective absence of spin-orbit coupling: assume h™Y = 0, a = 0,
Vain = 0, ugn = 0. Then using diagonalization choice I, Up = Tax2 suffices
and the relation Eq.(4.32) with { » = 1 and ¢ = £ holds.

A summary of these four cases is given in Table [£.7.2]in the main text.

In all other physically relevant case as far as we are aware 205 e +
QUG M 7 0 for generic k, k. Therefore ky does not vanish a priori. How-
ever, other relations imposed by crystalline symmetries (notably, the mirror
symmetries) may still impose a vanishing Hall conductivity. This is still work in

progress.

nkn

4.F.3 Anti-unitary symmetries

The above partlcular case (i ) highlights the importance of one anti-unitary sym-
metry 7 = UK defined by £ =7, ¢, = (— )‘SH (i.e. L{f —i6Y). Thus, when
¢ =7,/ identifies with a spin-1/2 index, this 7 is the traditional time-reversal
operator [Wigner, 1959].

The other instance for 7 identified in (iii) hereabove corresponds to f =
¢ =1 (i.e. Uy = 6%). Finally, in (i) and (iv) hereabove, 7 corresponds to

It appears that £ = £, ¢, = (—1)%4, i.e.Z:{f = &%, is not represented in the
specific cases we have identified.
These results are summarized in Table £ 7.1 in the main text.

4.F.4 Reformulation in the basis of Pauli matrices

Here we identify B* for u =0,x,y, 2

a,n;pk
BY o = P (cpCpiic + Relspss ) + e KMz (iTm[spsh )
Z:lr,p k% (CP5P+k 8P0p+k) + Zr?p-ki (S Cp+k — Cp5p+k) (4.102)
BZ’,7 pk = e’p"to (z m[shspik]) +e Z1“7uM,(cpcp+k Relspsy )
Z+;k; (cpSp+k + spepik) + Zn;p;kj (5pCprk + CpSpik) (4.103)
B””ﬂ7 ik = €PM) - (cpiTm[sp k] — cpikiTIm[sp))
te lknua (= cpRe[spia] — cpraDesp))
+ Z;;kg (cpcp+k — spsp+k) + Z;;’g;k% (cpcp+k — s;S:‘H_k) (4.104)
Ey,n pk — ety i (cpyiRelsp] — cpRe[spyil)

+ eﬂk"ua (= cpraIm[sp] — cpTm[spi])

+fa i o i
+ Zy s (3pSpik T epCpik) + Z, 50 5 (— SpSpik — Cplprk)  (4.105)

3(in the sense that u® can only be nonzero if h® # 0 as well, and similarly v’ can only be
nonzero if o™ # 0)
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4.G Microscopic derivation of the model

4.G.1 Mean-field derivation of the spinon hamiltonian

Here we show how a quadratic fermion Hamiltonian such as Eq.(4.26) can be
obtained from a standard a mean-field treatment of a spin hamiltonian.
We start from the spin hamiltonian

HY = JESESh = gfb_nh®Sy, (4.106)

where a,b = z,y, z are the spin directions, Jﬁl;, = Jll,’,‘fr is a magnetic exchange
constant, h is the external magnetic field, and g?ﬁ’_r,,} is the local g-tensor at site
r which in principle depends on the positions r” of all the lattice sites because
of crystal fields.

We rewrite the spin operators as S, = %Zaﬁ ¢Iaaa5¢r5, where Yy, is
an Abrikosov fermion at site r (in the undistorted lattice) and o =1, is the

spin—% index of the fermion. This provides an exact rewriting of the theory,
provided that the constraint T/’Ial/fra =1 Vr is enforced exactly at each site.
[Baskaran and Anderson, 1988] The latter can be enforced by adding a Lagrange
multiplier term L4 = >, AV (wial/}m — 1) to the lagrangian density, where
functional integration over AY(7) enforces the local constraint. When fluctua-
tions of the scalar field A(7) are neglected, the hereabove constraint is only
enforced on average in the ground state, and AU acts only as a local chemi-
cal potential for the fermions. Following [Lee and Nagaosa, 1992], we make this
approximation in the following.

Expressed in terms of Abrikosov fermions, the spin Hamiltonian Eq.([4.106)
reads

1w b
H‘g - Z 1JI(‘l,r’wiaagﬁwrﬁlflifa/da/ﬂ/lpr/ﬁ/

r,r’/

a ol
a Z g{g—l‘”}h 5 Z; wiaaga’wra’v (4.107)

i.e. it is a theory of interacting fermions.
We then perform a Hubbard-Stratonovich transform of the four-fermion cou-
plings, in the channel where the expectation values

Xeb = (Ylathey) = O (4.108)

can become nonzero, while contractions of the form (171 or (1¢) remain null.
This hypothesis breaks the SU(2) gauge invariance of the initial parton descrip-
tion [Misguich, 2011], but preserves a U(1) gauge symmetry ¥ar — €@y,
Note that because of these local gauge transformations, x5 |, is only well-defined
in a given gauge choice. 7
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The mean-field decoupling, schematically
plvlppe — (4.109)
%( (lvn) v} + i (wwl) — (wlve) (il
+ () wln + vl (vl — (vl (Wl ),

yields the following rewriting of the spin hamiltonian:

1
H’S’ = —1 (Xl‘ I‘JI(.ZI./O'QBO'Z)/O/ — 61‘ I'/Xr” I"J //Uga/0g51>¢la’¢r/a/
- ng{lllzfr”}hag Z ¢Ia03a/¢m/- (4110)
r af

Note that Eq. can be understood as an ezact rewriting of Eq.
if the Hubbard-Stratonovich field x; 7, is treated as an independent bosonic field
free to fluctuate. The mean-field apbroximation we make consists in neglecting
amplitude fluctuations, and thus making the ansatz x; . = Xﬁ‘},e—mr’r’, where
yi‘;, is now a gauge-independent fixed quantity, and the associated U(1) gauge

field Ay, absorbs the gauge transformations of fermionic fields:
Yar = €y 1 App — App +0(r) — 0(r) (4.111)

leaves Hg invariant. Thus Eq.(4.110)) is an effective theory for fermions (hence-
forth called spinons) coupled to a U(1) gauge field. We can identify it as the
hamiltonian H 3} in the main text, Eq.(4.26]).

From our mean-field ansatz, the parameters Kﬁf‘;/ and Lf{"l?‘ir,,} are given by:

aa’ 1 a
KI'*I" = —(1 — 5 )4Xr I'J b/aaﬁgﬁ/a s (4112)
?f_lr//} = ( Zm //J "y T *hag({lr r.//}) Taals (4113)

where we defined the particular quantity

mg = (Yl,08sts) = 02sx 28 (4.114)

which can become nonzero in presence of an external magnetic field.

4.G.2 Choice of magnetic exchange and mean-field parameters

In this subsection, we show how particular hamiltonian parameters such as those
proposed in Eqs. can be obtained from Eq. for a given choice of
magnetic exchange constants Jl?’l;, and of spin liquid ansatz x; ..

We choose the magnetic exchange constants in the form 7

T = T 60, + Zar rin (2 X 1) T e, (4.115)

195



where J;Sr, is the isotropic component (i.e. Heisenberg exchange) and J|g| is the
strength of a Dzyaloshinskii-Moriya interaction with a bond-dependent D(n) L
1 vector, where 7 is the bond vector.

We assume that the spin liquid mean-field parameter takes the form

Xf’i (1 - 51‘ r )X|r r\éﬁb” + 61' ' Xr rBa (4116)

where the xry ansitze determine the value of m, the local magnetization. This
form, Eq.7 corresponds to the “uniform spin liquid phase” in the termi-
nology of [loffe and Larkin, 1989]. Note that if the initial spin model Eq.(4.106)
were isotropic (i.e. J% = J°§,), this ansatz’s isotropy in spin space (i.e. dgz)
would signify the absence of spontaneous symmetry breaking. Here, since our
initial magnetic model contains anisotropic exchange, it must be understood as
a simplifying assumption.
These two assumptions Eqs., entail

Il‘lfr’ = - Jrl'sr’X|r r|6o¢a’ (4117)
0 7D (2
— Z Z(Sr/7r+nx|’fl|J"fl|('z X 7/])60'3&/,
n
where we used the identities [0%, 0] = i€®0¢ and Y, OapOarg = 20ap0ap —

504,6’50/ B
We have thus shown that the model for magnetic exchange Eq.(4.115]) to-
gether with the mean-field ansatz Eq.(4.116)) yield a spinon Hamiltonian of the

form Eqs.(4.2614.27]), with the parameters

1
J) = x|r | e (4.118)

1
Oéll.%ir/ = —*Xlr_rlljlr_r/l (4119)
h?r_r//} = — Z mr// Jr” — *hag({lr I‘”} (4120)

Note, in particular, that the 1nver810n—breaking Dzyaloshinskii-Moriya inter-
action between spins manifests itself as a Rashba interaction between spinons.

4.G.3 Magnetization mean-field Ansatz

It is possible to derive mg, or equivalently x,r, as a function of the applied
magnetic field and other parameters of the problem. We start from the spin
hamiltonian

HY = ZJ“b,Sa b — Zg o hSy (4.121)

and in a mean-field approximation we replace S¢ — m¢. Further assuming that
Xrr =: X I8 uniform, one obtains the following result:

= [(Cw Jew) ] S heaf oy (4.122)

This is the classical value of the magnetization, which we use as a consistent
Ansatz parameter.
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4.G.4 Further simplification

We start again from Eq.(4.110)). Because we know that the mean-field magneti-
zation m satisfies

Yo mEn T = hogE . (4.123)

r//

we have, in real space and then in reciprocal space,

1 . » A
Hq(z’ - _Z Zd};r‘,a (X?r—r’| {Jfg,daa, - ZJ‘II?_r/‘ z - ([I’ — I'I] X o'aa/)}
r,r’
a ab b
+61‘7r'h g{rfr”}o-ao/) ¢r’,a’ (4124)
1 1~ stoepre) [ o
Hy = =3 2 tha | 2o { T — i 2 (i =] x )
p,p’ r,r’
Gyt Ot | Vit (4.125)

Now we assume

ri‘??’ — Jiso ILr,r’ n.an.» (4.126)
J|173| — Jp ]17] n.n., (4127)
Xpe—er] = X0 L/ nn. (4.128)

Note also that as long as only the hamiltonian in the undistorted lattice, Hfz,
is considered, we may just as well consider gg, 3 — go as a constant tensor.
Indeed the set of vectors {r —r”} is constant, and simply given by the definition
of the undistorted lattice. Consequently,

1
Y = -2 Yl el (1120)
r n
+ ]ln n.n. {Jiso(saﬂ + ZJD zZ- (77 X O-aﬂ)}XO wr-i-n,ﬁ

where Zn spans the entire lattice and 1, ,, . is 1 if 77 is a nearest-neighbor vector,
0 otherwise, and

1
HY = LS vha bty o
1
b Y et i 3 % 00}

7 n.n.

in reciprocal space.
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4.H Phonons coupled to an electric field : details

Hereabove, we considered the coupling of phonons to fermions, which can be
charged under a certain U(1) gauge field — be it the usual electromagnetism
if the fermions are electrons, or an emergent gauge field enforcing some local
population constraint. Yet we have not considered the field line (or Aharonov-
Bohm phase) accumulated by the fermions as they move. Cases where this can
no longer be neglected, and the physics becomes that of charged fermions in an
electromagnetic field, are not considered in this paper.

Meanwhile, the gauge field can still couple to the phonons, and contribute to
the phonon scattering rates. In this section, we compute the latter in the case
of the emergent electric field in a spinon Fermi surface spin liquid. We find the

diagonal scattering rate Egs.(4.37)).

4.H.1 Definitions

We use the definition of the strain tensor in terms of phonon operators:

7/ Nue

E*(rr) = 5 % e (Reuc+Kel)
X (akn e nkT aT_kne“"kT) ekr, (4.131)
The electric field is
Eo(r,7) = 0o Aa(r, 7) — OaAo(r, 7) (4.132)
_ 1 ; (prﬁJw kg AL ) i(kr—wpT)

k iwp

4.H.2 Model of interaction

We start with a generic coupling hamiltonian between the electric field and the
strain tensor:

Hep = ) Aape[00Aa(T,r) = DaAo(7, 1)) Epe(T, r)‘ (4.133)

r ab.c -

where a,b,c € {z,y,z} and Jy = i0; — we use imaginary time conventions for
later convenience. The constant A, is the intensity of the coupling; its first
coordinate transforms as a vector, the last two transform as a symmetric tensor.

Note that such a coupling assumes the breaking of inversion, since an electric
field is inversion-odd. Meanwhile, we do not consider a coupling involving the
emergent magnetic field. Indeed the latter, being time-reversal odd, cannot
couple directly to the strain tensor but only to the lattice momentum, which is
not considered in this paper (recall the discussion in Sec. .

By definition,

1 1 . .
A(T,r) = —— g - g e 7T Ay, e'KT 4.134
( ) vV Nuc k B iwp k7 P ( )
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Now, we consider that the space component of the vector potential is in-plane
and parameterized by

k¢
i,iwp = A‘ll( Jiwp ‘k| + 4 kzwp bz Ezba |k‘ (4135)
T,y

for a = z,y. Fixing the Coulomb gauge, one then has A{L iy = 0. Thus the
phonons are coupled to

@ Nasbe

an_Q\/:Zm[( )k+( )*kb]
X (Zeazd“j B0 AL (0) — ik;aAg(O)). (4.136)

d

4.H.3 Dynamics and correlations of the gauge field
4.H.3.1 Definitions

The low-energy theory of the electric field is given in this gauge by Sq4 = S41 +
SAO, with

Jwp|
SyL = ,ZZ iy ( i + k2 ALk iy (4.137)
|wp| 0
Sao = 722 b iy — o (1 ~opli Ay (4.138)
iwp
where v = 2—” with 7 the spinon density, x = 5 47rm the spinon gas diamagnetic

susceptlblhty and mg the spinon effective mass. [loffe and Larkin, 1989] The
action Eqgs.(4.137)), (4.138]) provides an accurate description of the gauge field

dynamics in the limit where v‘:ﬁll < 1. [Kim et al., 1994]

4.H.3.2 Correlations and results for A+

From the definition of the euclidean action, Eq. (4.137)), the Matsubara Green’s
function for the transverse A+ component is

-1
G (k,iwy) = (7“{“ + k2> . (4.139)

From it, we can deduce the retarded and advanced Green’s functions, ob-
tained by replacing iw, — w+i0" in G 41 (k, iw,) written as a function holomor-
phic in the corresponding complex half-plane:

-1
GR/A(k w) = <:Fz’y’k‘ + Xk2> . (4.140)

The combination 4 (Gfll (k,wpk) — Gil (k, wnk)), explicitly

_2|’yf|wnk
(2P + ()P,

/ dte= ([ AL (), AL, (0)]) = , (4.141)
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(1),A+

ke given in the main

is of particular importance, being directly involved in D
text.
4.H.3.3 Correlations and results for A°

From the definition of the euclidean action, Eq. (4.138)), the Matsubara Green’s
function for the A° time component is

) 2w w -t
G ok, iwy) = p— (1 - v’Fﬁl|> . (4.142)

From it, we can deduce the retarded and advanced Green’s functions,

. —1
R/A 27 w
GRIM k,w) = o (1 + UF|k|> , (4.143)

(1),4°

then follow the same steps as in the previous subsection, leading to D,

given in the main text.

as

4.H.4 Summary of the results

Here, we only compute the contribution to the diagonal scattering rate (i.e. to the
longitudinal conductivity) since Hgp does not break time reversal and therefore
the corresponding contribution to the Hall conductivity is vanishing.
. (1),A _ ~(1),A*+ (1),A° .
The result is D" = D, + D, with
2

2 A1 k|—3 _
D(1)7Al — M Z ezaak/‘a)\a;b052kkc ) (4144)

X%kﬁ""ﬁ&% a;b,c
2
0,40 Milwn! 2m/m
D = S |3 Fadaeei| (4.145)

Wk vp K| asb,c

where a € {z,y}, a =z < a=yand b,c € {z,y,z}.
1
In the small momentum limit, [k| < y/cpny/X, one finds the scaling Dfllk)’A ~

k3, while in the “less small” momentum limit, Vepny/x < k| < kp, one finds
1 0
Dfllk)’A ~ k™. Besides, Dfllk)’A ~ k3.
Note that the time component is screened, while the transverse component
is Landau-damped; therefore at low momentum these have the same scaling

behavior.

4.1 Scaling and orders of magnitude

In this section, we summarize the parameter and temperature scalings of the
phonons’ longitudinal conductivity and thermal resistivity in a spin liquid with
a Fermi surface of d = 2-dimensional spinons and an emergent electric field.
The form of the phonon-fermion couplings is that of App. 4.E We recall the
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momentum scalings of the scattering rates, first derived generally in App. D]
and then specified in the given model we study in Sec. We also include the
coupling to the emergent electric field, considered in App. [4.H]

The resulting scalings of physical quantities such as x;, and gy are summa-
rized in Table [£.9.7] in the main text.

4.1.1 Parameter scalings away from the specific cases

Starting from each of the specific cases identified in Sec.[d.F.2] we turn slightly
off zero all the null parameters in the corresponding line of Tab.[£.7.2] By in-
spection of Eq. , we extract the leading-order contributions which break
the symmetry relation identified in Sec.[4.F.2] for the said specific case.

We find that the effective skew-scattering rate 209 features a combination
of at least two small parameters among h?, u®, o in the following way:

Wt o O(t°)* x (4.146)
O (of (u* + u™ + h*t 4+ h™vt0)
+ ux7yhzhx’y + uz(hx7y)2 + hzvx’y + hI:yVI:y)

Note that all terms in the first O(...) have the same structure: they are all
time-reversal-odd (i.e. they contain an odd number of h or u factors), as befits a
contribution to the effective skew-scattering rate; they all contain either one t°
or one u or one v coefficient arising from magnetic exchange spatial derivatives;

they all contain at least one off-diagonal (in spin o =1, | space) coefficient among
h®¥, u®Y, v&Y ol

4.1.2 Scaling results from the phonon-fermion coupling

The scalings of the diagonal and skew scattering rates, in the case of a d = 2
spinon Fermi surface with quadratic spinons (with effective mass m;! ~ a2.J°
and Fermi velocity vg ~ aJ?), were derived in Sec. m

4.1.2.1 Diagonal scattering rate

The coupling coefficient Bgfl appearing in D,y is dominated by the contribution
of t%, so that B(k) ~ k'/2t0. Consequently, following Eq. , the parameter
and momentum scaling of the diagonal scattering rate is Dnlk’f ~ kKtO(t9)2.

Note that this is different from the variety of scalings obtained in the case of
an ordered antiferromagnet (cf Chapter . This is because, in an antiferromag-
net, the slow variable, namely the staggered magnetization n, and its conjugate
momentum, the net magnetization m, are expanded in terms of canonical bosons
as np ~ Qp Y 2bp(“ and mp ~ Q%,/ 2bp(“; therefore various powers of momen-
tum appeared in mm,mn and nn terms. Meanwhile, in the present case the
spins are simply expressed as S ~ fio f, thus appearing with no extra powers
of momentum in their coupling to phonons.
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4.1.2.2 Skew-scattering rate

The various contributions to 2= (see above, Sec.) can scale differently
with momentum, because of the momentum dependence of h in the presence
of a Rashba coupling. The dominant contribution at low temperatures (which
has the smallest power of momentum) comes from cases where a® = 0 and
v®¥ = 0, for which all four coefficients scale like B(k) ~ k/2. A crossover occurs
at momentum k = u/(aft’h), above which one of the four B factors scales
like B(k) ~ k%2; we note this B(k) ~ k7*1/2, where v = 0,1 indexes the two
behaviors. /

Consequently, following Eq. (4.79), the momentum scaling is Qﬂfﬁgfﬁ ~
k7122 This means for the inverse skew-scattering time

1

Tskew

~ KPS o A2 (4.147)

with
A=0 for Ap < (kgT/vr)?/m.
for Ap > (kT /vr)?/m.
v=0 fork < u/(a?th)
v=1 for k> u/(aRth)

(4.148)

4.1.3 Scaling of x.(T)

The longitudinal scattering rate appearing in the general formula for s, Eq. ,
which identifies with the inverse typical scattering time 7—!, is the sum of dif-
ferent contributions:

Do = DT+ DDA L B (4.149)

following Matthiessen’s rule |[Callaway, 1959]. Here Dfllk)’f and DT(le)’A are the
phonon scattering rates due to their coupling to the fermion bilinears and to
the electric field, respectively. Their temperature scaling for typical thermal
momenta, such that we may replace wy ~ vpnk ~ kT, are Dsk)’f ~ T' and

Dflllz’A ~ T3. As already mentioned, D,k is an extra contribution due to other
scattering processes, which we consider here to scale like a constant, as results
from e.g. boundary scattering. We summarize these different scalings with 771 ~
T° where § = 0,1, 3.

Using these scalings in Eq. which has the form x, ~ % [d3k k(Q) (k)
for a generic function F', we obtain the scaling for the phonons’ longitudinal
thermal conductivity in a spinon Fermi surface spin liquid with quadratic dis-
persion:

KIL T?

T 7 Cy+ CfT + CAT?
where C,, Uy and C4 are dimensionful parameters corresponding to the scatter-

ing of phonons on boundaries, spinon-hole pairs, and electric field excitations,
respectively. In terms of scaling law, rp ~ T30,

(4.150)
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4.1.4 Scaling of oy (T)

As we emphasized in Chapter [2], the thermal Hall resistivity op is a much better
measure of phonon chirality than the thermal Hall conductivity kg, in that its
temperature scaling coincides with the momentum scaling of the skew-scattering
rate 09 A consequence of this is that the phonons’ coupling to the electric
field does not contribute to g, while it does contribute to kg oc 209 /D?
through the diagonal scattering rate D. Therefore, in a spinon Fermi surface
spin liquid described by the model hereabove, we expect

ou(T) ~ TYHI=22, (4.151)

due entirely to the phonon-spinons coupling.
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Chapter 5

Appendices

5.1 Field-theoretical approach to phonon thermal con-
ductivity

In this appendix, I re-derive our result for the longitudinal thermal conductivity
of phonons, using the Keldysh formalism of nonequilibrium field theory.

5.1.1 General steps toward the kinetic equation

Here is a brief summary the general steps of the Keldysh formalism leading to the
quantum Boltzmann equation. A few notations and conventios are also defined.

5.1.1.1 The Schwinger-Baym contour and Keldysh rotation

Nonequilibrium field-theoretical techniques, among which the Keldysh foralism,
involve time integration along a contour in the complex time plane from —oco+:0
to 400 + 40, then back from 400 — 70 to —oo — ¢0. This contour is denoted C in
the next few lines. Then for any field @,

+oo
/dtfb(t):/ dt (B¢ +i0) — Dt — i0)) . (5.1)
C —00

Then one performs the Keldysh rotation:

pl/a(p) — \2 (@t + 10) + Dt — i0)). (5.2)

This defines the “quantum” and “classical” fields, in which language the Keldysh
theory is expressed.
5.1.1.2 Free bosonic theory

As an introduction to the method, we first consider the free hamiltonian of the
phonons, decribed by the free bosonic field ¢y and its complex conjugate ¢.
This hamiltonian reads Hy = ) Wk @y k-
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The free action for these bosonic fields, expressed in terms of the classical
and quantum fields, reads

[Gal]A ¢cl

(5.3)
[Go 'R [Go 'R ) \ ¢

“+oo
Sol¢? 69 =3 / at (6%,
Kk J—

The quantum-quantum coefficient is always zero by construction, even in the
interacting theory; it is an important feature of the Keldysh theory’s structure.

One can check that from the free action Eq., the free Green’s functions
(a, B = cl,q) can be obtained; they are defined as

Ge (kK 1, 1) = —i / D¢, 37,69, 3% T ¢°(k, )3 (K, t') 51079 (5.4)

where T stands for time-ordering of the operators. Thus, the advanced and
retarded functions are, in the language of classical and quantum variables, G* =
G and GR = G,

It is customary [Kamenev, 2011] to parameterize the Keldysh Green’s func-
tion G¥ in terms of the retarded and advanced functions as

G =GRoF - FoG*, (5.5)
where F' is an auxiliary function — which we will later interpret in terms of bosoni
populations — and o denotes space-time convolution, namely

(Ao B)(x,t;x/,t') := /ddx”dt"A(x,t; x" tB(x",t";x' 1. (5.6)
In the case of free bosons, the Green’s functions are simply

Gi (k. 1) = —i(¢} () F(0)) = —ib(t)e ¥ 5 (e —wic+0) " (5.7)
. —cl . it FT N

Go (k) = —i(g ()0 (0)) = +ib(~t)e ™" = (e —wie —i0) ™" (5.8)

GE (1) = —i{ (1) Bic (0)) = —iF (wi)e ™ L —2imF()d (e — wi)(5.9)
Thus, GB{ and G{? coincide with the usual propagators of quantum field theory.
[Coleman, 2015) Here, [Gy']¥ = 2i0F(wy) is a pure regularization, because we
are only considering the free theory. In the case of an interacting theory, the
Keldysh Green’s function G¥ contains nontrivial information about the out-of-
equilibrium populations — note that at equilibrium, F' = 2np + 1 with npg the
equilibrium bosonic distribution function.

5.1.1.3 Interacting theory

Within the interacting theory, one has to consider the dressed Green’s functions
Gaﬂ(k,k/,t,t/) _ _i/chl, ¢q] ¢a(k,t)$8(k/,t,) eiS[(]ﬁCl,(bQ}’ (5.10)
with o, 8 = g, cl.
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These satisfy Dyson’s equation, which in the Keldysh formalism reads:

0 [Gal]A _ EA GK GR
o =1, (5.11)
[Gal]R o ER —ZK GA 0

where ¥}, ¥4 K are the three self-energies of the problem, defined in the usual
way. Note that this equation is written in real-space (x,t), not in reciprocal
space as it is customary to define propagators. Note also that now that self-
energies can act as regularizators, the infinitesimals +i0 of the free theory can
be omitted, therefore [G ] = [Gy 'R =: Gy and [G']¥ = 0 (see above).

In terms of the “population” function F', defined in Eq., Dyson’s equa-
tion can be recast into the following form:

[FoGyl =S —(5RoF - Foxh). (5.12)

This equation uses again real-space conventions, and can be interpreted as
a self-consistent equation with unknown F(x,¢;x’,t’), provided the free prop-
agator G is known and the self-energies are determined with some level of
approximation.

5.1.1.4 Derivation of the kinetic equation

The hydrodynamics of the phonon’s system is expressed in terms of quasiparti-
cles, which are now “dressed” phonons. As usual, the quasiparticle’s energy is
shifted by the real part of the self-energy, which also redefines the quasiparticle
velocity:

Wk — Wk = Wk + ReXR (5.13)
Uk — Uk = Vil = v + VkReER. (5.14)

From Dyson’s equation, as expressed hereabove in terms of the F' function, it
is possible to derive Boltzmann’s equation. This involves a few approximations,
which are explained in [Kamenev, 2011], and which amount to negleting a certain
number of quantum corrections, so as to obtain the hydrodynamic limit of the
problem.

These are best explained in the framework of the Wigner transform: for a
two-point function F'(x,t;x’,t'), the latter (along with its inverse) is defined as

Flr,t:k, ] = Z/dt’e_ikr/e_i“/F(r—k rr-St+tt—1b), (515)
I./
1 de :
F(x1,t1; %0, t2) = NZ/%‘;@*(XIX%Wt2>F[X1;X2,f1;t2,k, e. (5.16)
k

The intepretation of this mixed real space and reciprocal space representation is
as follows: (x,t) are slow “center-of-mass” variables, which describe the smooth
variations of the function F' in space and time; by contrast, (k, €) are the Fourier
transformed fast variables. Note that the Fourier transform is a particular case of
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Wigner transform where all variations are fast, i.e. where there is no dependence
upon the slow variables (x,t).

A hydrodynamic approximation consists of assuming that the time depen-
dence of F' is purely in terms of the slow variable ¢, which amounts to assuming
that F' is a constant with respect to its variable €, whose value is determined
by its evaluation at the quasiparticle’s energy € = wy + ReX®. Thus, “ironing
out” fast time dependences is equivalent, in the Wigner transform representa-
tion, to considering only the quasiparticle peak’s contribution to F’; this yields
a hydrodynamic description of the system in terms of F(r,t, k) := F(r,t, k, ),
where the energy € is no longer a variable since it is solely determined by k (and
r,t as well if the nonequilibrium self-energies depend thereupon). The same
approximation is made in the self-energies.

It is assumed that F'(r, ¢, k) contains the relevant information about nonequi-
librium populations. From Eq., the kinetic equation is then obtained:

(1= 0:ReZ™)0; + 94 Vi — (VeReSR) V| F(r,t,k) = IV, (5.17)
where the collision integral is
I°UF) = ix¥(x,t, k) + 2F(x, t, k)Im[SR (x, , k)] (5.18)

At this stage it is interesting to note that in the collision integral, F' appears
multiplied with the imaginary part of a retarded self-energy, which is typically
negative. Thus the collision integral has roughly the form —F' /T, with 7 a typical
scattering time like in the Drude theory. This is consistent with the second law
of thermodynamics, which imposes that the longitudinal thermal conductivity
be always positive.

One should also note that the identity F(r,t, k) = iG¥(r,k,t,t) is exactly
true in the free theory, but only approximately true in the interacting the-
ory. On the other hand, iG¥(r,k,t,t) = 2n(wy) + 1 is always exactly true.
[Kamenev, 2011] This means that the phonon’s population, as captured by F,
does only coincide with np at equilibrium and for a non-interacting system:;
both the presence of interactions and the absence of a thermal equilibrium entail
deviations from the Bose distribution function.

In the following, I consider the particular case of a coupling between phonons
and a generic field Q.

5.1.2 Model and notations
5.1.2.1 Definitions: turning on interactions

The interaction hamiljonian is defined as Hing = Yoo Yok Ori @iy, Where
¢~ = ¢ and ¢t := ¢ are used as shorthands like in the bulk of this thesis
— and similarly for the @, fields.
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The interactions’ contribution to the action, Siy, involves the integral over
a time contour, which reads

_/dtHint(t) = —Zs/+oodt > ¢l (t+is0)Q, (¢ + is0) (5.19)
C s—+ —00

g=%x,nk

+o0
= [ @S [@0nO@u ) + (@) Q0]

> q,nk
in terms of the “classical” and “quantum” fields.
The full action of the coupled phonon-@) system is then
+oo

SWQ&@%Q%=%W&M+%@%@%¢” dt Y (9027 (Qh)” (1),
-0 q,nk
(5.20)
where o = (cl, q) and Sp[Q®', Q9] is the proper action of the @ field alone, which
(in spite of its notation) is not a free action in principle.

5.1.2.2 Diagrammatic expansion

The dressed phonon’s Green’s function, in the presence of the interaction with
the @ fields, is

Gl (kK 1 1) = (5.21)
— T [ DI, 6] 630, 05 (0. #) S0 [ DIQE, QUi eisinnl,

where the ¢, @ fields in the measure are implicit, and the time ordering T acts
upon both time integrals.

Then, in [ D[Q, Q] [Q<,Q] giSint (9.9l we expand the e®int[®Ql factor per-
turbatively in powers of (). Note that at zeroth order in this expansion, we
recognize the free partition function

Z = [ Dl@ Qi@ @ — 1 (5.22)

the fact that Z = 1 is always true in the Keldysh formalism, at all orders in the
expansion.

Since terms with an odd number of () operators are zero, one can expand the
dressed Green’s function in a perturbative series with only terms of even order,
namely

GOk, K 1, 1) = GOP(k, K, t, 1)+ G5 (&, K, 1, )+ G2 (k, K t, ) +. ... (5.23)
In particular, straightforward expansion of Eq.(5.21)) yields at second order

G (kK 1) = % ST / +oodt1dt2 (QL)T (t)(QL) (1)) (5.24)

v,0=cl,q qq'k1ks -0

x / Do, 6% €1 (60)2() () () (6, ) (81) (81, (2),
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and at fourth order

a —l oo i \ X
e ) = Y ']I‘/Oo T, <.1 ( ﬁ;)kz(ti)> (5.25)

" {aiski A}

" /D[qﬁcl’ 9] ¢iol6" ((cb;)“(t)(dﬁ)ﬁ(t') Crak (ti)) :
i=1..4
The second-order term is explicitly involved in the leading term of the phonons’
diagonal scattering rate, involved in the longitudinal thermal conductivity. This
is the term which we will evaluate in the following. The fourth-order term is in-
volved in the phonons’ off-diagonal scattering rate, involved in the thermal Hall
conductivity; although the presence of four () operators is reminiscent of the
results which we obtained in the bulk of this thesis, the precise identification of
the correlation functions between the two approaches is still a work in progress.
Note that in the above, some n; indices were omitted to avoid clutter.

5.1.3 The phonons’ self-energy

In this subsection, we compute the phonon self-energies, and show how these
can be related to correlation functions of the ) operators.

5.1.3.1 Definition of the self-energy

The self-energy is defined implicitly by Dyson’s equation, which in real space
notations reads

G =GP 4 G0 x70 0 GO 4+ GoSGoXGo + .. ., (5.26)

where ” + ...” contains each term with n > 3 insertions of the self-energy with
multiplicity 1.

In particular, the lowest-order (i.e. second order in ) contribution, written
in reciprocal space of positions but still in time variables, is

+oo
Gk Kt = S / At At G0 (k, t—11)55 (k, K 11, t2) GLP (K ta—t'),
~,6=cl,q ¥ —

(5.27)
since free boson propagators are only function of one momentum and of time
differences. In the hereabove equation, we identified ¥y, which is the lowest- (i.e.
second-) order term in the expansion of ¥ in powers of (). Note that contributions
from Y4 (defined in a similar way) and (32)? appear simultaneously in Gy.

Computing the phononic self-energies thus amounts to evaluating correlators
of an even number of free bosons; so it is possible to apply Wick’s theorem,
which has a somewhat direct diagrammatic interpretation. At the order which
we consider, there are two distinct contributions, which are now evaluated sep-
arately.
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5.1.3.2 Disconnected diagram

In equilibrium quantum field theory, disconnected diagrams usually do not con-
tribute in average values because they are exactly cancelled by the partition
function appearing in the denominator — this is the content of the linked-cluster
theorem. Meanwhile, in the Keldysh formalism, the partition function is exactly
Z =1 by construction; therefore it is expected (and we will show that it is indeed
the case) that the disconnected diagram actually vanishes in this formalism. It
reads

Ggfiisc.(k7k/7tvt - 2' Z Z / dtldtQ < (Qq) (tl Qq t20§ 28

p;p’ ¢,¢'==%
x (T(5)*(£) (&) (#)) (T(BE) (1) (62,) (t2) )

This involves the product of two Green’s functions with “quantum/classical”
indices 7,8 and 7,6 (i.e. their contrary), respectively. If v = § then one of these
two is a Keldysh Green’s function and the other one is exactly zero (see Eq.(5.3)).
Otherwise, one of them is a retarded function and the other an advanced function.
But these are at the same time points (t1,t2) and therefore cannot be both
nonzero. Thus G2 disc. (k,k',t,t') = 0. Note that this is true regardless of the
nature of the @ operators, and arises purely from the stucture of the Keldysh
theory — as could be expected from a property closely related to the statement
that Z = 1.

5.1.3.3 Connected diagram

Contributions to Gy come solely from the connected diagram, which reads

“+00 ;=
Gl kItt) = 250 3 [ Candn (1@ (@) ) (529)

p.p ,0'=+
(T(63)* (B)(6L)° (t2)) (T(61)7(11) () (1))
= i [ dnades (@Y ()(QL (1)) Gkt — 1) G (K12 1)
Thus one can identify the self-energy at this order:

29 (kK o, 11) = —i (T (Q)° (12)(Qu)” (1)) (5.30)

The next step is to perform hydrodynamic approximations so as to obtain
the collision integral for the phonons.

5.1.3.4 Wigner transform and hydrodynamic approximations

The Wigner-transformed self-energy is

2, t k€] = _i/dt et Zezpr< Qhip)? (t+5)(Qup)T (E—5))
(5.31)
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Because of time-translational invariance of the statistical average, which is
defined using the bare action Sy[Q)], there is obviously no ¢-dependence in ¥9. We
now absorb +ReX} into the redefinition of wy (henceforth identified to &y ), since
only the renormalized phonons’ energy is the experimentally accessible quantity.
Importantly, we perform a hydrodynamical approximation by assuming that s
is well approximated by its value at the quasiparticle peak, € = wy. Consequently,

S0 e K, wy] = —i / dte= < 3™ P (T (Qf )’ (1) (Qu-p)T(0))  (5.32)
p

A last hydrodynamical approximation, which I have already mentioned above
in the case of time dependences of the I’ function, consists of assuming that the
self-energy depends solely from fast variables, and that the smooth variations —
which contain information beyond the quasiparticle picture — can be neglected. If
this approximation is well-founded, then it is legitimate to average over positions
r; one thus obtains

S = =i [ dte T QT @0T0), 6.9

where again d,~ are q,cl variables.

5.1.4 Quantum Boltzmann equation
5.1.4.1 Self-energies and interpretation

The phonon’s retarded self-energy is

SRk, wi) = S9Nk, wy) = —i / dte= < (T (QL)! (1)(Qu) (0)) .  (5.34)

One shoud notice that the retarded self-energy of the phonons involves a “cl-
q” correlation, i.e. an advanced Green’s function of the () operators, decoupled
from the phonons. In the following we will refer to it as % (k, wy) = Gg(k, wk)-
Therefore the ) bosons should not be interpreted as particles but rather as
“holes”; this, of course, is consistent with the fact that for energy to be conserved
along a scattering process with interaction aILkQLk +h.c., the Q operator should
be understood as a bosonic destruction operator.

Similarly, the phonons’ Keldysh self-energy is

iSE (K, wi) = i599(k, wy) = / dte= <! (T (QL)!(t) (Qu)(0)),  (5.35)

and involves a “cl-cl” correlation, a.k.a Keldysh Green’s function, of the @ op-
erators; we write XX (k, wy) = Gg(k,wk).
Besides, from Eq.(5.12)) one can derive the following property:

GX(k, wie) = F(wie) (G™(k, wi) — G (k, wi) ) (5.36)

valid for any Green’s functions (G, be they bare or dressed. We use this in
particular in the case of the G functions, since the ) operators decoupled
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from the phonons are not necessary free bosons. Thus, using the property that
GA = [GR]*, we obtain iXK (k,wy) = —2FQ(wk)ImG5(k,wk), where Fg is the
F function of the () excitations, de two variables instead of four — as is also the

case in Eq.(5.36).

5.1.4.2 Collision integral

Consequently, and marking explicitly the difference between F the phonon “pop-
ulation” function and Fg that of the () operators, we obtain

1M F) = i2K (nk, wpi) + 2ImER (nk, wpie) Fs (wnic) (5.37)
= -2 (F¢(wnk) + kg (Wnk)) ImGg(nk, Wnk)-

(From now on, I specify again the n indices.)

At this stage, both the phonons ¢ and the ) operators could be out-of-
equilibrium. Provided that one derived a kinetic equation for Fiy — not necessar-
ily based on the concept of quasiparticles, since the @ field can be more general
—, one would have to solve a system of coupled kinetic equations for ¢ and @
simultaneously. This approach is pursued in the “phonon drag” methods.

Here, we will make a similar assumption as in the bulk of this thesis: we
assume that the @ fields relax fast to equilibrium, so that the F function is not
an unknown but a parameter of the theory. Thus the term proportional to Fy in
the collision integral is a constant, which is absorbed in the definition of thermal
equilibrium as the set of parameters, and the definition of thermal equilibrium as
the set of variables such the collision integral vanishes (in the permanent regime
where 9; = 0). The phonon’s “population” function can be parameterized as
Fy = Fy% + 0Fy, where F% is the equilibrium function and §F the out-of-
equilibrium part, which alone is responsible for the net phonon thermal current.
The effective collision integral thus reads I°®V[F] = —25F (wy) ImG%(nk, Wnk)-

Here a physical remark is in order. The imaginary part of a retarded Green’s
function is usually negative, because of the constraint of causality which puts
constraints on the location of the poles. If this were correct, then the collision in-
tegral would not entail relaxation to equilibrium, but instability and a divergence
of the out-of-equilibrium population 6 F (wyy).

However, in the present case, we have already emphasized that the @ (resp.
Q") should rather be thought of like a bosonic creation (resp. destruction)
operator; therefore the retarded function of ) has the analytic properties of an
usual advanced function. This, of course, is purely a notational issue, which could
be easily overcome by exchanging @ <+ Qf when defining the theory, Sec

Finally, recalling the textbook definition of a retarded function,

GHk,t) = —ib(t) ([Quk(t), QL (0)]) (5.38)
and after some easy algebra, the collision integral can be rewritten as

N[ F] = 6 F (wpe) / e ([Quuc(t), Q1 (0)]) - (5.39)
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This identifies the longitudinal scattering rate of the phonons D,,, which is
exactly that which we obtained in Sec2] via scattering theory.

5.2 Spin wave expansion from spin-spin interactions

5.2.1 Various representations of the spin operators

To derive the time evolution and correlation function of the spins, in Sec[3| I
presented a phenomenological expansion of the spin hamiltonian in terms of two
slow fields, m and n, whose effective theory was then a nonlinear sigma-model.
This semiclassical approach proves very efficient when the low-energy modes are
Golstone modes due to a spontaneously broken continuous symmetry of the spin
hamiltonian, but fails to capture the upper part of the spin wave dispersion,
especially for anisotropic models.

Another semiclassical approach, which sometimes permits a more accurate
description of spin models with anisotropies, especially at intermediate energies,
consists of rewriting the spin operators in terms of boson creation-annihilation
operators directly within the tight-binding spin hamiltonian. [Mattis, 1981] This
is the essence of the Holstein-Primakoff procedure for mapping spins onto bosons
[Holstein and Primakoff, 1940}, by rewriting the spin operators as SZ = S — blby

and So = bl\/25 — biby = (SH)T, where bl creates a boson. From the boson
algebra [br,bi,] = dr, the spin algebra [S¢, SB] = ie*P1S7 is exactly enforced.
Besides, the square root factor ensures that the boson number cannot exceed
25 + 1, so that the dimensions of the Hilbert spaces also match — or, put more
properly: the dimension of that subspace of the Hilbert space accessible by
multiple applications of spin operators onto the ground state.

There exist other mappings of spins on bosons which are well-suited to de-
scribe ordered phases, like the Dyson-Maleev representation [Schollwock et al., 2008]:
Sz =8 — blbe and S = (V25 — bl /v/28)by = (S7)T. This mapping appears
to be slightly different from the Holstein-Primakoff one, but they are equivalent
in the case of S = 1/2 spins.

As an aside, it is also possible to use a representation in terms of Schwinger
bosons — which is the analogue to the Abrikosov fermions’ construction, with
fa — by and a bosonic algebra instead of a fermionic one. The latter is usually
used to describe magnetically disordered phases, although the boson condensa-
tion makes it possible to study as well the transition to an ordered phase using
this representation. [Auerbach and Arovas, 2011]

5.2.2 Spin wave approximation as a semiclassical limit

In the following I will focus on the Holstein-Primakoff and Dyson-Maleev meth-
ods. Because each spin operator contains one-boson, three-boson, five-boson,
etc, terms — only one and three bosons in the Dyson-Maleev case —, the tight-
binding spin hamiltonian is mapped onto a theory of interacting bosons. The
spin-wave approximation consists in keeping only the one-boson term in each
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spin operator, so that the spin hamiltonian is approximately described by a the-
ory of free bosons — or magnons, or spin wave operators. The dynamics of the
system thus becomes that of free particles with a gaussian action. These have
the property that their correlation functions are exactly given by the solution to
the saddle-point equation, that is to say, by the classical path. Therefore this is
known as a classical approximation. [Auerbach, 1994]

From the above formulae, it is clear that this approximation is equivalent to
taking the S — oo limit in the mapping. One way to understand why this is
equivalent to a classical approximation is that, in the path integral formulation
of the problem, S appears in front of the integral at the very place where 1/A
usually sits; the limit A — 0 selects those integrands which minimize the action,
i.e.the classical paths. A more handwaving way to understand this is from the
spin algebra: in the large-S limit, the rhs of [S®, S%] = ie*#7S7 is O(1/S) of the
lhs, which means that the S* operators become asymptotically classical (in the
sense that they asymptotically commute) when S — co.

A practical manifestation of this is that when only the one-boson term in each
spin operator is kept, the spin algebra is no longer exactly enforced — however it
is recovered in the limit S — oo.

5.2.3 Equivalence with the nonlinear sigma-model approach

The above mapping of a spin hamiltonian onto a boson hamiltonian does not use
the concept of a lagrangean or an action: the bosonic theory is already written
in its quantized form, with the bosonic commutation relation [b, b'] = 1 and the
bosonic (restricted) space of states defined directly from the mapping. While this
might look like a very different approach to that of the nonlinear sigma-model,
written as a field theory in terms of a lagrangian with a kinetic term imo,n,
the two approaches are in fact equivalent.

This can be seen from a description of spins in terms of real bosons, or
equivalently in terms of two local real fields w,v. [Ross et al., 2011] These are
defined in the local basis (e, ey, e,) dependent on position r, where e;(r) is
collinear with the local spin orientation in the ordered state, and e,,e, are
chosen orthogonal to it so as to form an orthonormal basis. The spins can then
be parameterized as

Sr = (=1 [S — (uZ + v — 1)/2] es(r) + V' Sure,(r) + (—1)"VSvre,(r). (5.40)

The real-bosons (a.k.a position-momentum) commutation relation [uy,vy] =
idy,w recovers the spin algebra up to O(1/S) corrections. Their kinetic term
in the Lagrangian is ud;v, as befits a couple of position and momentum opera-
tors.

Thus the u,v fields are analogous to the lattice displacement and momen-
tum fields u,p in elasticity theory. In the latter case, quantizing the lattice
theory expresses it in terms of phonon operators. [Ashcroft and Mermin, 1976]
Similarly, quantizing the magnetic theory expresses it in terms of magnon oper-
ators, which appear to be equivalent to the Holstein-Primakoff bosons after the
classical approximation. Notice that the number of degrees of freedom between
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phonons and magnons is different: there are three phonon polarizations while
only one magnon polarization.

So far it appears that the Holstein-Primakoff construction is equivalent to
a representation in terms of local real bosons u, v as defined in Eq.. Now
how are these fields u, v related to the nonlinear sigma-model in terms of m,n
fields? The difference lies in the fact that the u, v fields are defined in the lattice
unit cell, or equivalently in the “large” Brillouin zone defined by the lattice in
its paramagnetic phase. By contrast, the m, n fields are defined in the magnetic
unit cell, which because of Néel antiferromagnetic order is twice as large as the
lattice unit cell — and equivalently they are defined in the “small” Brillouin zone.
Therefore the number of modes is in fact the same in the two descriptions: in
the nonlinear sigma-model with a Néel order along the & axis, there are two
slow modes n¥,n* and two fast modes n¥,n?, while in the real-boson description
there are one slow (say, ux) and one fast (say, vx) modes in the (0, 0) valley, and
one slow (vgi.) and one fast (uxy,) modes in the w = (7, 7) valley. Thus the
two descriptions are equivalent in the case considered.
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Résumé

Dans cette these, I'on étudie la diffusion intrinseque des phonons par un degré de
liberté quantique générique, c’est-a-dire un champ Q dont les corrélations, a priori
completement générales, sont restreintes uniquement par 1'unitarité et l'invariance par
translation. Les taux de diffusion résultant de cette interaction ont des conséquences sur le
tenseur de conductivité thermique des phonons ; nous les calculons dans le cadre de la
théorie quantique de la diffusion. La dynamique hors d’équilibre des phonons, elle, est
étudiée dans le cadre de la théorie cinétique via I’équation de Boltzmann.

A Tordre le plus bas, le taux de diffusion diagonal, qui détermine la conductivité
longitudinale, est controlé par les fonctions de corrélation a deux points du champ Q. Les
taux de diffusion off-diagonaux, quant a eux, impliquent des fonctions de corrélation a aux
moins trois points, voire quatre dans le cas d’interactions a un phonon. Nous avons obtenu
des formes générales et explicites pour ces corrélations, qui isolent les contributions
spécifiques a la conductivité de Hall. Nous en tirons une discussion générale des
conséquences d'une symétrie du systeme et de 1’équilibre thermodynamique local sur le
tenseur de conductivité.

Nous calculons ensuite ces fonctions de corrélation a deux et quatre points, et les
coefficients de transport thermique qui en résultent, pour une interaction a un phonon et
deux opérateurs de création ou d’annihilation bosoniques quelconques. Le couplage,
générique, est contraint seulement par ’hermiticité et 'invariance par translation. Afin
d’illustrer ce formalisme par I’exemple, nous considérons ensuite le cas particulier d’un
matériau antiferromagnétique bidimensionnel, ot le champ Q est un opérateur composite
de créations-annihilations de magnons, généré par le couplage entre les spins et le réseau.
Nous considérons un modele sigma pour la dynamique de basse énergie des spins, et un
couplage des spins au réseau aussi général que possible compte tenu des symétries ; ce
modele permet un calcul analytique des taux de diffusion.

Par une analyse des intégrales impliquées dans ’expression des résultats théoriques,
nous extrayons la dépendance en température des conductivités thermiques, en fonction de
divers parametres du modele. Ces intégrales sont ensuite calculées numériquement. Nous
prouvons ainsi explicitement que nos résultats, tout en satisfaisant a toutes les contraintes
de symétrie du systeme, impliquent un effet Hall thermique non nul par diffusion
inélastique des phonons par les magnons. En outre, l'effet Hall obtenu est d’amplitude
comparable pour des courants thermiques dans le plan de I'ordre magnétique, et

perpendiculairement a celui-ci.



Nous calculons ensuite les mémes fonctions de corrélation a deux et quatre points,
et les coefficients de transport thermique qui en résultent, pour une interaction a un
phonon et deux opérateurs fermioniques quelconques préservant le nombre total de
fermions. Le couplage, générique, est contraint seulement par ’hermiticité et I'invariance
par translation. Nous calculons les taux de diffusion diagonaux et off-diagonaux qui en
résultent, a la fois pour une dispersion linéaire (et pour tout remplissage) et pour une
dispersion quadratique (en présence d’une surface de Fermi) des fermions, ou une
résolution analytique est possible.

Afin d’élucider le role des corrélations dans une phase magnétiquement désordonnée,
nous considérons ensuite le cas particulier d’'une surface de Fermi de spinons dans un
liquide de spin U(1). Apres une étude du role des symétries dans l'intégrale de collision,
nous proposons un modele d’interaction entre les spins et le réseau, permettant de rendre
compte d’un effet Hall thermique par les phonons, que nous avons calculé explicitement.
Enfin, le champ électromagnétique émergent associé aux spinons peut lui aussi fluctuer et
interagir avec le réseau. Nous proposons donc un couplage phénoménologique entre les
phonons et les photons émergents, dont nous déduisons une contribution a la conductivité
thermique des phonons.
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