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Abstract

In this thesis, we systematically studied the thermal transport properties in two quantum
para electrics: strontium titanate( SrTiOs ) and Europium Titanate (EuTiOg).

In the first part, we reported a study on the thermal Hall effect in SrTiO3 evolving
with atomic substitution. When Sr is substituted by Ca stabilizing the ferroelectric order,
the thermal Hall effect coming from the phonon is suppressed which points to the role of
ferroelectric fluctuations in generating the thermal Hall effect. It is amplified by removing
oxygen atoms and the emergence of dilute metallicity. In this case, we identify a new source
of the thermal Hall effect, which is phonon drag in the context of an exceptionally large
electronic Hall angle.

In the second part, we focus on the electronic thermal conductivity in Nb-doped SrTiOs.
By separating electron and phonon contributions to heat transport, we extract the electronic
thermal resistivity and show that it displays a T-square temperature dependence. Then
compared with its T-square electrical resistivity, we found that the Wiedemann-Franz law
strictly holds in the zero-temperature limit but the two T-square prefactors are different by
a factor of ~ 3. It’s similar to other Fermi liquids. Recalling the case of *He, we argue that
T-square thermal resistivity does not require Umklapp events. The approximate recovery of
the Wiedemann-Franz law in the presence of disorder would account for a T-square electrical
resistivity without Umklapp.

In the third part, We studied the electric, thermoelectric, and thermal transport proper-
ties of EuTiO3. The temperature dependence of electric resistivity and the Seebeck coefficient
allowed us to conclude that the insulating band gap is 0.22 eV. Moreover, the thermal conduc-
tivity of EuTiOj3 is drastically reduced and has an amplitude and temperature dependence
akin to amorphous silica. After excluding the Eut? impurities, We proposed two mecha-
nisms that impede the thermal conductivity in EuTiOs: one is valence fluctuation. The
energy of the highest optical phonon in this crystal structure and the distance between the
Eu f-level and the chemical potential are both around 0.1 €V. The other is the superexchange
interaction between Eu spins that occurs through Ti ions.

Keywords:

Quantum paraelectric, thermal Hall effect, T-square resistivity and glass-like thermal con-
ductivity
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Introduction

When a system is forced out of equilibrium, it will tend to recover to the equilibrium state.
This is the case in transport phenomena. In solids, the potential difference leads the electron
to move from the high electrical potential side to the low side, and the temperature difference
will lead to heat flow from the hotter to the colder parts. These two phenomena are called
electrical and thermal transport. In condensed matter physics, the electrical and thermal
transport in solids usually participated by electrons and phonons can be described by the
Boltzmann transport equation in a semi-classic picture. Nevertheless, the interplay of both
types of quasiparticles can give rise to emergent properties such as superconductivity or
phonon drag effect that is worth studying. This is the case in the perovskite strontium
titanate ( SrTiOs ) and its sister Europium titanate ( EuTiO3 ) that have attracted much
attention recently.

The perovskite strontium titanate (SrTiOs) has been known for a long time. It is a
quantum paraelectric: The ferroelectric instability is suppressed due to quantum fluctua-
tions [1]. The ferroelectric order can be stabilized by tiny chemical substitution (either by
replacing Sr with Ca [2] or Ba [3], or by substituting 10 with ¥O [4]). Pristine SrTiO3 is
an insulator with a large band gap but it can easily be turned into metal by introducing a
tiny concentration of dopants (O vacancies, Nb, or La doping) due to its large permittivity
[5]. This metal has a dilute superconducting ground state [5; 6].

The subject of this thesis is thermal transport in two quantum paralectric materials. It
consists of a study of the evolution of thermal transport with atomic substitution in SrTiO3
as well as a first study of thermal transport in EuTiOj3, a closely related material with the
peculiarity of being magnetically ordered. The thesis is divided into three parts.

The first part is devoted to the thermal Hall effect (THE) in SrTiO3 and its variation
with atomic substitution. THE is the thermal analog of the electrical Hall effect. Instead of
a transverse voltage induced by a perpendicular magnetic field in the presence of an electric
current, a transverse temperature difference is generated in the presence of a heat current.
In metals, the existence of such an effect is not surprising, because charged heat carriers
are influenced by the Lorentz force. This is an electronic thermal Hall effect linked to the
electrical Hall effect by the Wiedemann-Franz law. On the other hand, the presence of such
an effect in insulators is not understood.

Phonon THE was first observed in the paramagnetic insulator Th3GazOi2 [7; 8] and
attributed to skew scattering of phonons by superstoichiometric Th magnetic impurities.
Successively, it was also found in nonmagnetic materials (such as SrTiOgz [9]), where the
phononic origin of THE is uncontested. Numerous theoretical scenarios [10-13] were pro-
posed to explain how phonons can generate a THE. They can be broadly classified as either
intrinsic (invoking the peculiarities of the phonon spectrum) or extrinsic (referring to con-

xi



xii Introduction

sequences of specific phonon scattering mechanisms). Up to now, the origin of the phonon
THE is still an open question.

Continuing previous studies on SrTiOgs, I measured for the first time the thermal Hall
effect in Ca-substituted and oxygen-reduced samples of SrTiOs. This study found that
Ca substitution, which stabilizes the ferroelectric order, drastically reduces THE, implying
that the ferroelectric order is detrimental to the THE. On the other hand, I found that
in oxygen-reduced samples THE is larger than in pristine STO. Surprisingly, in the dilute
metallic STO, the amplitude of THE exceeds the sum of the [expected] electronic and the
phononic contributions. We argued that this can be understood by invoking the drag between
electrons and phonons. In our temperature range of interest, heat is almost exclusively
carried by phonons, but the electronic Hall angle is much higher than the phonon Hall angle.
The combination of these two features with frequent momentum exchange between phonons
and electrons can be an additional source of THE. This is the first time that signatures of
phonon drag have been observed by a purely thermal (and not thermoelectric) probe.

The second part is a contribution to the ongoing debate on the origin of quadratic
temperature-dependent resistivity in dilute metals. In Fermi liquids, the collision between
electrons is known to generate a contribution to electrical resistivity growing with the square
of the temperature. This corresponds to the temperature dependence of the phase space
for electron-electron scattering. Both electrons participating in a collision reside within a
thermal window of the Fermi level. Therefore, the Pauli exclusion principle is applied twice,
and hence a quadratic temperature dependence. However, the microscopic source of dissipa-
tion is not straightforward. To explain how electron—electron collisions lead to momentum
leaks, two scenarios have been proposed. The first invokes Umklapp events [14; 15]. These
are collisions in which the sum of the two colliding wave vectors becomes larger than the
width of the Brillouin zone[16; 17]. A second scenario invokes multiple electron reservoirs.
In this context, the observation of T-square resistivity in two dilute metals, namely SrTiOg
and BiyO2Se are enigmatic. Indeed, neither of these two scenarios is relevant in these cases.
In the case of SrTiOg3, it has been proposed that T-square scattering may be caused by the
scattering of electrons by two soft optical phonons[18; 19]. This scenario does not apply to
BiQOQSe [20]

The subject of the second part of my thesis is the thermal counterpart of T-square electri-
cal resistivity in dilute metallic Sr'TiOgz. I have studied the electronic thermal conductivity of
metallic Nb-doped STO at two carrier concentrations. Despite the dominance of the lattice
component of thermal conductivity, we succeeded in extracting the electronic contribution
to heat transport by exploiting the differentiating effect of the magnetic field on phonons
and electrons. We found that thermal resistivity WT ( W = k1) follows T-square behavior
and its prefactor is larger than its electric counterpart by a factor of ~ 3. This is incom-
patible with what is expected in the phonon-based scenario in which quasi-elastic scattering
should lead a perfect equality between the two prefactors. Thus the T-square resistivity of
Nb-doped STO cannot be distinguished from other metals in which the e-e origin of the
T-square resistivity is uncontested. This leads us to conclude that T-square (electric and
thermal) resistivity can be caused without Umklapp as a consequence of the T-square de-
crease in the amplitude of the (momentum and energy) diffusivity in a Fermi liquid caused
by fermion-fermion scattering. A comprehensive theory of this phenomenon is yet to be
elaborated.

In the third part, the focus of attention is another quantum paraelectric, EuTiOg. Like
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SrTiOs, EuTiO3 has a cubic structure at room temperature and goes also through an anti-
ferrodistortive transition where adjacent TiOg octahedra rotate in opposite directions. Like
SrTiOs, it shows a quantum paraelectric behavior, but in a much more attenuated way[21]:
Its dielectric constant saturates to 300, compared to 20000 in SrTiOsz. Eu f—electrons of
order antiferromagnetically below Tx = 5.5K [21]. Interestingly, the dielectric constant
shows a cusp at this temperature. This magneto-electric coupling [22] has been a subject of
theoretical and experimental research.

We studied the electric, thermoelectric, and thermal transport properties of EuTiOs;.
The temperature dependence of electric resistivity and the Seebeck coefficient allowed us to
conclude that the insulating band gap is ~0.22 eV. Moreover, the thermal conductivity of
EuTiOj is drastically reduced and has an amplitude and temperature dependence akin to
amorphous silica. A comparison with other quantum paraelectric solids, namely SrTiO3 and
KTaO3, shows that 4f spins at Eu?t sites drastically impede heat transport by phonons
well above the magnetic ordering temperature. This result provides a new challenge for the
theory attempting to achieve a unified picture of thermal transport in crystals and glasses.

The three sets of results are detailed in chapters three to five of this manuscript. The first
chapter will give an overview of transport theory and experimental techniques. The second
chapter is an overview of the research background introducing the quantum paraelectric
materials.






Chapter 1

Transport theory and measurement

Summary of the Chapter

Charge and thermal energy can travel in solids. The former is carried by charge carriers:
electrons and holes. The latter can be also carried by neutral excitations such as lattice waves
(phonons), electromagnetic waves, or spin waves. In this chapter, we discuss transport by
electrons and phonons. Starting from the simple kinetic theory, we will introduce transport
coefficients (electrical, thermal, and thermoelectric) and transport equations. Then, using
the semi-classic Boltzmann equation, we will derive expressions for these coefficients. In
the presence of a magnetic field, these coeflicients have off-diagonal components. In the
second part of the chapter, we will introduce the experimental methods employed in this
thesis to extract the electrical, thermal, and thermoelectric conductivity coeflicients and
their off-diagonal components.

1.1 Charge and heat transport

Charge and heat can pass through solids, the former requires mobile electrons. Imposing an
electric field along the solid will generate a charge flow and vice versa. The relation between
the amplitude of the electric field E and charge flux density Je (the number of electrons
traveling through a given cross-section per second) is expressed by Ohm’s law:

J¢=0oF (1.1)
Here o is the electrical conductivity. In the Drude picture, the electrons are treated as

classical objects that suffer collisions with a characteristic time 7, the relaxation time. Within
this simple approximation, the electrical conductivity is :

(1.2)

where p is mobility, n is the carrier density and m is mass of electron.
In the case of heat transport, applying a temperature gradient along the solid will produce
a heat flow and vice versa. The relation between the amplitude of heat flux J (the flow



2 CHAPTER 1. TRANSPORT THEORY AND MEASUREMENT

of energy passing through a given cross-section per second) and temperature gradient VT is

expressed by Fourier’s law:
J? = —kVT (1.3)

here x is the thermal conductivity. In the kinetic theory of gases [23], each heat carrier
has a heat capacity of c. The rate of energy (E) change is equal to %—f = ¢ - VT where
v is the particle velocity. Introducing 7 as the time between two collisions, the heat flux
becomes J@ = —ner(U- ﬁ)ﬁT where n is the carrier density. In the case of three dimensions,

(U-7) = %02. This leads to the following expression for & :

1 1
K= gCT’U2 = §Cvl (1.4)

where [ is the mean free path ( [ = v7 ) and C is the total heat capacity per volume: nc.
Eq. 1.4 is true for all quasi-particles, including electrons and phonons (or even magnons in
magnetic materials). Here, we only care about electrons and phonons.

Carriers of electric charge can transport momentum and heat energy. Therefore, the two
quantities can become entangled. This is known as the thermoelectric phenomenon (inter-
conversion of the temperature difference and electric voltage). Eq. 1.1 and 1.3 have thus to
be modified [24; 25] as follow :

J¢=0E —aVT (1.5)
J9 = BE — kVT (1.6)

where « is the thermoelectric conductivity, 8 is the electro-thermal conductivity. Both
quantities are linked through the Kelvin relation: § = oT.

After introducing these three transport coefficients, o, x, and «. Let us now introduce the
Boltzmann equation that provides a mathematical way to calculate them and a microscopic
insight into their amplitudes [24].

1.1.1 Electronic transport coefficients

The central concept of the Boltzmann approach is the distribution function f () representing
the probability of electron with wave vector k found at the position 7. An electric field or a
temperature gradient can create variations in the magnitude of fi (7).

The travel of an electron with a charge of e and wave vector k can generate a flow
of electric current equal to evy fx, so the total current flow ( charge flux ) is obtained by
integrating over all wave-vectors k:

5o = [ cinfudr (L.7)

here e and ¥, are the electron charge and the electron velocity.

There is a corresponding expression for the energy flux. Since the thermal energy of each
traveling electron is €, — pu ( € is electron energy and p is chemical potential ), the heat flux
is represented by the following integral:

79 = [ dilen = ) fudk (18)
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In the absence of electrical or heat current the probability distribution function fx(7)
obeys the Fermi-Dirac distribution:

1
Pm 09

e®sT 11

where €, and p are the energy of the electron and the chemical potential. kg is Boltzmann
constant and T is temperature. In the linear response approximation the time differential of
Jx(7) becomes

= _£0
dfl:iir) :_fk(F)T f (1.10)

where 7 is the relaxation time.
In presence of electric field E, the time differential of fi(7) in Eq.1.10 becomes

dfe(7), _ Ofu(7) Oex Ok _ Ofu(7), . eE _0f° . -
5= — — = ————hy— =~ —Uek 1.11 1.11
Gt BT o oot o T T e ke (1.11)
Note that we introduced the group velocity of an electron, v, which is equal to %83% [26]
(where h is Planck constant) and that according to the conservation of momentum %’f = e—f

In presence of a temperature gradient VT , the time differential of fi () becomes :

dfy.(7)

o = Ofi(r) 0T O _ 0fi(7) . & 9
dt vT

_ L
T A A A (1.12)

Combining Eq. 1.11, Eq. 1.12, and Eq. 1.10, the probability distribution function fg(7),
in presence of electric field £ and temperature gradient V1', becomes

af0 - 90 -

fe(® = f° - (G eB + 5 VT) (1.13)

which can be simplified to

3f0 E+af0€k—

Jil) =17 - Tﬁk(aek ‘ e, T MﬁT) (1.14)

af° _ _of’ea—p
T — Oex T

On the basis of Eq.1.14, we can now evaluate the charge (J¢) and heat (J%) current
densities :

by assuming that :

0f g 0f% ek — i

Jo— /eak76k<aieE+8€k L (m))ak (1.15)

of% - 90 _ N 5
J9 — _/Uk(ek - u)rﬁk(a{keE + 8{;’} R(—VT))dk (1.16)
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In the steady-state situation, the average velocity is zero. Therefore, the integral of the
first term of Eq. 1.14 is omitted as shown in Eq. 1.15 and Eq. 1.16. Comparing Eq. 1.15,
Eq. 1.16 with Eq. 1.5 and Eq. 1.6, we can get the three transport coefficients:

af°
_ 2
o= —¢ /kaa dk (1.17) |eql.17

o =—ckp [ ofr gfk %=Lk (1.18)

€k_ 2
—k2T dk 1.19 1.19
yr [uirSh kBT> (1.19) [eqt. 1]

Let us make a last step to reach the final expressions of o, a and k. We introduce the
function = (e):

S(e) = g [ ohr)ae — elhy)ar? (1.20)

where §(e—e(k)) is delta function. Assuming that e(k) is a smooth function of the wave-vector
k and presents no singularity, Eq. 1.20 can be written as

h o

Z(e) = §vk7(k‘)N(e) (1.21)

N(e) is the density of states and N(e)de = dk3. Introducing =(e) into Eq. 1.17 1.18 and
1.19, we get :

ez [_. .0fY
o= —ZW/:(E)Ede (1.22)

De kT (1.23)

_ k N AR R 20
/@——27T/_(6)E( e (1.24)

Using the Sommerfeld expansion [27], we can develop the integrals in powers series of
kgT as follows:

€” =
UZQZ[:(GF)jL...] (1.25)

a=2o— kpT| 5 +..] (1.26)
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72 k%
=2——2=T|% 1.27
w =2 B[S (ep) + ] (1.27
For a three-dimensional free electrons gas, the Fermi energy is ep = %(?mzn)%, the
density of states is equal to N(ep) = %% and the electron specific heat C' = 7r?QJ\T(GILw)k:]QBT
[27]. Introducing them in Eq. 1.25 and 1.26, they become that
o~ et S2r (k)N (e) = ne’r (1.28)
3k m '
7 o1, 1
K& ?kBT- gva(k)N(e) = ngl (1.29)

We note that Eq.1.28 and 1.29 are closely related to the expression of the electric con-
ductivity in the Drude model and of the thermal conductivity in the kinetic theory.

1.1.2 The Wiedemann-Franz law

An important consequence of Eq. 1.28 and Eq. 1.29 is that the ratio of thermal to electric
conductivity is constant :
2 1.2
g - %%T = LoT (1.30)
where L is the Lorenz number equal to 2.4453 x 10~8W 2K 2 which only set by the two
fundamental constant kp and e. This result is known as the Wiedemann-Franz (WF) law
discovered in 1853 [28].

One important hypothesis in the derivation of the WF law from the Boltzmann equation
is that the scattering events affect the electrical and thermal conductivity in the same way.
We used the same relaxation time 7 in both Eq. 1.15 and Eq. 1.16). It is only true in the
zero temperature limit where elastic scattering is the dominant one. At finite temperature,
inelastic scattering events also exist and can give rise to the deviation of the WF law [27;
29; 30].

In solids, two well-known inelastic scattering events can give rise to a deviation from the
WF law. First, the electron-electron scattering where the relaxation rate (1/7) presents a
characteristic T2 dependence. Both participating electrons reside within a thermal window
of the Fermi level, and the leak of momentum during the electron-electron collision can
be interpreted by two mechanisms: Umklapp events [14; 31] or multiple electron reservoirs
[16; 17] (it’s not the case for dilute metal SrTiOz [32] and BigOsSe [20] and we will discuss
in chapter 4). These lead to an electrical resistivity (p = 0~1) behavior, at low temperature,
of the form

p = po+ AT? (1.31)

where pg is the residual resistance (associated with elastic scattering) and A the prefactor
that sets the amplitude of the T2?-therm in p. This type of behavior is usually taken as
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a hallmark of Fermi liquids (another one is T-linear specific heat). Like in the electrical
resistivity, the electron-electron scattering also gives rise to a T? in the thermal resistivity (
W=r1):

WT = WoT + BT? (1.32)

At T = 0, electrons only undergo scattering events with impurities or boundaries of
the system: these collisions are elastic and thus the WF law is satisfied that pg = LoWyT.
However, the electron-electron contribution inelastic differs and leads to LoB > A so that
a deviation of the WF is found at finite temperatures. In Chapter 4 , I will discuss such
deviation in the context of electron-doped SrTiOsg.

A second source of scattering that also leads to a finite temperature deviation of WF
law is the electron-phonon scattering [29]. In contrast to the case of electron-electron scat-
tering, the power law contribution of such scattering will be different in the electrical and
thermal conductivity. At low temperatures when 7" < 0p, where 0p is Debye temperature,
Pe—ph X T® while the electronic thermal resistivity times by temperature We_phT < T 3 that
leads to another source of invalidation of WF law. At high temperatures (T' > 6p), the
electron-phonon scattering becomes elastic scattering, the WF law recovers and the resis-
tivity becomes T-linear (pe—pp and We_ppT o< T'). This is why the WF law has been first
discovered at room temperature.

1.1.3 Phononic thermal conductivity

In addition to the charge carriers, there is another type of entropy carrier in solids, namely
the phonons. In solids, atoms vibrate around their equilibrium positions. The crystal lattice
vibration can be characterized by standing waves. The quanta of the crystal vibrational field
are referred to as phonons.

Solids usually have two types of phonons: low-frequency acoustic phonons (characterized
by a vanishing dispersion at the center of the Brillouin zone) and high-frequency optical
phonons. The low-temperature thermal conductivity is generally dominated by the acoustic
phonons however the optical phonons can also contribute to x as they interact with the
acoustic phonon.

Let’s now derive the phonon contribution to thermal conductivity. In equilibrium, the
phonon distribution function obeys the Bose-Einstein distribution:

N = (1.33)
ekBT — 1
where ¢ and wg are the phonon wave vector and frequency. Compared with electrons in
Eq.1.10 1.12 and 1.13, the phonon distribution function in the presence of temperature
gradient becomes

ON
— nO =
Ng=N" — 17307—+ a7
where the 7z is phonon group velocity, 7z is the phonon scattering relaxation time. The heat
flux carried by all phonon modes is then given by :

ONO -
Zhwm;ag o7 VT (1.35)

R (1.34)
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and thus the phonon thermal conductivity is equal to :

_,ON?
Kph = Zﬁwq TV o7 (1.36)

According to the Debye theory [33], vy is replaced by the average phonon velocity v (ap-
proximately equal to the velocity of sound in solids) and w = v - ¢ (the dispersion relation of
acoustic phonon mode) for all types of phonons. Eq.1.35 become an integral :

a NO
Kph = /hw#r,fuq 5T dq (1.37)
here dq = 27r2 dq = Qﬂ v3 dw [34]. Using the Debye assumptions and Eq.1.32 and 1.36 it leads
to
heo _hw
1 wp eKpT
= huw? 2 d 1.38
Fiph 27T2U/0 T()QKT2(K’§T_1)QW -

where wp is the Debye frequency that satisfies :

wp 3?2
3N = 1.39
/ o v3 ( )

where 3N is the total number of all distinguishable phonon modes. If we make the substi-
tution x = kBﬂT and define the Debye temperature 6p = h;”—;, Eq. 1.37 can be simplified
to

9D
kB 4 4

(e )3T3/0 Tq(x)ﬁdx (1.40)

kp

2m2v

fiph

Within the Debye approximation, the lattice-specific heat is

Cv = oo (2T /0 R (L41)

The phonon mean free path [ = v7 and then phonon thermal conductivity can be written
as[34]

Kph = ;/OT C(x)vl(z)dx (1.42)

We note that this last equation is also analogous to the thermal conductivity formula derived
from simple kinetic theory.

According to Eq. 1.42, the phonon thermal conductivity is the product of the phonon heat
capacity, phonon mean free path and sound velocity. Fig 1.1 shows the typical temperature
dependence of these three quantities that allow a qualitative understanding of the typical
temperature dependence of the thermal conductivity of insulating materials such as the one
of SrTiOs3, see Fig 2.8 (a).

At sufficiently low temperatures, when 7" < 6p, the heat capacity behaves as C' oc T3,
the mean-free-path [ of the phonons becomes comparable with the sample size as the low

eql.39
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CT?

|
A 1< 0, B T>> eDC log T
Fig. 1.1 Schematic sketch of the temperature dependence of the specific heat (C),
the mean free path (¢), and the velocity (v) of phonons. According to Eq. 1.42,
the phonon thermal conductivity is the product of these three quantities. Regions
A, B, and C correspond respectively to the ballistic, Ziman, and diffusive regimes
phonons.

energy acoustic phonons are only scatters by the sample boundaries. These lead to a T-cube
thermal conductivity &, this is the so-called ballistic regime ( region A in Fig 1.1).

As temperature increases, the phonon-phonon scattering becomes more and more im-
portant. When the temperature is large enough to allow Umklapp scattering the scattering
time trace as 7 oc T~ 1e/P/T[35] (1 = vt ). Combined with the T dependence of the heat
capacity, the phonon thermal conductivity s evolves as k e?p/aT  This is the Ziman regime
[29] ( region B Fig 1.1 ). As temperature increases to 1" > 0p, the heat capacity becomes
saturated, and the mean free path traces as 7! because of the dominance of Umklapp scat-
tering. These lead to a 7! thermal conductivity, the so-called diffusive or kinetic regime (
region C in Fig 1.1).

Between the ballistic and Ziman regimes another regime can be found dominated by
the normal phonon-phonon scattering known as the hydrodynamic regime[36], where « is
faster than T3 k. It has been found in many handful systems: 3He[37], Bi[38], solid H[39],
SrTi03[40]( Fig 1.1) and Black P[41]. I will come back to this peculiar regime in Chapter 2.
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1.1.4 Transverse transport in magnetic field

In this section, we will add another parameter to the study of the electrical, thermal, and
thermoelectric transport properties: a magnetic field. In the presence of a magnetic field,
the charge carriers experience an additional force : the Lorenz force et x B that will affect

the dynamic of the electron momentum as follows h% = ev}, x B. The distribution function

in the presence of a magnetic field can be rewritten as :

df.(7) dfy (7) dk 4 If(7)
Mg e g = el )dk

=

(.3)

In the presence of a magnetic field, we recall the electric field affects the distribution
function. Suppose that the actual distribution is only barely different from the original

Fermi-Dirac distribution, one can write
fu(P) = fL(F) + gi(7)

here e (v, x B)

dfk()f
b =

(.a1)

e(vj, x B)-huj, 7 2 (]:) = 0 ( this is only true when the Landau quantization

is negligible ). In other words, a lonely magnetic field does not disturb the Fermi-Dirac
distribution. It only works on those electrons that are kicked out of equilibrium by an

electric field or a thermal gradient [24].

Considering the electric field E temperature gradient VT and magnetic field B at the

dfk(f') _ gk(f')

same time, Using the linear perturbation same as Eq. 1.10 that
the Eq. 1.11, Eq. 1.12 and Eq. 1.43, then we get

09 (7) 5’f0 are . g(T)
= — E — T=—
ok + 8€k + oT kv T

dfk(F) N e, =
o = 70k x D)

We introduce mobility u = £~ = %%, Eq 1.45 becomes

- —»8 80 0

L = Ogr(7) 3f0 of° =
= 0 (uB x =g +er5 B+ 155 VT)

here using the scalar triple product of three vectors that @- (b x @) =b- (€% @
Deﬁning the gx(7) = v - G and in absence of magnetic field, G becomes Gy =

VT Assuming that G is independent of velocity vy, (ag’“ (1) — G) so G =
Then we get

G x uB = (Go + uB x G) x

and combining

(.5)

(.6)

)

Then replacing the left-hand side of Eq. 1.46 by GVO — G and using a simple rule of vector

algebra (@ x (bx &) = (@- @b — (@-b)@), then it becomes

—

Go— G =3, xu§+u2325—u2(§-é)3

(.5)
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. Go—GoxuB+y2(B.-G)B
G- Smtuxiiy (149

Then using B-G=B- d(], eventually we get
of° . E—ExuB+ 2B -E)B

gi(T) = —Te——10; -
Oey, 1+ u2B?
S R . o (1.50) |eql.50
0f0 T —VT x ubi + 42(5 - 9T)5
T 1+ 2B2

Assuming that the electric field and thermal gradient are parallel and perpendicular to
the magnetic field, the electrical and heat current can be written as :

af° E—Exué ofer, — ﬁT—ﬁTxué -
¢ =— [ etpTUR(=— - 1.51 1.51
/ /ev’“m’“(aeke 5282 o T ag,ep D (15

a9 E—EXME Of% e — p V_’T—V_’Tx,ué -
Q_ _ (= _ ~ B
J /Uk(ek M)Tvk(—a% 2R 252 + e T (—( 11 252 )))dk (1.52) |eqi.52

All the components of o, k, and « can be expressed in terms of a product of their zero
field values (labeled ¢, ko and ag) and a function of the magnetic field which involved only

one parameter the electronic mobility p = <= :

]
1%
oopuB
ol = m (1.54) |eql.54

Ko

K| = TM?BQ (155) eql.55
HOMB
1%
Qo
o = m (157) eql.57

aouB

o= (1.58)

We can see that the application of the magnetic field leads to a decrease in longitudinal
electrical, thermal, and thermoelectric conductivity, it also induces an off-diagonal response.
Note that we only discuss here the effect of the magnetic field on electrons as phonons are
neutral particles and thus are not expected to be sensitive to the magnetic field. However, I
will show in Chapter 3 that phonons can still play a key in the thermal properties of solids
in the presence of a magnetic field due to electron-phonon scattering.



1.2 EXPERIMENTAL TECHNIQUES 11

1.2 Experimental techniques

In the last section, we introduced the theoretical framework employed to understand the elec-
trical, thermal, and thermo-electrical properties of solids. In this section, I will present the
measuring principles. The cryogenic and magnetic environments, measurement of voltage,
and temperature yielding these three quantities will be discussed.

1.2.1 Measuring principle

As we discussed before, the tensors of electrical, thermal, and thermoelectric are quantifiable
physical properties of a solid. They represent the relation between the electrical (or the heat)
current and the electric field (and or the temperature gradient) in a solid. Fig 1.2 is a sketch
of the experimental setup used to measure on the same sample the three tensors: o, k, and

[0

T1i Ty

Copper heat sink

Fig. 1.2 Sketch of the setup that allows to measure the three tensors o, k, and
& at the same time. Ty Ty and T3 are three Cernox CX-1030 thermometers. The
heater is a 1 K {2 chip resistor. All connections on the sample were made using
silver paste. Six tin pads (white rectangles) are soldered on the sample for ohmic
contacts.

Let us first consider the case where there is no magnetic field so that the transverse
responses are vanishing for the three tensors. The electric field and the temperature gradient
are oriented parallel to the current flux or heat flux, so we can reduce these vectors to scalars
as shown in Eq. 1.5 and 1.6 evaluate the transport coefficients.

The electric conductivity (o)

For measuring the electrical conductivity: J¢ # 0 and J9 = 0. This induces an electrical
potential parallel to the direction of the electrical current. By measuring the electrical
potential difference between U; and Us (see Fig 1.2) we can evaluate the electrical resistivity
p= % =o L
The thermal conductivity (k)

For measuring the thermal conductivity: J¢ # 0 and J¢ = 0. This induces a temperature
difference on the two sides of the sample along the direction of the heat current. By measuring



12 CHAPTER 1. TRANSPORT THEORY AND MEASUREMENT

the temperature difference between T; and Ta, we can evaluate the thermal resistivity W =
)
The thermoelectric conductivity (o)

As electrons are charged particles, the flow of particles induced by a heat current is also
accompanied by an electrical potential to keep J¢ = 0. This potential difference is known
as the Seebeck effect, S = % = ao~!. Inversely, an electric current induces a temperature
difference. This is known as the Peltier effect. The Peltier coefficient is I = _JVET with
IT = ST according to the Kelvin relation [24]. Although there is always a thermoelectric
contribution in any electrical or thermal measurement (see Eq. 1.5 and Eq. 1.6), in most
cases these contributions are tiny and can be ignored while measuring the electrical and
thermal conductivities.

Combining the expression of ¢ Eq 1.25 and a Eq 1.26 allows us to express the Seebeck
effect :

2 krjzB dlno
= Bp= | _ 1.
S 3 e Oe Je=cr (1.59)
This equation is the so-called Mott formula, as it was first formulated in the thirties by Mott

and Jones [42]. If we approximate : %‘Z le=ep™ & Eq 1.59 becomes[24]

2
S_mks L (1.60)
T 3 e TF

Eq 1.59 and 1.60 describe the diffusive thermal power. As electrons and phonons can
both carry heat, there is an extra contribution to the thermo-power resulting from the
electron-phonon momentum exchange known as the phonon drag effect. I will discuss both
contributions in the case of lightly doped SrTiOgs in Chapter 3.

In the presence of magnetic field- As discussed before, a magnetic field not only
influences the longitudinal transport coefficients but also produces a transverse response, so
we need to treat the Eq. 1.5 and 1.6 as tensors. Here we consider the case of an in-plane
isotropic material which means that o, «, and s can simplify to 2 x 2 tensors:

Oxxz Ogxy ] &= [ Qgry  Qgy ] R = [ Rex  Kay ] (161)

—Oxy Ozxx Oy  Qgy —Rzy Kazx

o=

Magnetoresistivity and Hall effect- In the presence of a magnetic field along the z axis,
the electrical current flux J¢ along the x axis direction will lead to an electrical potential
difference along the y axis too. This is known as the Hall effect. The longitudinal resistivity

Pz = % and transverse resistivity pg, = % Here p%y = # ( using to obtain the carrier
concentration ). Since & = p~!, one has:
Pxx
Opg = 122 (1.62)
P2+,
—Pzy
Opy = 55— (1.63)
P2 + P2y

Thermal Hall effect- In the presence of a magnetic field along the z axis, a heat flux J@
along the z axis will lead to a temperature gradient along the y axis too. This is known



1.2 EXPERIMENTAL TECHNIQUES 13

as the thermal Hall effect (originally called the Righi-Leduc effect [43]). The longitudinal

thermal resistivity is W, = iYQTI and the transverse thermal resistivity is W, = %.
k = W1, therefore
WCCI
Kpr = == (1.64)
W2, + W2,
Wy
Kry = w5175~ (1.65)
Wz, +W2,
In most cases, Wy, > Wy, so the kp = —% and Kgy ~ —KJM%

The Nernst effect- In the presence of a magnetic field along the z axis, the heat flux J@
along the z axis direction will also lead to an electric field along the y axis which is known
as Nernst effect. In this case; Eq. 1.5 becomes

E, | _ 4 | VIL | | Sz Say VT,
AR R A ) I
with

E,VT, + E,VT,
V12 + V12

Sz = (1.67)

o _ BN, - BV,
S v

(1.68)

As VT, > VT,, Six = VE’fz and Sy = %% Combining the expression of & and S, we
obtains o, and agy.

1.2.2 Measurement setup

The transport experiments were carried out in the Physical Property Measurement System
(PPMS) or in a dilution cryostat. The combination allowed covering a large temperature
range from 30 mK to 300 K with a magnetic field as high as 16 T. Homemade sticks and
sample holders have been developed to measure during the same experimental run the three
tensors. A sketch of the sample holder and of the PPMS probe is shown in Fig 1.3.

Resistivity and Hall effect measurements were done in four contact geometries as shown
in Fig 1.2. Two wires were used to inject the electrical current, and 4 wires were used to
measure the longitudinal and transverse voltages in order to determine E, and E,.

The situation is slightly more complicated for the thermal and thermoelectric transport
measurements. The sample was glued on the cold sink with silver paste. Three thermometers
( typically Cernox 1030 ) and one heater ( Chip resistors ) were glued on the sample using
silver paint. Note that this is the insulating substrate side that is glued on the sample to
prevent electrical contact between the sample and the thermometers. Gold wires on the

eql.67

eql.68



14 CHAPTER 1. TRANSPORT THEORY AND MEASUREMENT

thermometers and heater are connected to manganin coils, formed by four twist wires, to
avoid heat loss between the sample and the sample holder( radiation will also lead to a heat
loss [44] but in our case, with a good thermal conductivity it can be ignored ). The whole
setup, shown on 1.3, is then mounted on a stick that fits into the PPMS of our laboratory.
The resistance of thermometers and heaters is measured with the 4-wire method.

Sample holder

LYV
=
i

1 8

Manganin coill )
g Pin connector

.
I "} y

i'"
Probe

Fig. 1.3 Photography of the sample holder response to the Sketch( Fig 1.2). The
probe can be inserted into PPMS.

1.2.3 Measurement of voltage

After preparing the setup, the last thing is measuring the longitudinal and transverse electric
field ( E, and E,) and temperature gradient ( VT, and V7)) and electrical current flux J¢
and heat flux J€ as shown in Fig 1.2.
Electrical current flux J¢ and heat flux J9

The electric current is provided by a current source (Keithley-Model 6221) (see Fig 1.4).
It can provide DC or AC from 1 nA to 100 mA (AC for measuring the resistance of Cernox
and RuOg thermometers and DC for measuring sample resistance ). The heat current is
provided by a heater (RuOg chip resistor). We use the 4-wire method to detect the heat
power of the heater, 2 wires are used to impose a current by Model 6221 and the other is for
measuring the voltage. Ignoring the thermal radiation and heat leak from the manganin coil
(We will discuss this later), the heat current density through the sample to the cold sink is
equal to the power of the heater divided by the cross-section of the sample.
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Electrical field E; and E,

Model 2182A Nanovoltmeter

DC current

Fig. 1.4 Measurement of the longitudinal and transverse electric field E, and E,
along the sample. Model 6221 provides a DC current along the x axis. K, and E,
are detected by two Model 2182A nanovoltmeters in the same time

We used a (Keithley-Model 2182A) nanovoltmeter to measure the voltage between the
two contacts on the sample along the x (y ) axis as shown in Fig. 1.4. The noise level achieved
was around 10 nV. The electric field equals the voltage divided by the distance between the
two contacts. Even without the electrical and heat current through the sample, there is an
offset signal. For measuring the resistivity and Hall effect, the current-reverse mode is used
to compensate for the offset. For measuring the Seebeck and Nernst effect, we can subtract
the measured voltage without heat current from the measured voltage with heat current
to exclude the offset. Another detail is the unavoidable misalignment between each pair of
lateral (and even longitudinal) electric and thermal contacts, so we need to symmetrize (for
longitudinal) and antisymmetrize (for transverse) the signals for the magnetic field. This is
relevant to both tE£, and VT, (and much more for £, and VTy).

1.2.4 Measurement of temperature difference

We used three kinds of thermometers: Cernox 1030, RuO; chip resistor, and type E ther-
mocouple to probe the local temperature at a given point of a sample. The temperature
can be monitored by measuring the resistance of Cernox 1030 or RuO2 chip resistor, or by
measuring the thermoelectric voltage across a type E thermocouple.
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Fig 1.5 shows the measuring circuit using the Cernox 1030 or RuQOg chip resistor. Three
thermometers are first connected in series. Then AC current provided by Model 6221 passes
through the three thermometers. The AC voltage of each of the three thermometers is first
amplified by the Model SR560 preamplifier and then detected by the Model SR830 lock-
in amplifier. The voltage difference between a pair of resistive chips is measured with a
high-precision. This yields the temperature difference.

Taking the Cernox 1030 as an example, we will show how can we get the absolute tem-
perature and temperature difference in T and Ty as shown in Fig 1.2. Note that here Ty
is used as the standard thermometer. Before mounting it on the sample, its temperature-
resistivity curve has already been calibrated in PPMS as shown in Fig 1.6 (b). This is the
first calibration curve and we fit the temperature-resistivity curve in the log-log scale

fgT) =gk (1.69)

During the measurement, we will measure another calibration curve using the resistivity of
Ty ( R1 ) to calibrate the resistivity of T2 ( Rz ) when the heat current is zero (note that
we use the differential mode to measure Ry ) as shown in Fig 1.6 (a). From this curve, we
can get another fit function

g(Ra) = By (1.70)

Having referred to two fit functions, we can accurately acquire the absolute temperatures
T1 and T when the heat current is not equal to zero. For T7, we need to inject [gR; into the
first fit function Eq. 1.69. For T, we put Ry into the first fit function (Eq. 1.70) to get its
map to Ry. Then according to the first fit function, we get the T5. Having obtained absolute
T} and T5, the temperature difference (equal to 77 — T5) and the sample temperature (equal
to %) are both obtained. Note that the thermal conductivity is usually not linear with
temperature, so we need to keep the temperature difference less than 10% of its absolute
temperature.

We can use the same method to get a transverse thermal gradient in a magnetic field.
These resistive thermometers also show magneto-resistivity, which can not be ignored es-
pecially at low temperatures. Compared to Cernox 1030, RuOy shows a smaller magneto-
resistivity below 2 K. This is why we usually use it to do relative measurements at the
temperature range of dilution.

In Chapter 5, the thermal conductivity of EuTiO3 above 50 K is measured by using Type
E thermocouples. Relevant measurement principles will be introduced in the Appendix.
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Model SR830 DSP lock-in amplifier

17

Ty Ty

AC current

Fig. 1.5 Measurement of temperature and temperature difference using three ther-
mometers (Cernox 1030 or RuOs chip resistor). The AC current provided by Model
6221 passes through the three thermometers. The AC voltage of each three ther-
mometers is first amplified by the Model SR560 preamplifier and then detected by
the Model SR830 lock-in amplifier. The voltage difference between Ty and Ty (T3
and T3) is measured to have a high-precision temperature difference signal VT,

(V1)

Reference AC current
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Fig. 1.6 (a) the resistivity relation of thermometer Ty and T measured by the
referred setup with no heat current( Ry and Ry are the resistance of thermometer
Ty and Ti). Ty is the standard thermometer. (b) The resistivity and temperature
calibration curve of standard thermometer T; in Ig-lg scale. We use this curve to

obtain the absolute temperature.



Chapter 2

Research background

Summary of the Chapter

A member of the perovskite family, the quantum paraelectric SrTiO3 has been studied for
several decades. In this chapter, I will begin by reviewing its structural properties, including
the antiferrodistortive transition and quantum paraelectricity, each associated with a distinct
soft phonon mode. The electronic properties, the metallic and the superconducting states
will be discussed afterward. These discussions will provide proper context for the new results
presented in chapters 3 and 4. Then, I will introduce two other quantum paraelectrics with
perovskite structure: KTaO3 and EuTiOs. The latter also shows an antiferromagnetic order
due to the presence of Eu?*. The coupling between quantum paraelectricity and magnetism
provides context for the results presented in Chapter 5.

2.1 Overview of SrTiO;

SrTiOs is a fascinating quantum paraelectric material known for its significant permittivity.
Originally an insulator with a band gap of 3.2 €V, it can be transformed into a metallic and
even superconducting state through n-type doping. The interplay between its lattice struc-
ture and the doping electrons has garnered recent attention due to the intriguing transport
properties observed. Before delving into these properties, let us first revisit the comprehen-
sive study of the structural and electronic characteristics of Sr'TiOs.

2.1.1 Crystal lattice properties
2.1.1.1 Antiferrodistortive Transition

At room temperature, SrTiOg exhibits an ideal perovskite structure, formed by the tessel-
lation of TiOg octahedra and SrO;4 cuboctahedra (see Fig 2.1 (a)). It belongs to the cubic
space group Pm3m with a lattice parameter of a. = 0.3905nm [45]. As the temperature
decreases, a cubic-to-tetragonal transition occurs at around Tarp ~ 110 K, where the TiOg
octahedra tilt around the ¢ axis. This structural change is referred to as the antiferrodis-
tortive (AFD) transition and is non-ferroelectric in nature.

In 1964, X-ray measurements quantified the lattice change during the AFD transition,
detecting a small tetragonal distortion with ¢/a = 1.00056 [46]. Three years later, electron
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Cubic

dc

ac

Pm3m (221)

(b)

I4/mem (140)

Fig. 2.1 Illustration of the AFD transition in SrTiOs. (a) Ideal cubic per-

ovskite with the space group Pm3m at high temperature. (b) I4/mem of the

low-temperature tetragonal phase. At the AFD transition, the oxygen ions move

as indicated by black arrows. Along c;, the octahedra tilt in an antiphase manner.
The tetragonal unit cell volume is four times larger than the cubic phase.

spin resonance measurements by Unoki and Sakudo determined the tetragonal phase to have
a space group of I4/mem [47]. In this phase, the unit cell becomes v2a. x v2a. x 2a.,
resulting from adjacent TiO6 octahedra rotating clockwise and anticlockwise around the ¢
axis (illustrated in Fig 2.1 (b)). The angle of rotation ¢ is approximately 1.4° at 77 K and
increases to 2.1° at 4.2 K [47]. Raman and neutron scattering measurements in the late
1960s revealed that the triply degenerate phonon F2u (I%5) at the R point of the Brillouin
zone softens (approaches zero frequency) as the temperature decreases to Tapp (Fig 2.2
(a)). Below T4rp, this soft mode splits into a singlet for rotations around the ¢ axis and
a doublet for rotations around the a and b axes, and these two new zone center phonons
(in the tetragonal structure) become harder. The second-order nature of this transition has
been confirmed by the presence of a well-defined peak in the specific heat (Fig 2.2 (b)) [48].

Below Tarp, the TiOg octahedra can rotate around each of the three perpendicular
cubic axes. Consequently, as the temperature cools below T 4rp without any external strain,
three types of tetragonal domains with three different directions of ¢ axes along the cubic
axes emerge. Researchers have managed to obtain single-domain samples by manipulating
the crystal’s shape or applying directional stress [49]. Additionally, the AFD transition is
sensitive to the presence of minute amounts of extrinsic atoms. Introducing oxygen vacancies
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reduces Tapp [50; 51], while substituting Ti with Nb shifts it upward (both of these cases also
introduce electrons, see section 2.1.2). Substituting Sr with La or Ca [51; 52] is beneficial for
Tarp, whereas it is detrimental with Ba and Pb [53]. Recently, McCalla et al. [54] conducted
a comprehensive examination of the complex response of T'4pp to substitution and proposed
a unified picture based on a combination of impurity-induced changes in the Goldschmidt
tolerance factor and the ionic valence mismatch between the host and the impurity.
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Fig. 2.2 I%5 soft phonon mode and second order transition at Tarp (a) is
the phonon energy of I55 mode at R-point in SrTiO3 as the function of temperature
and the insert is the vibration of I'»s mode in octahedra [55]. At AFD transition
temperature 105 K, I; mode softens.(b) is the differential heat capacity as a
function of temperature around AFD transition temperature 105 K [48].

2.1.1.2 Quantum paraelectricity

Below 105 K, in the AFD phase with a tetragonal structure, SrTiO3 experiences another
lattice instability. While the first instability was linked to the condensation of a zone bound-
ary acoustic mode, this second one arises from the softening of a transverse optical mode at
the I'-point, known as the I'15 mode, making it associated with a ferroelectric instability.
The softening of the I'j5 mode (transverse optical mode) has been observed through Raman
[58] and neutron scattering [55], as depicted in Fig 2.3 (a). Compared to the AFD transi-
tion, where the softening of the TA mode is complete, the frequency of the I'j5 mode never
reaches zero even at the lowest temperature, and it stabilizes at a value of approximately
wp =~ 1-2 meV. Consequently, the system is near being ferroelectric and is often described as
an incipient ferroelectric [59].

The presence of incipient ferroelectricity [59] in SrTiOgs is evident in its large dielec-
tric constant (ep), which follows the Lyddane-Sachs-Teller expression connecting €y and wy:
€ x 1 /wg. As the system is cooled from room temperature to liquid helium temperatures,
the dielectric constant increases dramatically, reaching values as high as 20,000 times the
vacuum permittivity [4]. With decreasing temperature, it deviates from the Curie-Weiss
law and saturates, as depicted in Fig 2.3 (b) [4]. This state of quantum paraelectricity
has been attributed to the presence of zero-point quantum fluctuations, which hinder the
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Fig. 2.3 I1s soft phonon mode and large permittivity (a) is the phonon
energy of I''s mode in SrTiOs as the function of temperature [56; 57]. The insert
is the vibration of I'ys mode in octahedra. Note that in the tetragonal phase
below Tapp, it is located at I'-point. (b) is dielectric permittivity evolving with
temperature [4]. There is no ferroelectricity peak. Inset shows the temperature
dependence of 1/¢', the red line is a linear fit by using the Curie-Weiss law.

establishment of long-range ferroelectric order [1; 60]. In the potential energy landscape of
the polar soft mode as a function of the relative displacements of anions (O) and cations
(Sr, Ti), a double-well shape with two minima corresponding to ferroelectric ground states
with opposite polarizations is observed [61] (see Fig 2.3 (a)). In pristine SrTiOg, zero-point
fluctuations between these two states impede the emergence of long-range ferroelectric order.

The traditional knowledge of quantum paraelectric in SrTiO3 has been challenged. In
2017, Rowley proposed that the quantum paraelectric in SrTiOg is attributed to ferroelectric
quantum criticality [62; 63]. More recently another source of this remarkable state has been
proposed. A series of inelastic neutron scattering measurements on SrTiOs shows that
the softening of the TO mode is accompanied by a large TA-softening [64]. Motivated by
this result Guzman-Verri, Liang, and Littlewood [65] propose a Landau theory including a
flexoelectric term in the Landau free energy. Such coupling not only softens the TA branch
at a finite g vector but also leads to the repulsion of the modes giving rise to a saturation of
the TO mode. In their picture, the TO/TA hybridization identified by the neutron results
is the ultimate driver of the ground state of SrTiOsz and not the zero point fluctuations as
previously thought [66].

2.1.1.3 Ferroelectricity

As discussed above, SrTiOg3 is a quantum paraelectric while the ferroelectric order can be
easily stabilized. It can be done in several ways by chemical substitution of a small fraction of
Sr atoms with Ca [2] or Ba[3], by isotopic substitution (of 10 with 80 [4]), or by application
of stress [59] or an electric field [69].

Sri_,Ca,TiO3 becomes ferroelectric for Ca concentrations restricted to a narrow win-
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Fig. 2.4 (a) Ferroelectric double-well potentials[61]. The vertical axis is internal
energy, and the horizontal axis is the polarization (or relative displacements of the
anionic and cationic sublattices), with the curves centered around zero polarization.
The green dashed lines represent the zero-point energy levels. (b) Substituting 6O
with O or Sr with Ca favors ferroelectricity [5]. Ca atoms are smaller than Sr and
180 atoms are heavier than 160. (c) Curie temperature, Tcyyie, determined from
dielectric measurements in SrTi(**0,_,'®0,) [67] and Sr;_,Ca, TiOs [2; 68] as a
function of Ca and 'O content respectively.

dow of 0.002 < x < 0.02, while SrTi(*%0;_,'80,)3 begins at y ~ 0.35 as shown in 2.4
(c). Both of their Curie temperature T increase with increasing concentration. For the
SrTi(*%01_,'80,)s, the substitution of 1°0 with larger-mass O atoms lowers the zero-point
energy in the ferroelectric double-well potential and tunneling between the two ground states
is reduced, thus enabling a condensation of the polar soft mode [70]( see in 2.4 (a)). It is
more complicated in Sr;_,Ca,TiO3. The substituted Ca atoms have a slightly smaller ionic
radius (0.099nm) than that of Sr (0.112nm)( see Fig 2.3(b) ). In the first (order—disorder or
percolation) picture, Ca atoms take off-center positions and form polarized dipole clusters
that grow in size with decreasing temperature. The percolation of these clusters at T¢ leads
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to a long-range ferroelectric order [71]. In the second picture, Ca substitution damps the
quantum fluctuations that prevent ferroelectricity in pure SrTiOs. A transverse Ising model
has been used to describe the competition between the zero-point quantum fluctuations and
the ferroelectric order [72]. In this model, the dipolar interaction between Ca sites enhances
the cooperative exchange coupling between dipoles and suppresses tunneling between the
possible ferroelectric ground states.

2.1.2 Metallicity of doped SrTiO3

After discussing the lattice properties of SrTiO3 I will now describe its electronic properties.
This wide-gap semiconductor can be tuned into a metal once it is n-doped by substituting
tiny Sr with La or Ti with Nb or removing O atoms [5]. Due to its large dielectric constant
SrTiOs has a long Bohr radius. It is thus remarkably easy to change this insulator into a
metal, and even a superconductor, with a very low electronic density. I will present in this
section the electronic properties in its normal as well as state superconducting properties of

/.
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Fig. 2.5 DF'T calculation of the electronic structure for cubic phase SrTiOs. The
tog are the lowest-lying conduction bands. The # 13 is the dxry band. Adapted
from[73].

Band structure

Figure 2.5 shows the band structure of Sr'TiO3 [73] according to DFT calculation. SrTiO3
has an indirect bandgap of 3.25 eV and a direct bandgap of 3.75 eV, experimentally deter-
mined from valence electron-energy loss spectroscopy (VEELS)[74]. The primary contribu-
tion of the valence band is the 2p orbitals of oxygen atoms[75] and the conduction band is
mainly composed of the Ti 3d orbitals. The tetragonal crystal field and the finite spin-orbit
coupling [76] lead to the 3d orbitals split into to, and e,. The dg, (the # 13 in Figure 2.5
), dy- and d,. orbitals of ¢y, bands are degenerate at the conduction band minimum, the I’
point.
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Fermi surface

The evolution of the Fermi surface of electronic doped SrTiO3 has been well documented
through the observation of quantum oscillations in magnetotransport measurements such as
the Nernst effect [77] or magneto-resistivity[68; 78]. Fig 2.6 (a) shows the trace of these
oscillations for a sample with a Hall carrier density ng=1x10%cm™3. At this doping level,
a single frequency was found [77]. As the carrier concentration increases, this Fermi surface
grows in size and above a threshold concentration, n.;, close to what the theory had suggested
[79], a second small frequency, pointing to the emergence of an additional concentric pocket,
is detected. The outer Fermi surface becomes heavier when n > n., confirming another
expectation of ab-initio calculation. An angle-dependent study of quantum oscillations in La-
doped SrTiO3 thin films confirmed the expected anisotropy of the lower band at low carrier
concentration. The success of the rigid-band picture using virtual crystal approximation in
describing nonstoichiometric SrTiOg is remarkable. Here is not surprising that observing the
quantum oscillation down to 1017em=3[77; 80] or even 10cm=3[81] because of the parent
insulator of dilute metallic SrTiOg is a quantum paraelectric with a large dielectric constant
which leads a large effective Bohr radius[24; 82].

a B Dopant content
( )A 0.3 n,=1.06x10" cm=3 © 10 104 103 102
E 02 negsy = 9.73X 10 cm-3 [ e ‘ 5 p
a = [ —@— Lowerband |
E 011 Fe26aT 100 —C— Middie band /<;," i
% ] = F —@— Upperband ]
QQ 0.0 1 g‘_ E 2 : /
=0.1 ——175mK —— 630 mK —— 12K - !
T T T T T |
0.05 0.10 0.15 020 025 030 035 b
10k : "/ g
VB (T E I = U ST :
d f ' '
(b) 06 ] ( ) 0 smio, | : o A
~ 048 O ST NbO, | 3e;
€
) 04 g [ | : ]
] - = | @ :
= |
\E-E/x 02 02 @% A0 @ B
< YT a i
0.0 T T T 00 . !:l......| 4"\("""‘.“ Ll .:. | R L
0.0 0.1 0.2 03 0.4 07 00 107 100 107
T n (cm)

Fig. 2.6 (a) and (b) dilute metallic SrTiOs displays quantum oscillations of resis-
tivity and a superconducting transition[68]. (c¢) The evolution of the frequency of
quantum oscillations with carrier concentration. At two critical doping levels, n.1
and n.o, new frequencies emerge, marking the occupation of new bands[5]. (b) The
resistive superconducting phase diagram in SrTiOs_, and in SrTi;_,Nb, O3[5].

T-square resistivity

At low temperatures, the electric resistivity of n-doped SrTiOg can be expressed as
p = po + AT? as shown in Fig 2.7 (a). This behavior persists over four orders of magnitude
in carrier density from 3 x 10'7em ™3 (corresponding to 2 x 10™e " per f.u.) up to 2 x 102t em =3
[83]. As the doping decreases the amplitude of this T2-therm increases to become as large
as a few pf2emK ~2 as shown in Fig 2.7 (b), which is typical of a heavy-electron metal.

As discussed in section 1.2, T? resistivity in a Fermi liquid is related to the temper-
ature dependence of the phase space for electron-electron scattering. This phase space is
inversely proportional to the square of the Fermi energy; therefore, the smooth increase in
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the magnitude of the prefactor with decreasing Fermi energy[84] (which scales with carrier
concentration[83]) is qualitatively expected. In Fermi liquids, there are two known ways for
collision between electrons to generate a finite contribution to electric resistivity. The first
is Umklapp scattering [14; 31|, during which the colliding electrons lose a unit vector of the
reciprocal lattice. The second is the Baber mechanism [16]. If there are two reservoirs of
electrons, with one being more coupled to the lattice than the other one, even if the momen-
tum is ultimately lost by electron-phonon collisions, the rate is set by a bottleneck set by
the momentum exchange rate between the two reservoirs. While below the threshold con-
centration n.; in metallic Sr'TiOg, both the two ways don’t exist ( the single Fermi surface
is too small for Umkalp scattering ). In Chapter 4, we will combine the study of thermal
resistivity to discuss the origin of T2 resistivity in dilute SrTiOs.
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Fig. 2.7 (a) Resistivity versus T? in SrTiOs_, evolve with the carrier density.
Straight solid lines represent the best fits to low-temperature data[83]. (b) The
prefactor A of T? resistivity as a function of carrier concentration on a log-log
scale[83]. The evolution of the Fermi surface with increasing concentration is also
depicted here. Below n.1, the Fermi surface is a simply squeezed ellipsoid, whereas
above n. it has two concentric components with growing outer lobes. (Inset)
Residual resistivity pg extracted from p = pg + AT? fits.

Superconductivity

In the 1960s, superconductivity was discovered in n-doped STO[85; 86]. It is a key mo-
ment in the history of solid-state physics as SrTiO3 has been the first superconducting oxide
discovery paving the way for many others. Moreover, it is the first system where a supercon-
ducting dome has been discovered. As a function of the carrier density the superconducting
critical temperature traces out a dome peaked at T, ~ 200mK for O-reduced SrTiOg and
T. = 450mK for Nb-doped SrTiOs (see Fig 2.6 (d)). More recently the discovery of su-
perconductivity down to very low density in SrTiOs_s (which is absent in Nb-doped STO)
has triggered a renewal of interest in the pairing mechanism governing superconductivity in
SrTiO3 (for more details, see recent reviews by Collignon et al.[5] and by Gastiasoro et al.[6]
and Enderlein et al. [87]).
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2.1.3 Lattice heat transport properties

Two transport phenomena related to phonon hydrodynamics[88], second sound, and Poiseuille
flow have been observed in SrTiO3 due to the presence of soft modes in the phonon spectrum.
The second sound is a wave-like propagation of temperature or entropy, found in SrTiO3 by
using Brillouin scattering[89] and low-frequency light scattering [90]. Poiseuille flow, on the
other hand, occurs when the temperature dependence of thermal diffusivity is affected by
the variable viscosity of the phonon fluid, and it has been detected through a study of ther-
mal conductivity [40] as shown in Fig 2.8(a). The faster-than-cubic thermal conductivity
is attributed to a Poiseuille flow of phonons. Both the second sound and Poiseuille flow of
phonons require a combination of frequent normal scattering and rare resistive collisions such
as Umklapp and impurity scattering. Strong coupling between soft and acoustic phonons
[91] can enhance normal scattering, and this has been invoked to explain the observation of
phonon hydrodynamics in SrTiOg [40; 90].

In addition to the phonon hydrodynamics signatures, a recent discovery in SrTiOj3 is the
presence of a giant thermal Hall effect (THE) [92], as depicted in Fig 2.8(b). Unlike electrons
affected by Lorenz force or magnons and spinons, phonons are the exclusive heat carriers in
SrTiOs ( high-temperature superconductor cuprates[93] or the Kitaev spin-liquid candidate
a—RuCl3[94-96]), exhibiting a transverse response. The origin of the phonon chirality in
these materials remains unknown. However, experimental measurements in strontium ti-
tanate indicate a connection between the thermal Hall effect and the AFD transition [9] or
the instability of ferroelectricity [97], which paves the way for studying the chiral phonons.
In Chapter 3, we will show our new result of the thermal Hall effect in SrTiOs.

40 e —— 100+
] a f'.P\
_ (a) ‘\‘\-\___ﬂ »
Rare i '-"'-.\
104 Umklapp T \ i .
— 1 [Ziman] "7 AFD = 10-:
£ [Bgallistic \ Vi
¢ |[casimin T° /‘ [ Kinetic T S
< T 3
= ;/ Martelli 2018 £
¢ ] lk 14
14 Poiseuille AFD Fluctuations |
] flow
] 0.1 — L — e
0.3 — .
1 10 100
4 10 T(K) 100 500 T(K)

Fig. 2.8 (a) Thermal conductivity of a SrTiOs crystal (closed red squares) in a
log-log plot[40]. Different regimes of thermal transport are identified. Solid lines
represent the expected behaviors in these regimes. An additional window due to
enhanced Umklapp scattering opens up in the vicinity of the antiferrodistortive
(AFD) transition. (b) The temperature dependence of kg, in the presence of a
magnetic field of 12 T in SrTiO3[92].
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2.2 Other quantum paraelectric materias

The remarkable quantum paralectric properties of SrTiOg can also be found in other ABO3
perovskites. This is the case in potassium tantalate KTaO3 (KTaO) and europium titanate
EuTiOg3 that I will introduce in this section.

2.2.1 Quantum paraelectric KaTO3

Compared to SrTiOgz, KTaOg is a much simpler case. In contrast to SrTiOg, there is no
structural transition. It remains cubic down to the lowest temperature [98]. Like in SrTiOg
a large softening of the transverse optical mode (triply-degenerate) was found by neutrons
and hyper-Raman measurement as shown in Fig 2.9 (b). Its frequency never goes to zero [99]
and its dielectric constant reaches a value as large as 5000 (see Fig 2.9 (a)), slightly smaller
than in SrTiOs, giving rise to its quantum paralectric behavior [100].

In the last years, there has been a renewal of interest in the case of KTaOgs as supercon-
ductivity has been found on KTaOs3 interfaces. It has been, first, found on LAO/KTO(111)
with a T, = 2 K [101], on LAO/KTO(110) 7,=0.9 K [102], but not on LAO/KTO(001)
down to 25 mK [101]. The striking orientation dependence of T, in KTaOj3 interfaces and
its absence in bulk is the subject of intense discussions.
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Fig. 2.9 (a)Dielectric constant €' of KTaOs along [100] as a function of heating
temperature[100]. (b) the energy damping of soft zone center TO-mode by neutrons
and hyper-Raman measurements[99].

2.2.2 Magnetic EuTiO;

EuTiOg3 displays the same lattice structure as SrTiOg : EuTOg still shows the AFD transition
which is not surprising since the ionic radius of Eu?* is nearly the same as Sr?* [103; 104].
Both the lattice parameters and heat capacity show the trace of the cubic-to-tetragonal
transition that occurs at the AFD transition shift to the same as the AFD transition in STO
as shown in Fig 2.10.

In contrast to SrTiOj3 there is an additional degree of freedom at work in EuTiOgs: the
4f moments the Eu>™ (S = %) which becomes a G-type antiferromagnet below 5 K (see
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Fig 2.11 for the spin structures). Katsufuji et al. have shown that the onset of the AFM
order is correlated with an appreciable anomaly in the dielectric permittivity [21], see Fig
2.11 (b). This in turn has been related to a soft optical mode reminiscent of ferroelectric
instability, thereby suggesting the possibility of multiferroic capabilities [105]. T will discuss
in Chapter 5 another striking manifestation of the spin-lattice coupling in EuTiOg3 giving
rise to a reduced phononic thermal conductivity.
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Fig. 2.10 (a)Reduced lattice parameters of EuTiOs and SrTiOs as a function of
temperature[106]. (b) Specific heat of ETO as a function of temperature in the

temperature range around the AFD transition[107].
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Fig. 2.11 (a) crystal structure of EuTiO3[21]. Gray, white, and black circles cor-
respond to Eu, O, and Ti, respectively. White thick arrows represent the anti-
ferromagnetic ordering of Eu spins. Thin arrows show the atomic motion of the
soft-phonon mode with Ty, symmetry (b) temperature dependence of dielectric con-
stants (left axis) and inverse magnetic susceptibility (right axis) for EuTiO3[21].
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Chapter 3

Thermal Hall effect in strontium
titanate

Summary of the Chapter

In this chapter, I will introduce the phenomenon known as the phonon thermal Hall effect
(THE) and its occurrence in SrTiO3. We examined how THE in SrTiOs changes with
different atomic substitutions, focusing on two types of doping: substitution of Sr by Ca,
which stabilizes the ferroelectric order, and the introduction of oxygen vacancies that turn
the insulator into a metal. THE is suppressed by the ferroelectric order, suggesting that
ferroelectric fluctuations play a crucial role in generating THE in SrTiOs. On the other
hand, the removal of oxygen atoms and the emergence of dilute metallicity amplifies THE. I
will argue that the source of this enhancement is a specific case of phonon drag effect driven
by an exceptionally large electronic Hall angle.

The content of this chapter is based on the paper published in S. Jiang et al., PNAS. 119
(35) [108].

3.1 Thermal Hall Effect in metals and in insulators

The first observation of the thermal Hall effect was made by A. Righi and S. A.Leduc at the
end of the 19th century in the semi-metal bismuth. This phenomenon, initially observed in
conductors, is called the Righi-Leduc effect as introduced in Chapter 1. Since the electrons
carry a non-negligible portion of the thermal current in metals they can be deflected by the
Lorentz force and give rise to a transverse thermal gradient.

In insulators, the original discovery was made in the insulator Th3GazOi2 [7; 8]. The
small thermal Hall conductivity #z, ( &1 mW K~!'m~! ) was attributed to skew scattering
of phonons by superstoichiometric Tb impurities [109]. A much larger thermal Hall effect
was successively observed in other insulating solids.

Besides magnetic insulators [110-112], a thermal Hall effect in multiferroic FeaMozOg
[113] whose was attributed to magnetic excitations. Thermal Hall effect was also found in
Kitaev spin-liquid candidate a-RuCls [95], cuprate Mott insulators [93; 114; 115], such as
LagCuOy4 and SroCuO2Cly, and the quantum paraelectric SrTiO3 [9].

In the latter case, the thermal Hall effect is purely phononic, but its origin is still

31
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unknown. More recently, the thermal Hall effect reported in antiferromagnetic insulators
CusTeOg [116] and Sr2IrO4 [117] and black phosphorus [118]. Fig 3.1 shows the evolution
of the experimentally observed k., in different materials as a function of time in a semi-log
scale. Note that although the k,, in these materials differs in three orders of amplitude,
while the ratio of k., and x;, which is called thermal Hall angle are not so different around
few per thousand[118].

Let us now focus on the thermal Hall effect in quantum paraelectric Sr'TiOj, its origin,
and its evolution with atomic substitution.

A black phosphorus
®
1000 | Cu,TeO, W
Sr,IrO,
o Nd,cuo, P>
S |
100 SITio,
N2
= La,CuO, ¢
‘E’ Sr,CuO,Cl, 4 Quantum .
& 10k Fe,M0,0, A paraelectric
X
o a-rRuciz ¥
KTaO, @
1 9k Tb,Ga,0,, Tb,Ti,0, @ Pr,ir,0,
. ' ' 9 ->
2005 2010 2015 2020
Year

Fig. 3.1 Thermal Hall effect in insulators. The absolute peak value of Ky, of
different materials [7; 9; 93; 113-120] in log scale as a function of year.

3.2 Origin of the thermal Hall effect in STO

The underlying cause of the THE in STO is still a subject of debate. Two possible causes
are the presence of antiferrodistortive (AFD) transition [92]. Another possibility is the role
played by the ferroelectric fluctuations [97].

3.2.1 Possible role of the AFD transition ?

KTaO3s is a quantum paralectric with a thermal conductivity similar to STO. However,
the transverse thermal conductivity ., in KTaO3 is more than one order of magnitude
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smaller than in STO, as shown in Fig 3.2 (a) and (b). Moreover, the amplitude of kg, is
sample-dependent, and warming above the AFD transition temperature can alter its value,
as illustrated in Fig 3.2 (c¢). These experimental observations suggest the involvement of
tetragonal domains in producing THE [92].

Theoretically[11], two possible sources have been proposed: extrinsic kg, related to skew
scattering and intrinsic kg, linked to ferroelectric fluctuations. The intrinsic kg is still
orders of magnitude smaller than the observed effect, and the extrinsic x;, proportional to
the phonon mean-free path appears likely to explain the observations. However, the detailed
scattering mechanism in the AFD phase is yet to be established.

(c'=1)40 (©) 160 —
T e% T . SITio,
_ 1 1z }
H=12T ¢ T 1404 = .
30 1 H g?% 1 x pH=12T
£ ¥ é@g% T % 1204 .
< 20 F & 1 =
s _ / T §100- 4 o
I N ¥
] f ¥ 80 4
0 i : ,’ g H T 60 T T T T T T T
———— e 1 2 3 4
10 T(K) 100 Measuring sequence (i)

Fig. 3.2 (a) and (b) longitudinal thermal conductivity « and transverse thermal
conductivity kgy in SrTiOz and KTaOs [92]. (c) kgy of the SrTiO3 at 24 K as
a function of measuring sequence [92], separated by the warming history of being
warmed to room temperature and staying in the air for days, data extracted from
the field-sweeping curves.

3.2.2 Ferroelectric fluctuations?

Substituting 0 by 80 in STO makes the system ferroelectric. In isotopically-substituted
STO (STO18) the AFD transition persists and the ferroelectric order is stabilized. It has
been found that g, in STO18 is two orders of magnitude smaller than in STO [97] (Fig 3.6),
indicating that the ferroelectricity in STO18 suppresses the THE. However, the amplitude of
the effect cannot be explained by ferroelectric fluctuations in the previously referred theory
[11]. Somehow the large THE in STO shows the strong link between THE and the presence
of quantum critical fluctuations of polarization and phonons.

Thus, the large thermal Hall effect in STO remains to be explained. In the following
sections of this chapter, I will present my experimental findings on the thermal Hall effect
[insulating] Ca-substituted and [metallic] oxygen-reduced STO.

3.3 Samples

In this section, I will introduce the samples and their preparations.
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3.3.1 Sr,_,Ca,TiO;

SrTiO3 (STO) and Sry_,Ca,TiO3 (CaSTO) single crystals were provided by CrysTech and
SurfaceNet GmbH. The list of STO and CaSTO samples studied in this work, together with
their dimensions, the peak amplitude of k., and k., and their Ca concentration, is shown in
Table 3.1. Ca concentration has been determined using Secondary Ion Mass Spectrometry
(SIMS) like in [52]. The amplitude of the k,, peak is similar in all STO samples while the
amplitude of kg, peak varies from 20 to 80 mW K ~Im~!. This variation does not clearly

correlate with the amount of residual Ca impurities determined by SIMS.

No. Supplier | Dimensions (mm) | Peak of £, (WK 'm™1) | Peak of , (mW.K~1.m™1) [ Ca concentration (ppm)
Ref#1 [92] | SurfaceNet 5x5Hx0.5 37 80 3.8
Ref#3 [92] | SurfaceNet 5x5Hx0.5 35 26 2.5

#1 CrysTech 5x5x0.93 38.6 21.6 290

#2 SurfaceNet 5 x5 x0.5 34 24 69

#3 SurfaceNet 5x5x0.5 32 24 -

#4 CrysTech 5 x5 x0.82 - 3.3 4500

#5 CrysTech 5x5x0.99 0.6 9100

Table 3.1: Properties of the insulating samples studied in this work. Ca concentration was
determined using Secondary Ion Mass Spectrometry (SIMS) and is expressed in part per
million (ppm).

3.3.2 SrTiO;3_; preparation

The preparation of reduced SrTiOg3 is divided into two steps sketched in Fig.3.3. The first
step is the sample reduction and the second one is the deposit of electrodes.

SrTiO3_s5 samples were obtained by annealing them in a temperature range extending
from 700°C' to 1000 °C under a high vacuum (< 107° mbar) for 1 to 2 hours as shown
in Fig 3.3. MILA-5000 furnace was employed as the heating system which uses a high-
intensity lamp as the primary heat source. This system can precisely control the annealing
temperature and is programmable. A secondary vacuum is achieved thanks to a turbo pump
connected to the furnace chamber.

After annealing the STO sample, we put contact on the sample. This can be done in two
ways: either by sputtering gold on the sample surface with a mask (see Fig 3.3 step 2) or
by directly soldering thin with an ultrasonic soldering system (please give the reference of
the machine). Both methods give ohmic contact resistivity during the measurement. In the
case of gold sputtering an extra sample heating of the sample in the air at 300 °C' can be
reacquired to improve the contact resistance. This last has almost no effect on the carrier
density induced by the oxygen vacancies.

As shown in Fig 3.3 the color of the STO sample changes from elementary to blue
after undergoing annealing. This simple observation serves as an elemental indicator of the
presence of oxygen vacancies after the annealing [121; 122]. However, a more precise method
to quantify the oxygen vacancies number is to measure the carrier concentration using the
Hall effect (% = é) I have shown in Fig. 3.4 how the annealing temperature is linked to
the Hall carrier density. As the temperature increases the number of vacancies increases and
thus the Hall carrier density. This result is consistent with previous reports [77; 123] and
provides us a benchmark for producing samples with the desired carrier concentration.
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Step 1 : Remove O atoms Step 2 : Make electrodes

Insulator
SITiO,

Sketch map of sample
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Fig. 3.3 The process of preparation metallic Sr'TiO3_s samples.

In the course of this PhD tens of samples have been prepared following the procedure
described above and shown in Fig 3.3. Fig.3.5 shows the typical temperature dependence
of the electrical resistivity (p) for four of them. These four samples have been used in our
study of THE which I will present in the next section. In order to minimize the change in
the amplitude of THE found in the different batches the four samples have been reduced
from samples from the same batch (#3 in table 3.1).

Hall effect measurements allow us to estimate the carrier concentration for these four
samples. It is ranging from 2.3 x 106 to 1.6 x 10™® em™3. As each oxygen vacancies provide
2e~ we can roughly estimate the number of oxygen vacancies (o = "7“3 where a is the SrTiO3
lattice parameter) in each sample : it varies from 7 x 1077 to 4.8 x 1075 per formula unit.

The temperature dependence of p for these four samples is in good agreement with
previous works [83; 123]. Samples with carrier density larger than 10'7cm ™3 display a metallic
behavior down to the lowest temperature. In contrast, the lowest doped sample (n = 2.3 x
10'6¢m=3) shows an upturn below 30 K, possibly due to inhomogeneous oxygen vacancies
distribution or to the approach of a genuine metal-insulator transition. This is in agreement
with a previous study, which reported an insulating behavior in samples with a carrier density
below n = 3 x 101%em ™3 [123].

3.3.3 Thermal Hall effect in Sr,_,Ca,TiO;

Another way to stabilize the ferroelectric order in SrTiOj is to substitute Sr by Ca. Fig.3.7
shows the result of our study of the longitudinal and transverse thermal conductivity in
three Sri_,Ca,TiO3z samples. One can clearly see that the Ca-doping decreases both the
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Fig. 3.4 Carrier density of SrTiOs_s as a function of annealing temperature (the

vacuum chamber was kept below 107> mbar)

amplitude of K., and Ky .

The decrease in k., can be attributed to the random distribution of Ca atoms that
introduce additional scattering. As in the case of Nb substitution [40], introducing less than
a percent concentration of extrinsic atoms is sufficient to wipe out the 20 K peak of the
thermal conductivity. The decrease in kg, is even more drastic. Substituting a tiny fraction
(x=0.002) of Sr atoms with Ca is sufficient for stabilizing a long-range ferroelectric order [2].
This substitution eventually leads to a fifty-fold decrease in the magnitude of x,, which is
comparable with the ¥O substitution referred to before(Fig 3.6).

Substituting Sr by Ca [68; 124] and substituting O with 80 [4; 125] both stabilize
the ferroelectric order, modify the superconducting dome and generate a polar metal in the
presence of Nb doping [126]. In both cases, the large k4, of the quantum paraelectric solid is
drastically suppressed with the stabilization of the ferroelectric order. This suggests a link
between the amplitude of k;, and the presence of ferroelectric fluctuations [11]. Note that
in 180-enriched strontium titanate [97], most *O atoms were substituted and the 20 K peak
in kg, is still present, in contrast to what is seen here. Yet, k., was similarly damped, ruling
out that kg is simply more sensitive to disorder.

3.4 Thermal Hall effect in metallic STO

After discussing the fate of THE in ferroelectric STO, let’s now discuss what happens to
THE of STO once electrons are added to the system.
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Fig. 3.5 Electrical resistivity (p) as function of temperature for SrTiOs_s samples

fig3.4 with different carrier concentrations.

3.4.1 Temperature dependence of k,, and Kk,

The temperature dependence of longitudinal and transverse thermal conductivity in Sr'TiO3_;
are shown in Fig.3.8 (a),(b). The magnitude of longitudinal k. barely changes with oxy-
gen reduction. By using the resistivity data measured at the beginning and combining the
Wiedemann-Franz (WF) law, we estimated the amplitude of the electronic thermal con-
ductivity x°. It remains less than 1072 : the total thermal conductivity (k) is thus purely
phononic. Therefore, the phonon contribution to & is not significantly reduced by the addi-
tion of oxygen vacancies and of a finite electronic contribution. We note that the concen-
tration of vacancies for n = 1.6 x 10'8em ™3 is only 6 = 4.8 x 10~° per formula unit is much
lower than the lowest amount of Ca substitution (x= 4.5 x 1073).

Like k, kgy peaks at the same temperature in the four samples however the amplitude of
the peak increases with the increasing n. Fig. 3.8 (c) compares the amplitude of k;, peak
as a function of the concentration of Ca atoms (x) and O vacancies (0) in parts per million
(ppm) in log-log scale. While k4, is increases by about a factor of four in the presence of O
vacancies it decreases by one order of magnitude with Ca doping. Clearly, the two dopants
have different effects on the THE of SrTiO3 and show that the enhanced THE in oxygen
reduced sample is linked to the introduction of electrons in STO.

3.4.2 Field dependence of k,,

Fig. 3.9 (a) compares the field dependence of kg, in different samples at 20 K (i.e. near
its peak). In the sample with the lowest carrier concentration (n = 2.3 x 10'%e¢m™3), the
amplitude of k, is almost identical to the insulating sample and remains linear in a magnetic
field. In samples with higher carrier concentration, the amplitude of x, is larger and shows
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Fig. 3.6 (a) Longitudinal thermal conductivity ., of SrTi'®Oz (STO16) and
SrTi*® 05 (STO18) [97]. STO18 samples have a slightly lower k., value but behave
similarly to STO16. Both have similar peak positions and a subtle suppression of
Kzo near the AFD transition around 110 K. (b) Transverse thermal conductivity
(kzy) as function of temperature at B = 9 T [97].

a gradual trend towards high-field saturation. This last behavior contrasts with the usual
B-linear dependence usually observed for THE. This point should have been discussed in
section 2.

At first sight the enhancement of k;, with the carrier density is not surprising as electrons
have a thermal Hall response. Fig. 3.9 (b) shows the electronic contribution to THE (esti-
mated from the measured electric Hall conductivity of the metallic samples: kg, = LoogyT
as seen in chapter 1 ). It shows a field-induced saturation similar to what is observed in xg,.
However, subtracting the purely phononic component (taken to be equal to what is observed
in the insulator) and the purely electronic component (estimated from the WF law) from

the total xzy leaves us with an additional Akgy = Kgy — n% — k%, as shown in Fig. 3.9 (c).

x
Fig. 3.9 (d) shows the temperature dependence of the different cyomponents of THE in the
sample with the highest carrier concentration (n = 1.6 x 10'8¢m™3). One can see that Ak,
exceeds RI;Z and is several times larger than 7, in most of the temperature range. Note
also that the temperature dependence of Aryy is significantly different from xg,. We thus
conclude that there is, in addition to the usual electronic and phononic contribution, a third

contribution to THE effect in electron-doped SrTiOs.

3.4.3 Thermoelectric correction to thermal conductivity

Before discussing this unexpected extra-contribution to xzy let’s make two comments about
the above estimation of the electron contribution to k.
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Fig. 3.7 (a) and (b) Temperature dependence of the longitudinal (k) and trans-
verse (kgy) thermal conductivity in Sri_,Ca,TiO3

First, we note that the WF law is only valid in the zero temperature limit and is not
strictly valid at finite temperatures. However, the finite-temperature correction does not
modify the order of magnitude of the expected electronic thermal conductivity. Moreover,
since inelastic scattering damps thermal transport more than electrical transport, the ex-
pected correction to the Lorenz ratio is downward. Thus, Lyo.,T" gives an upper bound to
the expected k7, and we can safely conclude that enhanced THE is not simply due to the

introduction of mobile electrons.

Second, in the discussion above, we also neglect the contribution of the thermo-electric
response to the thermal response. As discussed in the Chapter 3 in the presence of both an

electrical and heat current the transport equations can be written as:

where ¢’ and x/ are different from @ and % defined by Ohm’s law(j €

J¢=o'E —avT

JR —aTE — ¥'NT

—

oE)

law ( J? = —&VT). In the case of a thermal experiment where J@ # 0, Je

becomes :

1

where p =7~ " and :

and
=0

(3.1)

(3.2)

Fourier’s
) Eq. 3.2

33)

(34)
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Fig. 3.8 (a) Temperature dependence of longitudinal thermal conductivity k in
SrTiOs_. Electron doping has almost not effect on k. (b) Temperature dependence
of transverse thermal conductivity k., in Sr'TiOs_s in log-log scale. The amplitude
is enhanced with oxygen substitution. (c) The amplitude of k., peak as a function

of the concentration of Ca atoms (x) and O vacancies (0) in parts per million (ppm).

The estimate correctly ' in electron-doped STO we thus need to measure on the same
sample R, @ and &.

We describe below the different ways that we used to evaluate k, Hl, o, and o in a
consistent way. Fig. 3.12 (b) - (e) shows the field dependence of the tensor component of «,
o & and k. The transverse thermal flow (but not the longitudinal one) is drastically affected
by the particle-driven flow of entropy represented by the thermoelectric response. In other
words, Kgyp = Ki,, but kg and 7, are significantly different. This striking difference is
the consequence of two properties of the dilute electron-doped SrTiOs. First it has a large
Hall angle (042 ~ 04y) as shown in [127]. Second, it has a large thermoelectric power. Fig
3.10 shows the temperature dependence of the Seebeck coefficient for samples with different
carrier densities. On top of a diffusive response which is large due to the low Fermi energy of
the charge carrier, there is a second contribution which peaks at 20 K due to the phono-dragg
contribution.

As the consequence of these large Hall angle and large Seebeck effect the diagonal and
off-diagonal components @ have of the same order of magnitude. In contrast, the diagonal
component of the thermal conductivity tensor (Fig 3.11 d) is orders of magnitude larger than
the off-diagonal one (Fig 3.11 e). As a consequence, while the difference between k,, and
Ky, is of the order of percent (Fig 3.11 d), 7, is 2 times larger than k., (Fig 3.11 e). It is
also the case at different temperatures that we are interested in as shown in Fig 3.12

Thus, the corrected transverse thermal conductivity n;y is larger than the measured one
Kay, Which is itself larger than the expected one( the sum of /{1;2 and r3,). The large electric
and thermoelectric Hall angles which led to this correction is a key ingredient of the solution
to the puzzle. Let us now consider the others.

To determine the components of the 2 x 2 tensors ¢/, k' and @, we conducted two types
of experiments (See Fig. 3.13 a and d ). In the first one, a heat current is applied along
the z-axis (fQ + 0) and the electric current was kept at zero (Je=0), and we call it the
thermal experiment. In the second one, an electric current is applied along x axis (fe =+ 6)
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Fig. 3.9 (a) kgy as a function of the magnetic field in samples with different carrier
densities at 20 K. With growing metallicity, the amplitude of k, increases and its
field dependence becomes less linear. (b) Field dependence of the electrical Hall
conductivity, 0.y, multiplied by Lo = %212—2’23, and the temperature, T', in the metallic
samples. (c) Field dependence of the differential Akyy = Kyy—Kay(n = 0)—Loog, T,
which signals the presence of a third term in addition to the purely electronic and
the purely phononic terms. (d) The evolution of k., and its three components as
a function of temperature. Below 25 K, Akg, is the largest component.

without heat current (J_@:G), and we call it the electric experiment. In both experiments,
we measured the temperature difference and the electric field along z and y axes at the

same time. Fig. 3.10 b,c and e,f show typical data for both configurations at T= 19.4 K for
SrTiO3_s5 (n=1x10'® cm™3).

In the first configuration (J_é2 # 0 and ﬁzﬁ), Eq.3.1 and Eq.3.2 become:

o'E; = aVT; (3.5)
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Fig. 3.10 Seebeck coefficient (S,;) as function of temperature for SrTiOs_5 sam-
ples with different carrier concentrations. The arrow in (b) indicates the phonon

drag peak.

JQ =aTE, - WwVT, (3.6)

In the second configuration (fe # 0 and Jz?:ﬁ) Eq.3.1 and Eq.3.2 become:
Je =o'E, —avVT, (3.7)

aTE, = &V, (3.8)

The four equations 3.5, 3.6, 3.7 and 3.8 projected along the x and y directions give us
eight equations to determine six unknown quantities, which are the two components of the

/ / / /
— o o _ a a — K K .
three tensors: o/ = e a= T and K= Tr T assuming
Oy TT —CQgy  COgy —Rgy TT

that they are isotropic in the xy plane. The redundancy allows us to make a check on
self-consistency.

We calculated o/, @ and &’ in two different ways, leading to ELQ and ?1,2, where the
index refers to the set of equations and experimental data used (see Fig 3.10 (g)). Here, we
give explicit expressions for deriving o} and &/.

Starting with Eq. 3.5 and 3.7 and setting S = o~ !, we obtain :

o Etachtx + Etyvﬂy .

S _ o Etachty - Etvat:r
. VIE + VT

Ty — . 3.9
Sy VT + VT, (39)

/1—1 Eez - (SszTeac + SzyVTey) Co—1 Eey - (_SzyVTex + S:m:VTey)

lex = Je ﬂa—]_xy = —JE (3.10)
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Fig. 3.11 (a) The heat current density, J_@, consists of two terms in both lon-
gitudinal and transverse channels. The first component ( —EV_T) represents the
flow of entropy without particle flow. The second (&1 ) is the flow of entropy
thanks to particle flow. The difference between r and k' is significant when the
second term is not negligible. In our case, this happens for the transverse chan-
nel. The width of the arrows schematizes the weight of different components. (b)
The longitudinal and the transverse electric conductivity as a function of the field
at 20 K for SrTiOs_5 (n=1 x 10'8e¢m™3).(c) The same for longitudinal and trans-
verse thermoelectric conductivity. @ = & S. Note that the off-diagonal components
rapidly become as large as the diagonal components. (d) k., and k., as function
of magnetic field. The difference is small. () kyy, 7, as function of magnetic field.
The difference is significant. Also shown in the panels are the diagonal and the
off-diagonal components of the & = apa T tensor, which quantifies the correction.

/ / / /
Qlgzr = 0130572 — leySmy; Mgy = OgpSzy + leySM (3.11) |eqg3.11

Injecting « into Eq. 3.6, we get &}

/ o [T ' (all‘l‘EtI + alxyEty) - ']Q] : _vT’tas =T (_ala:yEtx + almety> : Vﬂy
Kige = —V]?m — VTE (312)

I - (—0611 Etg; + CVlzzEjt ) ' Cjtx - [1 : (almmEtz + a1y Et ) —-J ] - =V jt
/ _ Yy Y y—ty Y
Klzy = t2 t2y (3.13) |eq3.13

Method 2 starts with Eq. 3.6 and 3.8 and leads to o5, as and ). Figure 3.13 compares
the results of the two methods. Onsager reciprocity implies no difference because of the
identity between the components of the thermoelectric tensor in the two Eq.3.1 and 3.2.
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Fig. 3.12 (a)-(e) Field dependence of k., and k!, for different temperature in
SrTiOs_s5 (n=1x10"® em™3). (f)-(j) Same as (a)-(e) for Kz, and Ky

Experimentally, we find that this is indeed the case: o1;; = 09;;; o;; = ag;; and KY;; = k5.
Here, i and j refer to x and y orientations and 1 and 2 refer to method 1 and method 2.

Then we compared the ¢/ with @, there is no difference in both longitudinal and transverse
channels. While the x’ and & show obvious differences especially in the transverse channel as
shown in Fig 3.14 somehow it related to the large thermoelectric conductivity @ especially
in the transverse channel.

3.4.4 Thermal Hall effect enhancement due to electron-phonon drag in lightly
doped Strontium Titanate

In this section, I will present a scenario to explain the extra contribution to x., that we have
identified. Our scenario invokes three different features of lightly doped strontium titanate :

e The first is that momentum exchange between phonons and electrons is frequent. Since
both the Fermi radius and the phonon thermal wavelength (at our temperature range
of interest) are much smaller than the width of the Brillouin zone, such collisions are
not Umklapp and conserve momentum.

o The second feature is that heat is mainly carried by phonons (and not by electrons),
ke, < KPR see Fig 3.15 a).

e The Third is that the Hall angle of electrons exceeds by far the (thermal) Hall angle
of phonons. As one can see in Fig 3.15 b, the phonon thermal Hall angle is 3 orders of
magnitude smaller than the electric Hall angle. Lightly-doped strontium titanate is a

dilute metal with highly mobile carriers. A moderate magnetic field puts the system
in the high field limit, where uB > 1 [127]

The combination of these three features generates an additional thermal Hall response
where the longitudinal energy flow, mostly carried by phonons, is accompanied by a flow of
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Fig. 3.13 (a)The first configuration of thermal experiment. (b) Electrical field and
(c) thermal gradient measured in SrTiO3_s (n=1x10"® cm™3) at T = 19.4 K in the
thermal experiment ( JQ + 0 and Je=0). (d)The second configuration of the electric
experiment. (e) and (f) same as (b) and (c) in the electric experiment (J¢ # 0 and

J@=0).(g) Two methods by combining the two configurations to calculate o', K’
and @.

electrons and its unavoidable transverse counterpart, which ends up by triggering a phononic
transverse flow.

3.4.4.1 Phonon drag effect in lightly doped SrTiOg3

Momentum exchange between electrons and phonons (in the presence of heat flow and in
the absence of charge current) is known as phonon drag [128; 129]. It is known to amplify
the thermoelectric response, mostly in semiconductors [128], but also in metals [130]. In the
case of strontium titanate, previous studies [131; 132] have shown that phonon drag causes
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Fig. 3.14 (a)-(c) Longitudinal electric (0yy), thermoelectric (o) and thermal
conductivity (k) as a function of field at T = 19.4 K for SrTiO3_s (n = 1x10'®
cm™3). The black and red colors correspond to two different combinations of Eq.
3.5, 3.6, 3.7, and 3.8. Black (red) line results were obtained using Eq. 3.5(3.6)
3.6(3.7) and 3.7(3.8). (d)-(f) same as (a)-(c) but for the transverse components of
o/, @ and K'.

a peak in the zero-field Seebeck coefficient around ~ 20 K. We confirmed the presence of
such a peak in our samples (See Fig 3.10). Before quantifying the expected contribution of
phonon drag to transverse thermal transport conductivity, let’s first estimate the amplitude
of the phonon drag term in the Seebeck effect.

The thermal power Fig. 3.16 (a) compares the temperature dependence of S;,/T in
doped sample (n = 1 x 10'® ecm™3) with previous measurements [77; 131]. Sub-kelvin
measurements have shown that Sy, /T becomes flat at low temperatures (see Fig. 3.16 (a))
with the expected amplitude for the diffusive response of a degenerate semiconductor with
an energy-independent mean free path [77] :

A A 3.14
3 e TF ( )

‘S ‘ T 2k B 1
7=

T is the Fermi temperature, which can be deduced from quantum oscillations. Us-
ing Eq.3.14 we estimate the amplitude of the diffusive response in our sample with n =
1 x 10'em™3 to be in the range of —15 ~ —23 uV K2, On top of it, there is a second con-

tribution, the phonon drag (labeled Sgyqq), shown in gray in Fig.3.16b). Sg,qg peaks around
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Fig. 3.15 (a) Thermal conductivity (ks;) of SrTiO3_s (n = 1 x 1088em™3) as
function of temperature and its electronic component (LooT'). Phonons are by far
the dominant carriers of heat. (b) The phonon thermal and the electronic Hall
angles as the function of field at T= 20 K. The former is three orders of magnitude
smaller than the latter.

12

20 K, in good agreement with previous work [131]. A similar phonon drag contribution is
also detected in the Nernst effect (S, = AE—i) see Fig. 3.16 (c).
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Fig. 3.16 (a) Temperature dependence of Sy, /T in SrTiOz_s for n=1x 10" cm™3
compared with previous works [77; 131]. The hatched area is the estimated diffusive
contribution using Eq.3.14. (b) The amplitude of the phonon drag contribution of
Seze (gray area) as a function of the temperature. Sgrqq = Syz — a - T where a - T
is the diffusive contribution shown in (a).(c) Temperature dependence of Sy, /T at
B= 12 T for n=1x 10'® cm™3 and 1.6x 10'® cm™3. A phonon drag contribution
leads to a peaks in S, around 20 K.

3.4.4.2 From Phonon drag to thermal Hall effect

Let’s now see how the phonon drag combined with the large Hall angle of lightly doped
SrTiO3 can give rise to an enhanced thermal Hall effect. Phonons streaming from hot to cold
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exert a drag on the charge carriers. To quantify this effect, Herring considered an equivalent
phenomenon: the enhancement in the Peltier coefficient of an isothermal sample caused
by the drag exerted on phonons by the electric current [128]. Assuming an approximate
proportionality between heat current and crystal momentum, he found that a phonon drag
Peltier effect, 114,44, of either sign can arise :

*
m
Hd’/‘ag ==+

2

Gyl (3.15)
e " Te

Here, m* is the effective mass of electrons, v, is the sound velocity, e is the fundamental
charge, 7, and 7, are respectively, the phonon and the electron scattering times and 0 < f < 1
represents the fraction of collisions suffered by phonons, which leads to momentum exchange
between the phonon bath and the electron bath. Using the Kelvin relation, the phonon drag
component of the Seebeck coefficient becomes I14,.44/T. To derive Eq. 3.15, Herring put
forward two arguments. First of all the energy density flux, J9, can be approximated by the
product of the crystal momentum per unit volume, P and the square of sound velocity, vs:

J9 = Pv? (3.16)

The second argument is that the rate at which phonons receive crystal momentum from
the electronic carriers is to be balanced with the rate at which they lose it. Therefore:

r =+ fnek (3.17)
Tp

Here, n is the carrier concentration, and F is the electric field. The loss of crystal
momentum out of the phonon bath is countered by what electrons are introduced to this
bath. The parameter f is a measure of the efficiency of momentum flow between the phonon
and electron baths. Herring invoked a 'hydraulic analogy’ where momentum first flows from
electrons to small ¢ phonons and then is distributed among phonons and then eventually
lost. In this analogy, f plays the role of a half-open valve. Eq.3.15 can be obtained from
Eq.3.16 and Eq.3.17, using the Drude link between the electric field and the electric current
(J¢ = " p),

Let us now consider the twist brought by a large Hall angle to this picture. The Peltier
phonon drag implies that an electric current can lead to a phonon energy flow (Fig. 3.17a). A
finite THE driven by phonon drag can be explained in the following way. A finite off-diagonal
thermoelectric conductivity implies that a longitudinal (transverse) thermal gradient will
generate a transverse (longitudinal) electric current. Then, this electric current, following
Herring’s original picture, will generate a thermal current. The latter will be perpendicular
to the thermal gradient (Fig. 3.17b). Therefore, the overall magnitude of this phonon drag
THE will be given by the product of the off-diagonal thermoelectric conductivity, oy, and
Herring’s expression for Peltier phonon drag:

*,,2
m*us

.
Kay(drag) = —oagy fT—p (3.18)

e

Thus, the component of thermal Hall conductivity generated by mutual drag between
electrons and phonons is proportional to the product of ay,y, the ratio of phonon and elec-
tron scattering times :—Z and the efficiency of momentum transfer between the two baths,
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Fig. 3.17 From phonon drag to thermal Hall conductivity: (a) Herring’s
picture of phonon drag in an isothermal sample. Electronic momentum flow gen-
erates a phonon momentum flow which in turn leads to a phonon heat flow. The
amplitude of this Peltier effect sets the amplitude of the phonon drag Seebeck ef-
fect. (b) Replacing the electronic charge current with a finite longitudinal thermal
gradient multiplied by off-diagonal thermoelectric conductivity quantifies the am-
plitude of the phonon drag thermal Hall effect.

parametrized by f. Let us also note the presence of mwv2. This is the kinetic energy of

an electron drifting with the velocity of sound, a less familiar energy scale emerging when
electrons and phonons couple to each other [133].

3.4.4.3 Comparison of our model with the experimental data

We proceed now to compare Ak, resolved by experiment, with kg, (drag), expected by
Eq.3.18. With the exception of f, all terms of Eq.3.18 are experimentally accessible. The
sound velocity is vs = 7.8km/s [134], the effective mass of electrons is m* = 1.8m [77]. T,
can be extracted from phonon thermal conductivity and 7. from the electrical conductivity.

Fig. 3.18a shows the non-monotonous field dependence of kg, (drag), which mirrors the
field dependence of ay,, (Fig. 3.18b), which, after an initial increase, steadily decreases in the
high-field regime. Since Sy, > Szy and 04y > 0pss Qzy ~ Szz04y and the field dependence of
Qizy, is similar to the field dependence of Hall conductivity, which steadily decreases in the
high-field regime (oy(B — 00) — 0 ).

The ratio of 7, /7, shown in Fig. 3.18c, is much larger than unity and steadily increases
with a magnetic field. This is because, as previously documented [127], the mobility of
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electrons diminishes with a magnetic field, presumably because partially extended disorder
becomes more effective in scattering electrons with increasing magnetic field which confines
the electron wave function. The phonon scattering time on the other hand is barely affected
by magnetic field.

By assuming equality between Ak, and kzy(drag) and using Eq. 3.18, we can extract
f. The results are shown in Fig. 3.18d. We find that f < 1, attesting the soundness of
our approach. The efficiency of momentum transfer between phonons and electrons is close
to 1 at the peak temperature and steadily decreases with temperature. As the temperature
decreases, the relative frequency of electron-phonon scattering events decreases. We also
note that a strong coupling between electrons and soft ferroelectric phonons has been invoked
[135; 136] to explain the transport properties of metallic STO [83; 132]. The steady field-
induced decrease in f indicates that the efficiency of the momentum transfer between phonons
and electrons decreases with the decrease in the electronic scattering time and the growing
mismatch between the phonon and the electron scattering time.
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Fig. 3.18 Quantitative analysis of Akgy: (a) Field dependence of Ak, /T? at
different temperatures. (b) Field dependence of oy, /T at different temperatures.
In our picture, this is the main driver of the field dependence of Ak, (c) Field
dependence of the ratio of the phonon to electron scattering time, extracted from
electric and thermal conductivity data. Note that Tp > 7. and the ratio enhances
with a magnetic field. (d) The field dependence of f, obtained by equating Akg,
and kKyy(drag) given by Eq. 3.18. (e), The temperature dependence of oy, at 4 T.
(f) The temperature dependence of —Akrgy and —auySirag - T. The width of the
latter represents the uncertainty in separating the phonon-drag and the diffusive
components of the Seebeck coefficient (see Fig 3.16).

The soundness of our diagnostic can be checked by comparing the extra thermal Hall
effect and the phonon drag Seebeck effect, supposed to share the same origin. Both effects,
measured by distinct experiments, peak around 20 K. Their amplitude match too. Eq.3.15
and Eq.3.18 together with the Kelvin relation (I = ST') and the identification of Ak, with
Kazy(drag) implies an equality between the two extracted quantities: Akgy = —0uySdregT -
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Fig. 3.18 f compares Akzy and —agy - Sgrag - T as a function of temperature at 4 T. The
agreement between 25 K down to 10 K confirms the quantitative self-consistency of the data.
The disagreement at 5 K indicates the limits of our approximations when f strongly varies
with a magnetic field.

3.4.5 Electron-phonon drag THE in other metallic solids

Our result implies that the combination of phonon-drag (frequently encountered in semicon-
ductors) and a sizeable transverse thermoelectric conductivity, o,y (known to become large
when the carrier density is low density and carrier mobility is high [137]) can give rise to
a phonon-drag THE. These conditions can be formulated in terms of a hierarchy of time
scales. The scattering time of phonons should exceed the scattering time of electrons and
the latter should in turn exceed the inverse of the cyclotron frequency, in order to ensure
longitudinal-to-transverse conversion. Thus, a sizeable phonon drags THE requires:

Tp > Te > Wit (3.19)

The second condition is that the rate of momentum lost by phonons is to be comparable
to the rate of phonon-electron exchange :

F>0 (3.20)

Note that the latter condition can only be satisfied at finite temperatures. The hy-
drodynamic window, identified by Gurzhi [36] requires a hierarchy of time scales too: The
momentum-conserving scattering time should outweigh the boundary scattering time, itself
larger than the momentum-relaxing scattering time. As a result, hydrodynamic features are
expected in a limited temperature window and in a limited number of materials.

Inequalities 3.19 and 3.20 specify the conditions for expecting a phonon drag THE. Long
Tp is expected in a crystal at low temperature when phonon wavelength is long and point
defects cannot scatter them. In many dilute metals, when the Bohr radius of the semicon-
ducting parent is long [24] carriers are more mobile than in metallic silicon. As a consequence,
the inequality 7. > w_ ! is easily satisfied at low fields. If electron-phonon momentum ex-
change happens to be frequent too, then an effect similar to the one observed here is expected.
Possible candidates are BisSes [138], InAs [139], PbTe [140] and their sister compounds. It
is not surprising that the thermal Hall effect in metallic cuprates is not detectably amplified
by phonon drag [93]. In their case the mobility of carriers in cuprates is low and, as a con-
sequence, condition 3.19 is not satisfied. Indeed, the measured Hall angle in Laj_,Sr,CuQOy4
is quite small. At B=10 T, 04y/0,; < 0.1 [141] and therefore w.r. < 1.

3.5 Conclusion

In this chapter, we show that the amplitude of the phonon THE in strontium titanate
drastically varies with atomic substitution. First, it is suppressed by a tiny substitution
of Ca on Sr which stabilizes the ferroelectric order. This result shows that ferroelectric
fluctuation is a key ingredient to the phonon THE of STO. Second, it is enhanced by oxygen
vacancies and the emergence of dilute metalicity. We show that this enhancement is an
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unexpected consequence of the phonon drag in the presence of a large Hall angle. The
coupling between two types of heat carriers, one with a long scattering time (here phonons)
and another with a large Hall angle (here electrons) can be studied in other contexts such as
insulating solid with ordinary phonons (with a long scattering time) and magnetic excitations
a short scattering time and a large transverse response.



Chapter 4

Electronic thermal transport in
metallic STO

Summary of the Chapter

Quadratic temperature dependent ( T-square ) electrical resistivity is a hallmark of Fermi-
liquid. Momentum dissipation as a result of the collision between electrons is either associ-
ated with Umklapp scattering or with the Baber mechanism. These two momentum-relaxing
mechanisms are known to generate a T-square electronic thermal resistivity. However, the
discovery of a persistent T-square resistivity in the dilute regime of metallic SrTiO3 ( n ~ 107
ecm™3) where none of these two mechanisms operates, has provided a new perspective on the
origin of T-square resistivity observed in many metals. There has been no relevant study
of the temperature-dependence of electronic thermal conductivity in dilute metallic Sr'TiOs.
Motivated by the observation of a T-square thermal resistivity in the 3He Fermi liquid with-
out Umklapp scattering, We studied thermal transport in two samples of Sr'Ti;_,Nb,Os. By
applying a magnetic field, we succeeded in extracting the electronic thermal conductivity.
Comparing our results with other Fermi liquids, especially 3He, I will discuss the possible
origins of the T-square electrical and electronic thermal resistivity.

The content of this chapter is based on the paper published in S. Jiang et al., Phys. Rev.
Lett. 131, 016301 [142].

4.1 T-square resistivity in two dilute metals

Landau and Pomeranchuk [143], and contemporaneously Baber [16] postulated that electron-
electron collisions cause a quadratic temperature dependence in the electrical resistivity of
metals. Subsequent experiments found that this is prominent in metals hosting strongly-
correlated electrons (such as UPts [144] or strontium titanate [145]), but also those with
a small carrier concentration (like bismuth [146] and graphite [147]). In these cases, at
sufficiently low temperatures, resistivity, p, can be expressed as :

p = po+ AT? (4.1)

93
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Here, pg is the residual resistivity, which depends on the disorder. The prefactor, A, on
the other hand, is intrinsic to each metal. The ubiquity of equation 4.1 across various families
of Fermi liquids raises two questions: 1) What makes the exchange of momentum between
two colliding electrons detrimental to electrical conduction? 2) What sets the amplitude of
A?

The two identified answers to the first question are Umklapp and the Baber mechanism.
An Umklapp event occurs when the momentum vector sum of the colliding electrons gets
out of the Brillouin zone, leading to a loss of momentum equivalent to one reciprocal unit
vector [14; 31]. The Baber mechanism [16] refers to the existence of two distinct electron
reservoirs whose momentum exchange is a bottleneck in the path of momentum leak from
the electron bath to the phonon bath. The second question was addressed first by Rice [17]
in seven elemental transition metals and then by Kadowaki and Woods in Heavy-fermion
metals [84] (See also [148; 149]) who argued that the amplitude of A scales with the square
of the T-linear specific heat, v? called Kadowaki-Woods(KW) scaling, because both depend
on the density of states. The KW scaling fails when considering the semi-metals(Bi, C, Sb )
because thousands of atoms share a single electron, and the low carrier density pulls down
the magnitude of 7. As we know the phase space for collisions between two electrons is
proportional to (%)27 the standard KW scaling becomes A o E;Q and A can be written
as

A=l ks

= eQ(FF)zlquad (42)

Here l4yqq is @ material-dependent length scale that can be set by the Fermi wavelength of
electrons, the interatomic distance, or a combination of both.

In Fig 4.1, the amplitude of A in several families of Fermi liquids is plotted as a function
of the Fermi temperature. In this plot, the Kadowaki—-Woods bound and the Rice bound
appear as bounds to lgyqq (= 40 and ~ 1.6 nm. Dilute metallic STO whose carrier density
varies from 10%'em =3 to 10'7em =3 displayed in Fig 4.1 (a) and (b) is in this range.

However, none of the two referred mechanisms works in STO because its Fermi surface is
too small to allow Umklapp scattering and it consists of a single pocket with carrier density
below 10*%¥em =3 [5; 77; 78].

Following this observation, two theoretical studies [135; 136] showed that the temperature
dependence of electrical resistivity in STO one can be explained with a scenario based on
the scattering of electrons by two soft transverse optical (TO) phonons. This would account
for the persistence of T-square resistivity above the degeneracy temperature. On the other
hand, low-temperature T-square resistivity (well below the minimum energy of TO phonons)
remained a mystery. Another development was the discovery of T-square resistivity in dilute
metallic BiaO2Se [20], with a small single Fermi surface and without any soft phonon mode.
The T-square prefactor was found to scale with the Fermi energy as shown in Fig 4.1 (b).
This demonstrated that STO is not an isolated case and called for an e-e scattering scenario
in the absence of Umklapp.

In fact that the phase space for electron—electron scattering growing quadratically with
temperature also has a signature in thermal transport. Defining the electronic thermal
resistivity as WT = T'/k®, one expects:

WT = (WT)o + BT? (4.3)
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Fig. 4.1 (a) The slope of T? resistivity (A) as a function of n for BizOySe: com-
pared with doped SrTiOs and other correlated or dilute metals. Most of the data
are bounded by the two dashed lines set by Kadowaki—-Woods and Rice, corre-
sponding to a material-dependent length scale ly,qq of 40 and 1.6 nm, respectively
[20].

here, (WT)g is the residual thermal resistivity, expected to obey the Wiedemann Franz (WF)
2
law: Lo(WT)o = po with Ly = T8 — 2.44 x 10-8V2K 2. On the other hand, LyB > A,

€
because, compared to energy flow, momentum flow is less affected by small-angle scattering
[29; 150]. Experiments on various metals, including Ni [151], Al [152], W[153], Sb [154],
CeRhlIns [155], WPy [156], UPts [157]) have confirmed both these expectations. Then we

turn our sight to the thermal transport of electrons in the dilute metal STO.
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4.2 Electronic thermal conductivity in SrTi;_,Nb,O;

In Fermi liquids with low carrier density, phonon becomes the dominant heat carrier. It
is also the case for metallic STO. Moreover, the thermoelectric effect and electron-phonon
interaction will also have an effect on its thermal transport. All of these make it difficult to
acquire electronic thermal conductivity in experiments. Here we studied thermal transport in
two SrTi;_,Nb,O3 samples, by using the magnetic field succeeded in extracting the electronic
thermal conductivity.

4.2.1 Samples

SrTi;_;Nb,O3 crystals were commercially provided by SurfaceNet GmbH. The nominal Nb
content for sample #1 is 1 wt%(weight percent) and sample #2 is 0.5 wt%. The expected
carrier concentration for #1 and #2 is 3.3x102°cm =3 and 1.7x10?°em =3 ( one Nb substitutes
one Ti will provide one electron). We also acquired their carrier concentration by measuring
the Hall coefficient in 2 K and for #1 ny = 3.1 x 10®em=3( for #2 ny = 1.8 x 10¥cm=3)
which is in good agreement with the expected value.

4.2.1.1 Resistivity and thermal conductivity
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Fig. 4.2 Electrical resistivity (a) and thermal conductivity (b) of the samples used
in this study.

We compare the temperature-dependence of their resistivity with previous data on
SrTi;_,Nb; O3 [123; 132; 158] and Sri_,La,TiO3 [158] at similar carrier doping levels as
shown in Fig 4.2 (a). Above 100 K, the resistivity of samples with the same carrier concen-
tration is very similar. Below 80 K, they show different residual resistivities. Our samples
tend to display a comparatively lower residual resistivity. Fig 4.2 (b) compares the temper-
ature dependence of their thermal conductivity with previous reports on pristine STO and
SrTi;—,Nb;Os with x = 0.02 ( correspond to 1 wt% ). The large suppression of thermal
conductivity by Nb doping below 100 K is not due to the electron contribution but to the
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decrease of the phonon thermal conductivity. The random distribution of Nb atoms intro-
duces additional scattering processes that decrease the phonon mean free path. This reduced
phonon contribution makes the extraction of the electronic thermal conductivity easier than
in low-doped SrTiOgz_s.

4.2.1.2 Thermal conductivity influenced by thermoelectricity
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Fig. 4.3 Seebeck effect and the component of thermal conductivity: (a)
Seebeck coefficient (S), (b) the modification term oS?T with the expected elec-
tronic thermal conductivity LooT and total thermal conductivity k as a function

of temperature in log-log scale. The LooT becomes closer to k as temperature
decreases.

As discussed in Chapter 1, the existence of the thermoelectric effect modifies Ohm’s and
Fourier’s law to the transport equations related by Onsager’s relations. It is also the case
in the presence of two types of entropy carriers such as electron and phonon in our case as
already discussed in SrTiO3_s in Chapter 2. The modification term in thermal conductivity
E =apaT as shown in Eq 3.4 can be rewritten as

E=53T (4.4)

For extracting the electronic thermal conductivity, we should quantify the modification term

(|

Without a magnetic field, = can be expressed as scalar form. Fig 4.3 (a) shows the
Seebeck effect of sample #2 compared with the SrTiO3_s sample with a carrier density two
orders of magnitude lower n = 1.6 x 10'8c¢m™3. While the Seebeck coefficient is much smaller
and a phonon drag peak found in SrTiO3_s is absent in sample #2. Fig 4.3 (b) compares the
modification term ¢S?T with the expected electronic thermal conductivity LooT and total
thermal conductivity k, the LooT becomes closer to k as temperature decreases. Moreover,
0S?T is more than 10 folds smaller than x and LooT in the temperature range we are
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interested in. It is also the case for sample #1. According to these results, the possible
influence on k by the thermoelectric effect can be ignored in the two samples. We can
also extend it to the situation with magnetic fields. Then we can directly use Fourier’s law
during our measurements. Nevertheless, the total thermal conductivity & is still a mixture
of electron and phonon contribution.

4.2.2 Difference of thermal conductivity in magnetic field

As discussed before, the total thermal conductivity in the two SrTi;_,.Nb,Os samples is
approximately equal to the sum of phononic and electronic parts. Previous reports on
bismuth and antimony [154; 159-161], succeed in separating the phononic and the electronic
contribution to the total thermal conductivity by exploiting the effect of the magnetic field
on the electron contribution. We will use this method in our two samples to separate the
electron and phonon contribution.

The sketch of the measurement setup has been introduced in Chapter 1. In the presence
of a magnetic field along the z-axis and heat flux along the z-axis, a longitudinal (VT}) and
transverse (V7)) thermal gradient turns up. The longitudinal thermal conductivity is equal

Q e e JRVT,
to kpp = —V‘%T% and the transverse thermal conductivity is equal to kg, = vaﬂf (see

chapter 1 Eq 1.64 and 1.65). Note that in our cases, VT, at 12 T is in the same order as
VT, in low temperature. So to get access to kz, and kg, we need to measure both the VT,
and VT,,.
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Fig. 4.4 Thermal conductivity in Nb-doped SrTiOs: Thermal conductivity
divided by temperature (ky,/T) at B= 0 and B= 12 T compared with the electrical
conductivity multiplied by the Sommerfeld value (Lyoy,) in sample #1 (a) and in
sample #2 (b). kg, /T increases with warming, because of the phonon contribu-
tion, which rises faster than T'. Lyo.., which is a rough estimate of the electronic
contribution to kK, /T decreases with warming due to the reduction of electrical
conductivity by inelastic scattering. Note the reduction induced by the magnetic
field in both. The inset is a zoom on the low-temperature data, showing that they
tend to join in the zero-temperature limit.
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Fig 4.4 shows the temperature dependence of longitudinal thermal conductivity divided
by temperature (k. /T) with and without a magnetic field in two samples of SrTi;_,Nb,Os.
One can clearly see a difference of gz, /T between 0 T and 12 T. Studies of the thermal
conductivity in the insulating parent compound SrTiO3z show that a magnetic field of 12 T
reduces K, at most by 7 x 1073 [162]. This is orders of magnitude smaller than the effect
of the magnetic field of k., in the sample #1 and #2 which change to about 4 x 1072 at
30 K and increases as temperature goes down. This implies that the difference in thermal
conductivity can be approximately attributed to electron contribution. Fig 4.4 also shows
the expected electronic thermal conductivity divided by temperature (Lgo — zz) at 0 and
12 T. Compare Lyo,; and Ky, /T at 0 T, they tend to join each other as temperature tends
to zero ( see inset ) which agrees with the validity of WF law at zero limit temperature. At
finite temperatures, the difference of Loo,x between 0 T and 12 T is a bit larger than the
difference of k/T showing the violation of WF law. One could also notice that the difference
of Ky /T and Loy, is larger in sample #1 is smaller than in sample #2 with a lower carrier
concentration. It is a natural consequence of the lower carrier density of sample #1 that has

larger electric conductivity because of the less impurity scattering which is also the case for
electronic thermal conductivity.
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Fig. 4.5 Longitudinal and Hall conductivity: (a) The difference in lon-
gitudinal thermal conductivity divided by temperature between zero field and
12 T. (Akzy = Kzz(0T) — K3(12T)) in sample #1. Also shown is the differ-
ence in the longitudinal electric conductivity multiplied by the Sommerfeld value
(A0yy = 022 (0T) — 044(12T)). (c) Same for sample #2. (b) The transverse ther-
mal conductivity kg, divided by temperature, compared with the transverse electric
conductivity ., multiplied by Lo (d) same for sample #2. Also shown in (b) and
(d) is the kgy/T caused by phonons in undoped pure STO [108; 162].



60 CHAPTER 4. ELECTRONIC THERMAL TRANSPORT IN METALLIC STO

According to the previous discussion, we can safely identify the field-induced change in
thermal conductivity Ak;, with the thermal conductivity of electrons :

Abigg = gy (B = 0) — i, (B) (4.5)

Fig 4.5 (a) and (c) compare Akzy /T with LoAos,. In both samples, these two quantities
converge at low temperatures and their difference grows with increasing temperature. This
implies the validation of the WF law at zero temperature and a departure from it at finite
temperature which agrees with Fig 4.4 shows. The finite-temperature departure from the
WF law is more significant in the sample with lower carrier density.

By the way, let’s also look at the off-diagonal components of the thermal conductivity
of the two samples. Fig 4.5 (b) and (d) show the temperature dependence of the transverse
thermal conductivity divided by temperature (—k4y/T). In the whole temperature range, it
remains close (but smaller than Lgo,,), which is what is expected for the electronic part.
The measured signal is much larger than /{I;Z /T measured in insulating STO. In STO samples
with a carrier density two orders of magnitude lower (n &~ 108cm™3), kyy, /T is larger than
Looay( see chapter 3), in contrast with the samples studied here, where the carrier density
is two orders of magnitude larger (n ~ 10?*°cm ™3 and the Hall angle is much smaller than
unity as shown in Fig 4.6). In this case, one does not expect to see a detectable phonon
drag contribution to xzy as well as to k.. So transverse thermal conductivity ., can be
approximately equal to the transverse thermal conductivity of electrons:

Ky R K, (4.6)
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Fig. 4.6 Hall angle as a function of temperature for sample #2 (n=1.8e10>°cm™3)
and in a lightly doped SrTiOs_, (n=1.6e10'¥cm=3). No phonon drag peak is ob-
served in sample #2. The Hall angle in sample #1 is much lower than in lightly
doped SrTiOs3_,.
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4.2.3 Magnetic response on the conductivity of electrons

We just show that the change in magnetic field of k., labeled Ax,, has a purely electronic
origin Argy = AkS, (see Eq. 4.5). In order to extract the temperature dependence of
the longitudinal electronic thermal conductivity at zero magnetic fields (x5, (B = 0)) from
thermal magneto-conductivity (AkS,), we need an additional assumption: At any given
temperature, the field dependence of k%, is similar to the field dependence of the electrical
conductivity (expressed by Eq. 4.8). Since the field-induced reduction in conductivity, in
both thermal and electrical channels, is due to the same Lorentz force, this is a reasonable

assumption.
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Fig. 4.7 Field dependence of the electric and thermal conductivity: (a)
Longitudinal thermal conductivity (Akzs = Kzz(0) — Kz (B)) divided by temper-
ature, (b) Longitudinal electric conductivity (Aczy = 044(0) — 042(B)) and (c)
Longitudinal Lorenz ratio (Ly;/Lo = Akyy/TLoAoy,) as a function of the mag-
netic field for three temperatures. (d), (e) and (f) are the same as (a), (b), and
(c) in transverse configuration. The Lorenz ratios L., and L, are constant in the
field but smaller than Ly.

Let’s first look at the field-dependent electrical conductivity. The field-induced decrease
in electrical conductivity o, (i.e. the magnetoresistance) in metallic STO was the subject
matter of a previous study [127], which found that both longitudinal and transverse conduc-
tivity shown in Eq 1.53 and 1.53 which follow the behavior expected in the semi-classical
picture becomes:

ney
7 = 13 )2 l
nen (4.8)

T =14 2p2t

Here, n is the carrier density, e is the electron charge and p is mobility. Fig 4.7 (a) shows
the field dependent 0,, and o, at 10.8, 16.8, and 22.8 K in two samples of SrTi;_,;Nb,Os3.
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0.z decreases with the field while o, shows the opposite trend. Both o,, and o, decrease
with temperature but the decreasing of o,, is larger. These lead to the monotonically
decreasing of p with increasing magnetic field and/or temperature. The results agree with
the previous study[127]. Thus, mobility p(B,T) is the only adjustable parameter depending
on temperature and magnetic field for o,, and o,,. A remarkable (and poorly understood)
fact about metallic STO is that the field dependence of mobility shows little dependence on
the orientation of the magnetic field [127].
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Fig. 4.8 Field dependence of the electric and thermal conductivity: (a)
Longitudinal thermal conductivity (Akze = Kzz(0) — Kz (B)) divided by temper-
ature, (b) Longitudinal electric conductivity (Aog, = 044(0) — 04(B)) and (c)
Longitudinal Lorenz ratio (Ly,/Lo = Akgy/TLoAoy,,) as a function of the mag-
netic field for three temperatures. (d), (e) and (f) are the same as (a), (b), and
(c) in transverse configuration. The Lorenz ratios Ly, and Ly, are constant in the
field but smaller than L.

Although the electric conductivity shows a unique response to the magnetic field in
the two samples, the field response for electronic thermal conductivity should be the same.
Because, in the semi-classical picture, electrical conductivity and electronic thermal con-
ductivity (see Eq 1.53, 1.54, 1.55, and 1.56 in Chapter 1) show the same field dependence
related to the common mobility p. Then we turn our sight to the data. Fig 4.8 (a) (b) (c)
shows the field dependent Ak, /T, Aoy, and Ly, /Lo in sample #1 at 10.8, 16.8 and 22.8
K. Both Aky,/T and Aoy, increase with the field. We note that L., /Lo are smaller than
one but independent of the field which proves our suppose. In transverse, the —kgy /T, 04y
and Ly /Lo evolving with the field as shown in Fig 4.8 (d) (e) (f) are similar. While the little
difference between L, /Lo and Ly, /Lo as shown in Fig 4.8 (¢) and (g) can be attributed to
the transverse phononic thermal conductivity which is not extracted from the r,.

Our assumption here is consistent with our field-dependent data discussed before, which

shows at a given temperature LL—? is less than unity, but its amplitude does not depend on
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the magnetic field. Combining with Eq. 4.5 the number L can express as

kS, (B =0) Abgy

rx

L = =
02e(B=0)T Aoy, T

(4.9)

Here 0., (B = 0), Aky, and Aoy, can be directly acquired from the experiment measure-
ment. The combination of the three quantities allows us to evaluate the electronic thermal
conductivity

(4.10)

4.2.4 Electronic and phononic thermal conductivity

Having quantified x¢, from Eq 4.10, we can also deduce kB by subtracting the electronic
component from the total conductivity. Fig 4.9 shows electronic and phononic thermal
conductivity( x¢ and kP*) compared with the total thermal conductivity x and the expected
electronic thermal conductivity LoogT in sample #1 and #2 at zero field. One can see for
both the two samples in panels (a) and (b) that, above 20 K, 2" becomes an order of
magnitude larger than .. However, since x2? decreases faster than k¢, with cooling, the
electron contribution becomes prominent below 10 K. k€ is almost equal to LoogT at low
temperatures but becomes significantly lower at higher temperatures.

The phononic thermal conductivity xP* for sample #1 and #2, shown in Fig 4.9 (c), is
significantly lower than 2% in undoped STO [40]. As one can see in the figure, kP of our
metallic samples, with about 1% (2%) of Ti atoms replaced by Nb for sample #2(#1), is
similar to the total x of insulating samples of Sr;_,Ca,TiOg3, with 0.91% of Sr atoms are
replaced by Ca. In both cases, xP" is reduced in comparison to pristine STO, because the
substituting atoms are randomly distributed and their average distance is comparable with
the order of magnitude of the wavelength of thermally excited phonons. The rough similarity
between Nb doping (which brings mobile electrons) and Ca substitution (which does not),
indicates that scattering by mobile electrons plays a minor role.
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Fig. 4.9 Electron and phonon contributions to the thermal conductivity

(a) The total thermal conductivity (k!%%) and its electronic (k¢,) and phononic

(kP") components as a function of temperature in sample #1. Also shown is the
electrical conductivity multiplied by Ly. (b) same for sample #2. (¢) Comparison of
the phonon thermal conductivity in the two samples with total thermal conductivity
of undoped STO [40; 163] with kP in SrTi;_,Nb, O3 n = 2.6 x 102°cm ™2 just above

the superconducting transition [78] and with Sry.g91 Cag.0o9 103 [108].
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4.3 T-square resistivity prefactor in Nb-STO

Let us now turn our attention to the electronic thermal resistivity, W', obtained by inverting
kS,/T. Fig 4.10 shows p and LoWT as a function of T2 for the two samples. One can see
that in both samples, Eq 4.1 and 4.3 hold. pg and LoWT are identical at low temperatures
confirming the validity of the WF Law in the zero-temperature limit. In both samples,
the slope of LoWT(T?) (B in Eq 4.3 times L) is larger than the slope of p(7?) (A in Eq
4.1). This behavior is similar to what has been observed in semimetals (like W, WPy, and
Sb) and heavy-fermions (like UPt3, and CeRhIns, see Tab.4.1) and corresponds to what is
theoretically expected in the e-e scattering picture [150].
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Fig. 4.10 Electronic thermal resistivity: (a) Electric and thermal resistivity
as a function of the square of the temperature for sample #1 (b) Same as in (a) for
sample#2. In both cases, p and W'I' have the same intercept but different slopes.

The two black solid lines show the lower and the upper limit to the slope of thermal
resistivity in the two samples.

The fermiology of doped strontium titanate has been the subject of several recent studies
[76-78; 80; 164]. Experiments have confirmed that, as expected by band calculations [76],
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three bands associated with Ti orbitals are successively filled, as the doping increases. In
the two samples studied here, the carrier density is such that the Fermi surface consists
of three concentric pockets all three centered at the I' point. The average radius of the
outer pocket is bounded by the carrier density: kP < (37w%n)'/3. This yields 2.1 (1.7)
nm~! in sample #1 (#2). The width of the Brillouin zone is G = %’T = 16.1nm™~!, where
a = 0.3905 nm is the lattice parameter. Since K7 < %, Umklapp events cannot occur.
This distinguishes metallic strontium titanate from other metals displaying T-square p and

WT with amplitudes linked to each other by the WF law.

Material po (N2 -cm) | A (n2-cm-K 2) | B (m2-cm-K 2) B/A reference
W 0.0566 8.7 < 10— % 5.3 < 103 6.1 153
Sb 30 0.3 0.63 2.1 154
WPs 4.7 1.66 < 102 7.56 < 102 4.55 156
CeRhlIng 37 21 57 2.7 155
CeColns (B=7 T) 370 2600 5500 2.1 165
CeColng (B=10 T) 530 900 1900 2.1 165
UPt3 (a-axis) 230 590 905 1.5 157
UPt3 (c-axis) 610 1600 2445 1.5 157
Nb:STO (S#1) 6 < 107 33 90 + 20 2.7 + 0.6 | This work
Nb:STO (S#2) 4.5 < 107 40 185 =+ 20 4.6 £ 0.5 | This work

Table 4.1: T-square resistivity in metals- Residual resistivity pg, and electrical (A) and
thermal (B) T-square prefactors and their ratio in several Fermi liquids. In the case of
CeColns [165], the Fermi liquid behavior appears only in the presence of a magnetic field
larger than the upper critical field of the superconductor. % is always found to be larger

than unity, varying between 1.5 and 6.

4.4 Comparison with 3He

The other Fermi liquid with a T-square thermal resistivity in the absence of Umklapp is
normal liquid *He [166; 167]. The dominant contribution to thermal conductivity (in the
zero-temperature limit) is proportional to the inverse of temperature. This kT term is strictly
equivalent to the inverse of B, the slope of WT as a function T2, and, as first calculated
by Abrikosov and Khatalnikov [168], is proportional to the fermion-fermion scattering time,
which quadratically decreases with temperature. Extracted from thermal conductivity, this
scattering time was dubbed 7, and 7, 7% was extensively measured by Greywall [169]. The-
oretically, this quantity was computed by quantifying the Landau parameters of the Fermi
liquid [170-172]. The agreement between the theoretically computed and the experimentally
measured 7T and 7,72 is within experimental uncertainty at saturating vapor pressure and
less than a factor of 2 near the melting pressure.

Let us now see how metallic strontium titanate fits in this picture. 7, is given by [169]:

K= - ——VET, 4.11
3 Vm F'k ( )
Here, Cy is the molar-specific heat, V,,, is the molar volume, and vg is the Fermi velocity.
This means that in analogy with the case of normal liquid *He [169], B, the prefactor of
T-square thermal resistivity, is inversely proportional to 7,,72:
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— 4.12
7. T2 ( )

Using the reported values of v (ranging from 1.55 to 1.9 mJ/mol. K2 [173-175] at this
doping level) and extracting the average Fermi wave-vector from carrier density, one can
quantify the Fermi velocity and find 7,,72. The results are listed in Tab. 4.2. Unsurprisingly,
7,12 is orders of magnitude larger in STO than in *He, which has a lower Fermi temperature
and higher fermion-fermion collision cross-section.

A more instructive basis for comparison is a dimensionless collision cross-section defined
as [172; 176-178]:

hEp
T T2k%,

(= (4.13)

The amplitude of this quantity in a Fermi liquid is set by a combination of its Landau
parameters [176; 179; 180]. As seen in table 4.2, ¢ in 3He, strongly correlated and close to
both localization and a magnetic instability [181], varies from 35 to 60. In contrast, ¢ in
STO, at this doping level (where the effective mass is close to four times the bare electron
mass [5; 173]), is =~ 3.

System kT (W) | vp (m/s) [ kp (nm™1) | Bp(K) | 7,T? (ns.K?) ¢

SHe (saturating vapor pressure) | 2.9 x10™ | 60 7.9 18 | 3.9 x10™ 35

3He (melting pressure) 73x107° | 324 8.9 L1 | 14x107 58
S1Ti3_,Nb,03 (n=3.1x10%em=%) | 27 46 6 x10* 2.1 480 1.4 2.6 £0.6
StTiz_,Nb,03 (n=1.8x10cm %) | 13 £1.5 | 5 x10* 17 330 0.8 3.2 40.3

Table 4.2: Thermal and electronic properties of 3He and SrTiz_,Nb,O3: Thermal
conductivity, fermion-fermion scattering and Fermi liquid properties in a strongly correlated
and a weakly correlated fermionic system.

Thus, not only the existence of the T-square thermal resistivity in metallic strontium
titanate but also its amplitude can be accounted for by considering it as a Fermi liquid
with moderate correlations. As for T-square electrical resistivity what we studied here at
low temperatures (that is below the degeneracy temperature of electrons and the minimum
energy of the soft TO phonons), could be accounted for, assuming a rough recovery of the
Wiedemann-Franz law in the presence of disorder. However, the theory for such a scenario
is yet to be elaborated. It may require including the gradient of momentum flow caused by
the disorder and phonon scattering.

4.5 Conclusion

In this work, first we found a self-consistent experimental way to extract the electronic
thermal conductivity in Nb-doped SrTiOs. By detecting the magnetic field response of ther-
mal conductivity, We hypothesize that the ignored electron-phonon interaction and phonon
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contribution and the same field response in electrical and thermal conductivity ( these hy-
potheses also be verified by experimental results), eventually extract the electronic thermal
conductivity. Second, our results show a robust T-square thermal resistivity and its ampli-
tude correlates with the T-square electrical resistivity. However, unlike other Fermi liquids
with Umklap scattering, there is no difference in the T-square thermal resistivity in metallic
strontium titanate and the others. Besides this, it also shows similarity with *He which is
also absent of Umklap scattering. Third, according to these results, we can conclude that
the electron transport behavior in dilute metal STO at least its T-square electrical and ther-
mal conductivity at low temperatures can be considered a Fermi liquid. Nevertheless, the
mechanism of the momentum and energy dissipation between the collision of electrons in
dilute metal STO is still unknown.






Chapter 5

Thermal transport in EuTiO3

Summary of the Chapter

In this chapter, I present the electric, thermoelectric, and thermal transport properties of
EuTiO3. The temperature dependence of the resistivity, p, the Hall carrier concentration
ng, and the Seebeck coefficient, S, all point to an insulating band gap of around 0.22 eV.
A kink found in both p and S around 260 K is identified as a signature of the structural
transition. A hysteresis in resistivity near this temperature may point to the first-order
nature of this structural transition. The thermal conductivity (k) is much lower compared
to Sr'TiO5 and is akin to the thermal conductivity of glasses. Its field dependence points to
the scattering of phonons by the magnetic excitations as the source of the glass-like behavior
of k. The results provide an interesting challenge for the theory attempting to achieve a
unified picture of thermal transport in crystals and glasses.

The contents of this chapter are based on the paper published in A. Jaoui, S. Jiang et
al., arXiv:2307.02058 [182].

5.1 Motivation and samples

At room temperature, EuTiOs is isostructural to SrTiO3 with the same lattice parameter a =
0.39nm because the ionic radii of Eu?T and Sr?>* are very similar. Like SrTiOs, EuTiOs3 also
undergoes a cubic-to-tetragonal transition but at a higher temperature (typically between
235 K to 280 K depending on the defects concentration ). It is also a quantum paraelectric
but with a much lower dielectric constant around 430 at 4.2 K (see Fig 2.11). However, in
contrast with SrTiOs, it has magnetic properties as the ionic Eu?* host a large spin of 7up
that order antiferromagnetically below Ty = 5.5 K[21; 183]. How the Eu?* spin influences
the transport properties of the perovskite quantum paralectrics is the main motivation of
this study.

Compared to SrTiOs which are commercially available, the growth of FuTiO3 crystal
is more dedicated. One of the reasons is that EuTiO3 hosts divalent europium: Eu?* with
large magnetic momentum of 7up and Eu3t with no magnetic moment. It thus requires
starting with high-purity europium oxide. The EuTiOs (ETO) single crystals studied here
were provided by two different labs: in Tsukuba (Sample T1 and T2) and in Colone (
Sample C1, C2, and C3). They all used the floating-zone technique to grow the sample
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as described in Ref. [184]. In order to prevent the formation of the EuyTiasO7 pyrochlore
phase, the growth was performed in Argon atmosphere and without any preliminary powder
reaction, similar to Ref. [185]. Powders of EusOs, TiO, and TiOy were mixed in a ratio
to reach EuTiOgs_g, pressed to a rod, and installed into the floating-zone furnace. In a
series of growth attempts, it turned out that it was necessary to mix the above materials
with a nominal oxygen deficiency of § = 0.05. This allowed to compensation possible off-
stoichiometries of the starting materials or an oxygen capture during the growth process.
Single crystallinity of the grown crystal was confirmed by Laue images and phase purity was
verified by X-ray powder diffraction.

5.2 Results

In the following section, I will present the results on electric, thermoelectric, and heat trans-
port in two EuTiO3 samples labelled T1 and T2, receptively.

5.2.1 Resistivity and Hall effect
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Fig. 5.1 Electrical resistivity and activation gap of EuTiOg: (a) Resistiv-
ity, p, as a function of temperature in two single crystals of EuTiOs in a semi-
logarithmic plot. (b) Arrhenius plot of the same data: Inp vs. T~'. The solid blue
line corresponds to A = 110 meV. The inset shows the temperature variation of
A= —k:BT2%, with an arrow pointing to TArp, the temperature of antiferrodis-
tortive transition.

DC electrical resistivity of Sample T1 and T2 was measured from 360 K to 60 K. Fig.5.1
(a) shows the temperature dependence of electrical resistivity p. It increases exponentially
by seven orders of magnitude upon cooling from 360 K to 60 K. Notice that below 60 K,
DC electrical resistivity measurement of EuTiO3 becomes unreliable because its resistance
increases to tens of Giga (2 which is comparable with the impedance of the voltmeter. We also
studied the Hall response. The Hall resistivity is linear with the field at several temperatures
100 K, 150 K, 200 K, 250 K, and 300 K [see in Fig.5.2 (a)]. Measurements at B = 3 T and
-3 T between 60 K and 360 K allow us to extract the Hall resistivity as a function of the
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temperature shown in Fig.5.2 (b). We note that p,, < 0 implies the temperature-activated
charge carrier is the electron. Based on this result we can deduce carrier concentration
ng = piot /(—paye).

Both p and ny plot in log scale as a function of the inverse of the temperature display
the linear behavior characteristic of the Arrhenius law 0 «x n «x exp(—A/(KgT)) as show
on Fig.5.1 (b) and Fig.5.2 (b). The estimated activated gap is 0.1 eV ( blue lines on Fig.5.1
(b)). Derivative Inp vs T~ we can obtain the A as function of temperature [see inset of
Fig.5.1 (b)]. A small kink is found at around 260 K which we identify as the temperature
of the structural transition in EuTiOg [22; 186]. We note that ny deviates upwards from
Arrhenius law above 200 K which implies the activation gap increases with temperature.
The reason for this deviation is still unknown.
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Fig. 5.2 Hall effect and carrier concentration of EuTiOg: (a) Hall resistivity
Py as a function of field up to 5 T in different temperatures. The linear behavior
with a negative value implies electron is the only electric carrier. (b) Temperature

dependence of p,, at 3 T. Arrhenius plot of the Hall carrier concentration: In ny
vs. T~

5.2.2 The Seebeck coefficient

This activated behavior is also confirmed by our measurements of the Seebeck coefficient
[See Fig.5.3]. The thermoelectric power has a negative sign and an amplitude in the range
of mV/K, typical of a narrow gap semiconductor. The Seebeck coefficient in an intrinsic
semiconductor is expected to be =~ I%B]@AT [24]. Thus, by plotting S as a function of 7!
(see the inset), one expects to see a straight line whose slope yields A. As seen in the inset of
Fig.5.3, this is indeed what our data yields, with A around 0.1 eV. Note that this temperature
dependence is qualitatively distinct from what is expected in extrinsic semiconductors [187]
as seen, for example, in the case of Nb-doped STO [132].

Thus, the temperature dependence of resistivity, carrier concentration, and Seebeck co-
efficient all point to a similar energy gap between the chemical potential and the conduction
band. The Hall and the Seebeck coefficients are both negative, indicating that carriers are
electron-like and thermally excited to live in the conduction band originating from Ti—d
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orbitals.

S also shows an anomaly near 260 K which agrees with p. Now we can undoubtedly
identify the kink as the temperature of the structural transition in EuTiOg [22; 186]. Like
SrTiOgs [46], this transition makes EuTiOg3 tetragonal [188]. We cannot rule out a very small
difference in the amplitude of the activation gap between the cubic and the tetragonal phases
[See the inset of Figh.1 (b)].

Assuming that the chemical potential is at halfway between the chemical potential and
the valence band leads us to conclude that the band gap of EuTiOj3 is ~ 0.22 eV. This
is remarkably smaller than the 3.2 eV gap of SrTiO3 [5], but only slightly smaller than
what a recent DFT calculation [189] found (0.27-0.33 e€V). According to another and earlier
theoretical study [190], the magnitude of the band gap in EuTiO3 depends on the amplitude
of the Hubbard U, and a realistic U (5-6 €V) would lead to a band gap of 0.2-0.4 eV. Thus,
the narrow gap detected by our transport studies is close to what is intrinsically expected
in this solid. Optical probes, however, have detected a larger gap (0.8-0.9 eV) [191; 192].
Such larger energy scales are possible indications that the Density of States (DOS) near the
Eu—f level is not featureless [189].
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Fig. 5.3 Temperature dependence of Seebeck coefficient S . The data is
restricted tol' > 120K, below which measurement becomes problematic. The inset
shows S as a function of T~!. The solid blue line corresponds to A = 0.1eV. The
arrow points to Tarp.

5.2.3 Resistivity hysteresis near the AFD transition

We also detected an unexpected and reproducible hysteresis of resistivity near this phase
transition [see Fig. 5.4]. We carefully measured the resistivity during sweeping temperatures
up and down between 230 K and 300 K. The hysteresis behavior turns up as EuTiOgs entering
the tetragonal phase around 260 K which is independent of the temperature sweeping rates
and currents [see Fig. 5.4 (a)]. By plotting dp/dT" as a function of T', the hysteresis becomes
clearer as shown in Fig. 5.4 (b). Taken at its face value, this indicates that this structural
phase transition is first order.
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The structural transition in EuTiOg is believed to be similar to the structural transition
in SrTiO3 an antiferrodistortive transition in which adjacent octahedra rotate in opposite
orientations [22]. In the case of SrTiOs, this transition is known as a rare case of second-
order structural phase transition. However, in our study of resistivity, we found that the
anomaly at =~ 260 K presents a hysteresis, which was found to be reproducible. This may
point to the first-order nature of this structural transition in EuTiOs.
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Fig. 5.4 Hysteresis of temperature-dependent resistivity: (a) Temperature
dependence of resistivity near the structural transition for upward and downward
sweeps either with a continuous ramp or by steps. (b) The temperature derivative
of resistivity for an upward and a downward sweep with discrete steps.

5.2.4 Temperature dependent thermal conductivity

After discussing the intriguing electric and thermoelectric transport properties of EuTiOs,
then we turn our attention to thermal transport. Thermal conductivity x was measured from
300 K to 0.3 K [see Fig. 5.5]. First x was measured in PPMS including two temperature
ranges: 300 K to 50 K by using Type E thermocouples( red open circle ) and 60 K to 6
K by using Cernox 1030 (black open circle). Below 6 K, x was measured in dilution by
using Cernox 1030 (blue open circle). The measurement setups are shown in Chapter 1 and
Appendix B. They all agree well after correcting the geometric factor of about 10%.

Fig. 5.5 shows the temperature dependence of thermal conductivity, s, of EuTiO3 sample
T1 compared to SrTiO3 in log scale. Unlike in SrTiOs where s displays a peak at 20K, x
of EuTiO3 shows two minimum. One is around 260 K (inset) which is associated with the
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AFD transition, the other is around 5 K where the antiferromagnetic order appears.

As we discussed in Chapter 1, in insulating crystals, the flow of heat can be understood
by considering the response of a gas of phonons to a temperature gradient. This picture,
first drawn by Peierls [35], using a linearized Boltzmann equation, is remarkably successful
in describing the thermal conductivity, x, of most insulators [193; 194]. It explains why
at an intermediate temperature, x peaks [195], separating a high-temperature decrease by
warming (due to anharmonicity), and a low-temperature decrease by cooling (due to phonon
depopulation). It’s the case for quantum paraelectric SrTiOs. While in amorphous solids,
on the other hand, there is no such peak in x(7") and heat diffuses thanks to off-diagonal
coupling across harmonic branches [196-199]. While in some crystals, however, display glass-
like thermal conductivity[200-206]. The thermal conductivity of these materials can be very
low and/or feature a monotonic temperature dependence (lacking the T—! decrease at high
temperature). They are sought after since a low lattice thermal conductivity would lead to
a large thermoelectric figure of merit [207]. EuTiOg is one of the cases. It shows a striking
result that the large reduction of the amplitude of x in EuTiO3 between 2K to 300K and
the absence of a peak around 20K in the paramagnetic state. Such behavior of x is akin to
what is seen in amorphous silica. We will discuss it in Section 3.
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Fig. 5.5 Thermal conductivity k of EuTiO3 and SrTiO3 FOr EuTiOs, from
0.3 K to 6 K k were measured by using Cernox1030 as the thermometer in dilu-
tion(blue circle). From 6 K to 60 K is in PPMS(black circle). From 60 K to 300 K
were using type E thermal couple in PPMS(red circle). Insert is zooming from 50
K to 300 K. The blue arrow corresponds to the Antiferromagnetic transition. The
red and green arrows correspond to the Antiferrodistortive transition.
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5.2.5 Field dependent thermal conductivity

To identify the origin of the reduced thermal conductivity in ETO we studied the field
dependence of k. Fig. 5.6 shows k,, as a function of temperature in different magnetic
fields of Sample T1. As the magnetic field increases, Ky, vs T first shows a small dip
with a peak around 1 K and then gradually becomes monotonic. Fig. 5.6 (b) displays the
normalized k., as a function of the magnetic field in different temperatures. It shows a
sharp peak around 2 T at 0.35 K which gradually becomes two small border peaks at 2 K.
As the temperature increases, the field-dependence becomes monotonic. Both results show
that kg, in ETO is extremely sensitive to the magnetic field in contrast to the case of STO.
This result implies that it is the scattering of the phonon on the Eu2+ ions that gives rise
to the reduced thermal conductivity in ETO. Our result shows also the presence of several
field scales that may be a consequence of the various energy levels of the magnetic ions and
their coupling to phonon modes.
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Fig. 5.6 Longitudinal thermal conductivity k., in magnetic field: (a) .,
as a function of temperature in different magnetic fields. (b) k., as a function of

the magnetic field in different temperatures.

5.3 Discussion

EuTiOg displays a very different thermal conductivity compared to SrTiOs. In this section,
by remembering the magnetization results measured in Cologne, we excluded the extrinsic
reason: Eu?t/3% off-stoichiometry. The glass-like thermal conductivity of EuTiOs is similar
to Silica or frustrated magnet TheTisO7. Comparison with non-magnetic perovskite solids,
SrTiOs, KTaO3, and EuCoOj3, shows that what impedes heat transport are 4f spins at
Eu?* sites, which couple to phonons well above the ordering temperature. Thus, in this
case, superexchange and valence fluctuations, not magnetic frustration, are the drivers of
glass-like thermal conductivity.
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5.3.1 Magnetization

Fig. 5.7(a) displays magnetization data M(T) of a EuTiO3 single crystal for different mag-
netic fields between 10 and 500 mT applied along a [100]. direction of the cubic room
temperature phase. At the lowest fields, the antiferromagnetic ordering causes a maximum
in M(T). This peak becomes a kink at an intermediate field of 500 mT. The corresponding
inverse susceptibility follows a straight line over the entire temperature range from 300 K
down to about 7 K (See panels (b) and (c)). The Curie-Weiss fit yields an effective magnet
moment of . = 7.8 ug/f.u. and a positive Weiss temperature of Oy = 3.55 K, which sig-
nals a net ferromagnetic coupling. These values agree with the literature. The positive Ow
has been explained by the fact that in EuTiO3 the antiferromagnetic coupling of the Eu?*t
spins to 6 nearest neighbors (NN) is overcompensated by a larger ferromagnetic coupling to
12 next nearest neighbors[183; 192; 208-210].

Note that there is no magnetic frustration resulting from the ferromagnetic and antifer-
romagnetic couplings because both couplings support the G-type antiferromagnetic order.
Nevertheless, a comparatively weak magnetic field of about 1.2 T is sufficient to induce a po-
larized magnetic state. This is because only the weaker NN antiferromagnetic coupling needs
to be overcome. As shown in Fig. 5.7(d), the saturation magnetization Mgy ~ 6.73 ug/f.u.
reaches about 96 % of the expected spin-only value of Mg, ~ gupS. = 7ug for Eu?t with
half-filled 4f shell. An analogous 4 % reduction is obtained from the Curie-Weiss fit in the
paramagnetic phase for the Curie constant, which results in a 2 % reduction of the effective
magnetic moment fi.fr = 7.8 up/f.u. in comparison to the expected perr = g/ S(S + 1)up =
7.94 up for S =7/2.

As is shown in Fig 5.7(e) this weakly reduced saturation magnetization has been observed
in various pristine insulating samples that were obtained from different growth attempts. In
contrast, however, other EuTiOs samples that were cut from the same mother crystals, but
were made conducting via vacuum annealing at high temperature, see e.g. [184], reached
the expected saturation magnetization of 7ug/Eu?t. As it is known that the vacuum an-
nealing of STO and ETO causes electron doping which is traced back to a reduction of the
oxygen content, the different saturation magnetizations of pristine versus doped ETO can
be interpreted as follows: apparently, the pristine ETO samples have a weak oxygen surplus
that results in a corresponding partial oxidization of Eu?* to Eut which has a vanishing
magnetic moment thereby reducing the overall magnetization. Vice versa, with decreasing
oxygen content, the magnetization of pristine ETO should first increase but remain insu-
lating until all Eut ions are reduced to Eu?>t and only with further oxygen reduction a
metal-insulator transition sets in via electron doping into the 3d band of Ti [184].

5.3.2 Sample dependence of thermal conductivity

As discussed above, the magnetization data of pristine ETO crystals indicate the presence
of a certain mixture of Eu?t and Eu?* valencies, and it is known from many intermetallic
materials that Eu (or other rare-earth) valence instabilities can drastically influence the
magnetic and/or transport properties [211]. Therefore, we compared several EuTiOg3 crystals
in order to check whether there is some correlation between the surprisingly low, glass-like
thermal conductivity and the reduced saturation magnetization. As can be seen from Fig.
5.8(a), the overall variation of the x(T") curves obtained on the different samples is covered
by the data obtained on samples C1 and T1, which are discussed in the previous section.
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Fig. 5.7 (a) Magnetization of EuTiOs as a function of temperature for different
magnetic fields applied along the cubic [100]. direction. (b) Inverse susceptibility
X! = woH/M at 500 mT with a Curie-Weiss fit (line) for T > 20 K (c) Detailed
view of the low-temperature regime, revealing the Weiss temperature Oy = 3.55 K.
(d) Magnetization curve measured at 2 K, which almost reaches the saturation mag-
netization expected for a spin 7/2 system (dashed line) (e) Magnetization curves
measured on 2 different pristine EuTiOs single crystals (JE93, JE111), which both
were insulating, in comparison to 2 metallic EuTiOs samples, which were weakly
electron-doped by vacuum annealing [184]. Insets show enlarged views of the same
data in the region of (f) the saturation magnetization and of (g) a spin-flop transi-
tion occurring at ~ 0.2 T when the field is applied along a cubic [100]. direction (3
samples), but remains absent for H[110]. (doped sample JE93).

The magnetization data of the pristine samples C2 and T1 are essentially identical to each
other and agree with the data of the other pristine samples shown in Fig.5.8. While this
is not surprising for C1, which is another piece from the same mother crystal JE111, this
was not necessarily to be expected for T1, which was grown independently under somewhat
different conditions (see above) and it is evident from the panel (a) that overall the x(T)
curve of T1 is lying above those measured on the samples C1, C2, and C3. On the other
hand, the magnetization of C3 is the only one that essentially reaches 7up. This can be
traced back to the fact this sample was vacuum annealed for 1 h at 700°C. Resistivity
measurements before and after annealing did not show a measurable difference, whereas the
enhanced magnetization indicates a significant variation of Eu valence towards almost pure
Eu?t. Nevertheless, the thermal conductivity of this particular C3 sample remains as low
and glassy as those of all the ETO samples. Thus, we conclude that the weak Eu?t/3+
off-stoichiometry is not the main mechanism that induces the unusual glass-like phonon heat
transport in the ETO crystals.
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Fig. 5.8 Sample difference of thermal conductivity x and magnetization
M (a) Comparison of k(T') of EuTiOs, which were measured on different samples,
which stem from different sources (T1 versus C1, C2, C3) (b) M measured on the
same samples apart from C1, that got broken in the meanwhile. Note that the field
axis was corrected for demagnetization effects to account for the rather different
sample geometries.

5.3.3 Glass-like thermal conductivity

In order to put our observation in a proper context, we compare our data with what has been
reported in the case of SiO2, which shows a spectacular difference in the thermal conductivity
in its crystalline and amorphous structures [212]. As seen in Fig. 5.9, x in amorphous silica
monotonically decreases with cooling, in contrast to crystalline quartz, which has a prominent
peak. At any given temperature, the crystal conducts heat at least an order of magnitude
more than the glass [195]. Not only the thermal conductivity of EuTiOj3 is similar to silica
in temperature dependence, but also in the cryogenic temperature range around the Néel
temperature (T ~ 5.5K), the EuTiOg crystalline samples conduct heat less than amorphous
silica.

The order of magnitude of thermal conductivity and its temperature dependence in
FuTiO3 is comparable with other crystalline solids displaying a glass-like thermal con-
ductivity, such as TboTisO7 [202], Tb3GasO12 [214], NaglrsOg [215], PralroO7 [120] and
Lag 2Nbg 4Pbg 4MnOy4 [200]. In order to allow a direct comparison, Fig.5.9 includes the data
for TheTiaO7 [202], the compound with the lowest thermal conductivity among these frus-
trated magnets. Note that in contrast to other members of this club of materials, EuTOj is
a G-type antiferromagnet and is not frustrated.

As a further comparison, we also include x of EuCoOs [213], which displays a temperature
dependence typical of a crystalline insulator. EuCoQOj is a perovskite like ETO, but it has
an orthorhombic symmetry, and the valence is Eut with only 6 electrons in the 4f shell.
According to Hund’s rules, this causes a vanishing magnetic moment (J = L — S = 0),
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Fig. 5.9 Comparison with crystals, glasses and glass-like crystals: Ther-
mal conductivity as a function of temperature in crystalline quartz, in vitreous
silica [212], in EuTiOs and in the frustrated magnet ThyTioO7 [202]. The latter

two crystalline compounds conduct heat like a glass rather than like a crystal. Also
shown is the crystal-like thermal conductivity of non-magnetic EuCoQOs [213].

in agreement with the experimentally observed van Vleck susceptibility [216], drastically
different from the large local moments of 7 ug/Eu?* in ETO.

Fig.5.10 compares the thermal conductivity of EuTO3 and two other ABOgs perovskites.
SrTiOs and KTaOj3 are also quantum paraelectric, but not magnetic solids. Our new data on
these two materials is in good agreement with previous studies of heat transport in SrTiO3
[40; 92; 217] and in KTaOgs [92; 217; 218]. In both cases, there is also a visible sample
dependence, which is more pronounced near the peak. However, this sample dependence
is much smaller than the difference between the three compounds. At room temperature,
this difference is small, yet visible: x(300K) is ~ 9 W/(K.m) in EuTO3, ~ 11 W/(K.m) in
SrTiO3z and ~ 17 W/(K.m) in KTaO3. Much more drastic is the difference in the temperature
dependence between the three sister compounds. The enhancement with cooling observed in
the other perovskites is absent in EuTQOs3. This difference extends over the full temperature
range above the magnetic ordering.

5.3.4 Specific heat

As reported previously [210], the specific heat in EuTiOgz displays a strong dependence on
the magnetic field. To separate the magnetic Cy,q4 and the phononic Cppoy, contribution, we
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Fig. 5.10 Thermal conductivity of three quantum para-electric solids:
Thermal conductivity of the two EuTiOs samples in a linear scale compared with
thermal conductivity of SrTiOs [40] and KTaOs [203; 218]. Note the drastic re-
duction of thermal conductivity in the paramagnetic FuTiOs. The visible sample
dependence of the data for each material is much smaller than the difference be-

tween the three compounds.

subtracted from the total specific heat of EuTiO3 the measured specific heat of SrTiO3 (with
a temperature re-scaled by a factor of 0.83 such that the positions of the C'//T3 maxima of
both materials match). Note that this scaling factor is close to the ratio of the molar masses
VMsro/Mgro = 0.86, the expected ratio of their Debye temperatures. Fig. 5.11 (b) shows
the magnetic heat capacity Cy,q4/1 of EuTiOs for different magnetic fields from 0 up to 10 T
applied along a [100]. direction of the cubic room temperature phase. The sharp zero-field
anomaly signals the antiferromagnetic order at Ty = 5.5 K that gets strongly broadened
already in a field of 1T. This reflects the magnetic-field-induced switching to the polarized
magnetic state, which sets in around 1.2 T in EuTiO3 [208] and, consequently, the C,qq/T
data in larger fields no longer signal a spontaneous magnetic ordering transition, but a
continuous evolution of magnetic entropy as it is the case for ferromagnets in an external
magnetic field. In fact, the Cpqq/T data of EuTiOg strongly resembles the corresponding
data obtained on the Eu?*-based ferromagnet EuCy, which orders at Tc = 14 K [219]. The
magnetic entropy obtained by integrating Cpnqg/T is displayed in the inset of Fig. 5.11 (b)
and reveals that the full magnetic entropy NakpIn(2S + 1) of a spin 7/2 system is reached
above about 15K for zero field and also for 1 T, whereas for fields above 2 T the entropy
evolution drastically broadens and extends to much higher temperatures.

As discussed in Section 2, the field dependence of k, shown in Fig. 5.6, further points to
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Fig. 5.11 Specific heat in three quantum paraelectric solids: a) Tempera-
ture dependence of the total specific heat in KTaOs, SrTiOs and EuTiOs plotted
as C/T vs. T. The inset is an enlarged view of the same data shown as % S.
T. Note the presence of Einstein modes in all three solids and the additional mag-
netic specific heat in ETO emerging below 15 K. b) Evolution of Cyae/T of ETO
for different magnetic fields up to 10 T. The inset shows the corresponding mag-
netic entropy Spmag = [ Cmag/T dT of ETO and the maximum magnetic entropy
NakpIn(2S + 1) of a spin 7/2 system is indicated by the dashed line.

an intricate coupling between Eu?t spins and heat-carrying phonons.

5.3.5 Thermal diffusivity and phonon mean-free-path

Replacing Sr by Eu reduces the thermal conductivity in a wide temperature range and
enhances the specific heat below 15 K. Therefore, the ratio of thermal conductivity (in
W/(K.m)) to specific heat per volume (in J/(K. m?)), i.e. the thermal diffusivity, D, (in
m?/s) is drastically modified. It is plotted in Fig. 5.12. The most striking feature of
D(T) is its two-orders-of-magnitude drop at the Néel temperature. Within the entry to the
antiferromagnetically ordered phase, at 5.5 K, it becomes exceptionally low. Its minimum,
0.03 mm? /s, is almost two orders of magnitude lower than the thermal diffusivity of a typical
glass [220]. This low thermal diffusivity, a consequence of the combination of an unusually
low lattice thermal conductivity and a very large magnetic entropy may find applications in
heat management in a cryogenic context.
The thermal conductivity of an insulator can be written as:

k= Ci(q)vi(q)ms(a) (5.1)

the index s refers to different modes and q is the wave-vector. Cs, vs and 74 are, specific heat,
velocity and scattering time. There are modes contributing to the total specific heat (C' =
> Cs ), but not to thermal conductivity, because of their negligible velocity. Theoretically
[22], paramagnons in the paramagnetic state have no dispersion and therefore do not carry
heat. They can, however, reduce the phonon thermal transport. In ETO, phonons not only
dominate thermal conductivity but also, at least down to 15 K, the specific heat. Therefore,
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Fig. 5.12 Thermal Diffusivity of EuTiO3 and the mean-free-path of
phonons: Temperature dependence of thermal diffusivity, D, by taking the ra-
tio of thermal conductivity and the specific heat per volume in sample C1. Note
the drastic drop across the magnetic transition. The insets show the Temperature
dependence of the mean free path in the paramagnetic phase, assuming that all
phonons have the same scattering time and velocity for the same sample. The red
solid line represents the inverse of the wavevector of the thermally excited acoustic
phonons.

one can simply write k = 1/3Cvslpp,. This neglects the ¢ dependence of the scattering time
and assumes that all modes have the same velocity. Taking vs= 6.8 km/s, the measured
sound velocity in STO [221], and in reasonable agreement with the dispersion of acoustic
branches in ETO [186], one can estimate £p;,, shown in the inset of Fig. 5.12. Comparing
it to the inverse of the wave-vector of thermally excited phonons: ¢; = '%i?, one finds that
below 20 K, ¢s¢p, = 1, reminiscent of the Anderson localization. There is a drop at 15K,

below which specific heat is no more phonon-dominated.

5.3.6 Discussion on glass-like thermal conductivity

Evidence for coupling between spin and lattice degrees of freedom in this compound was first
reported by Katsufuji and Takagi [21], who found that when the spins order at 5.5 K, the
electric permittivity of ETO drops by 7 percent and this drop is suppressed by the application
of a magnetic field of the order of 3 T. This magneto-electric effect implies coupling between
Eu?" spins and the soft mode governing the electric permittivity. Reuvekamp et al. [222]
have found a quantitative agreement between the amplitude of the magneto-electric effect
and the low-temperature magnetostriction of the system.
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Our main finding is that lattice-spin coupling drastically attenuates the propagation of
heat in ETO, even at temperatures where magnetic ordering is absent and magnetic entropy
is practically saturated at its maximum value kpIn(2S + 1)/spin. This implies that even
when the spins are randomly oriented, heat-carrying phonons couple to Eu?T states and
their large magnetic moments (6.9-7 pup). According to ref. [189], without incorporating the
loss of spin symmetry, the DFT calculations cannot explain the absence of metallicity and
the finite band gap of the paramagnetic phase.

Fig. 5.13 Crystal structure of EuTiOg in its paramagnetic phase: Random
magnetic moments at Eu sites are located between TiOg octahedra, which are tilted
off each other. Superexchange interaction between these spins involves Ti and
oxygen atoms. This can impede phonons to have a well-defined wave vector over
long distances.

The random orientation of magnetic moments at Eu sites (See Fig. 5.13) is the most
plausible source of phonon localization. The superexchange interaction between Eu spins
occurs through Ti ions [223]. The inter-atomic force constant can depend on the relative
orientation of spins. The calculated phonon frequencies for parallel or anti-parallel alignment
of adjacent spins are not the same [224], which implies that phonons cannot keep a well-
defined dispersion in the presence of random spin orientation.

The narrow energy separation between the Eu?t energy level and the chemical potential
may also play a role. In some Eu-based metals, the thermoelectric response has been linked
to the temperature dependence of Eu valence [211]. Remarkably, a theoretical study [225] has
concluded that the contribution of optical phonons to the overall lattice thermal conductivity
is unusually large in this lattice structure. A coupling between heat-carrying optical phonons
and Eu valence may be the source of observed x attenuation.

Inelastic neutron scattering is a promising probe of this physics. In the case of Th3GasO12,
for example, it documented the coupling between spin and lattice [226]). A recent study on
STO [64] has found evidence for an unusual hybridization between acoustic and optic phonon
branches. No neutron scattering data is presently available to compare ETO with STO.

Finally, let us note that the glass-like thermal conductivity of EuTiOg, in contrast to
spin-liquid crystals, occurs in a solid with a simple G-type anti-ferromagnetic ground state
[183]. A formal theoretical treatment may be achieved by complementing the picture drawn
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by Eq.5.1 with an ‘off-diagonal’ coupling between different vibrational states [198; 199; 206]:

s#£s’
Kod = Z Cssr (@)VE5 (a)Tss (q) (5.2)

ss’.q

This equation was conceived for non-magnetic crystals, in which harmonic coupling occurs
across phonon branches [198; 206]. It can be extended to magnetic modes.

5.4 Conclusion

This is the first detailed study of transport in bulk magnetic quantum paraelectric EuTiOs.
Resistivity, Hall effect, and Seebeck effect were measured down to 60 K. The negative Hall
number and Seebeck coefficient and their temperature dependence show a semiconducting
behavior and n-type carriers. The Arrhenius plot of resistivity and Hall carrier concentration
and Seebeck coefficient versus 7! yield an insulating band gap of ~ 0.22 eV which is close
to the recent DFT calculation [189]. Both the Seebeck coefficient and resistivity show a
kink around 260 K corresponding to the Antiferrodistortive transition which is believed to
be similar to SrTiO3. The hysteresis in the temperature dependence of resistivity implies
a first-order transition. The most important result is that a glass-like thermal conductivity
was found in EuTiOj3. Its amplitude above the Néel temperature is lower than SrTiOg. Its
field dependence points to the scattering of phonons by the magnetic excitations.



Conclusion

In this thesis, we addressed a series of thermal, electrical, and thermoelectric transport
studies surrounding the perovskite quantum paraelectrics Sr'TiO3 and EuTiOsg.

In the first part, motivated by the sizable phonon thermal Hall effect found in quantum
paraelectric SrTiOs, We studied its thermal Hall effect evolving with Ca substitution and O
vacancies. When Sr is substituted by Ca stabilizing the ferroelectric order, the thermal Hall
effect coming from the phonon is suppressed. Such suppression of the thermal Hall effect was
also found in isotopic substitution (of 160 with 180) samples also with the stable ferroelectric
order. These point to the role of ferroelectric fluctuations in generating the thermal Hall effect
in SrTiO3. Contrary to Ca substitution, the thermal Hall effect is amplified by removing
oxygen atoms and the emergence of dilute metallicity. In this case, we identify a new source
of the thermal Hall effect, which is phonon drag in the context of an exceptionally large
electronic Hall angle. The coupling between two types of heat carriers, one with a long
scattering time (here phonons) and another with a large Hall angle (here electrons) can
be studied in other contexts such as insulating solid with ordinary phonons (with a long
scattering time) and magnetic excitations a short scattering time and a large transverse
response.

In the second part, we focused on the electronic thermal conductivity in Nb-doped
SrTiOgz. In dilute metal, its electronic thermal conductivity is mixed up with phononic, ther-
moelectrical, and electron-phonon coupling contributions [108]. Here, found a self-consistent
experimental way to extract the electronic thermal conductivity in two Nb-doped SrTiOj
samples. By detecting the magnetic field response of thermal conductivity, We hypothesized
that the ignored electron-phonon interaction and phonon contribution and the same field
response in electrical and thermal conductivity ( these hypotheses also be verified by experi-
mental results), eventually extracted the electronic thermal conductivity and found a robust
T-square thermal resistivity. The T-square resistivity and thermal resistivity observed in
metallic strontium titanate make us consider it a Fermi liquid. However, there is no differ-
ence in the T-square thermal resistivity in metallic strontium titanate and the other Fermi
liquids with Umklap scattering. Besides this, it also shows similarity with 3He which is also
absent of Umklap scattering. According to these results, we concluded that the electron
transport behavior in dilute metal STO at least its T-square electrical and thermal conduc-
tivity at low temperatures can be considered a Fermi liquid. It proposed a new challenge
for theory to understand the mechanism of the energy and momentum dispassion during
electron-electron scattering in Fermi liquids.

In the third part, We studied the electric, thermoelectric, and thermal transport prop-
erties of EuTiOs, another quantum paraelectric with an antiferromagnetic order at 5.5 K.
The resistivity, Hall effect, and Seebeck effect were measured to 60 K because it becomes
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insulating as cooling. The minus Hall conductivity and Seebeck coefficient and their tem-
perature dependence show an intrinsic n-type semiconductor behavior. The Arrhenius plot
of resistivity and Hall carrier concentration and Seebeck coefficient versus 7! yield an in-
sulating band gap of ~ 0.22 €V which is close to the recent DFT calculation [189]. Both the
Seebeck coefficient and resistivity show a kink around 260 K corresponding to the Antifer-
rodistortive transition which is believed same as the Sr'TiO3. While a hysteresis behavior of
temperature dependence resistivity implies a first-order transition. Moreover, it displays a
glass-like thermal conductivity and its amplitude above the Néel temperature is lower than
SrTiOgs. Its field dependence points to the scattering of phonons by the magnetic excitations
as the source of the glass-like behavior of thermal conductivity. The results provide an inter-
esting challenge for the theory attempting to achieve a unified picture of thermal transport
in crystals and glasses.
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Appendix A

Using thermocouple measure thermal
conductivity
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Fig. A.1 (a) Sketch of the setup by using thermocouples measure the thermal
conductivity. One thermocouple consists of a Nickel-Chromium wire (purple line)
and a Constantan (red line) and junction C ( which is glued on the sample by GE
varnish) and endpoints A and B( which are glued on a thermal insulator bracket
by sliver paste). The temperature difference between Ty and Ty Ty leads to a
detectable voltage signal Uy and AU because of the different Seebeck coefficient
between Nickel-Chromium and Constantan. AU is the difference signal of the
two thermocouples. (b) is the voltage-temperature calibration curve of type E
thermocouple. The temperature of endpoints A and B are fixed at 273.15 K ( 0

°(C), and the temperature of the junction is the x axis.

In Chapter 5, we used thermocouples to measure the thermal conductivity at a high-
temperature range. Fig A.1 (a) shows the sketch of the setup. The junction of the thermo-
couple is glued on the sample with a temperature 77 or 75, and the other two endpoints A
and B are glued to a thermal insulator bracket which has a homogeneous temperature 7j.
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This setup is used in PPMS. During the measurement, Ty equals the system temperature of
PPMS. T7 and 75 can be acquired by detecting the voltage U; and AU as shown in Fig A.1
(a). Then I will show how can we get T} and T, by using the detected voltage U; and AU
and the standard calibration curve shown in Fig A.1 (b). The calibration curve is acquired
by fixing the temperature of the two endpoints A and B at 273.15 K. The voltage U; only
responds to the signal of T} — Tp, so we need first add an extra voltage U(Tp) to Uy and
then use the calibration curve to acquire the absolute temperature T7. It is also the same
for Ty. After we have the T7 and 715, then the temperature difference is equal to 77 — 15,
at the end by using Eq 1.3 we can acquire the thermal conductivity. We note that the
Seebeck coefficients of thermocouples increase with temperature, so it is usually used in the
high-temperature range.



Appendix B

Résumé long en francais

B.1 Résumé en francais

Dans cette theése, nous avons étudié systématiquement les propriétés de transport thermique
dans deux matériaux diélectriques quantiques : le titanate de strontium (SrTiOs) et le
titanate d’europium (EuTiO3).

Dans la premiere partie, nous avons présenté une étude sur 'effet Hall thermique dans
SrTiO3 en évolution avec la substitution atomique. Lorsque le Sr est substitué par le Ca
stabilisant ’ordre ferroélectrique, l’effet Hall thermique provenant du phonon est supprimé,
ce qui souligne le réle des fluctuations ferroélectriques dans la génération de cet effet. Il est
amplifié en retirant les atomes d’oxygene et par ’émergence de la métallicité diluée. Dans
ce cas, nous identifions une nouvelle source de l'effet Hall thermique, qui est le phénomene
de trainée du phonon dans le contexte d’'un angle de Hall électronique exceptionnellement
grand.

Dans la deuxiéme partie, nous nous concentrons sur la conductivité thermique électron-
ique dans SrTiO3 dopé au Nb. En séparant les contributions électroniques et phononiques au
transport de chaleur, nous extrayons la résistivité thermique électronique et montrons qu’elle
présente une dépendance en température au carré (T-square). En comparaison avec sa ré-
sistivité électrique T-square, nous constatons que la loi de Wiedemann-Franz est strictement
respectée dans la limite de température zéro, mais les préfacteurs T-square sont différents
d’un facteur d’environ ~ 3. Cela est similaire a d’autres liquides de Fermi. En se rap-
pelant du cas de 3He, nous soutenons que la résistivité thermique T-square ne nécessite pas
d’événements Umklapp. La récupération approximative de la loi de Wiedemann-Franz en
présence de désordre pourrait expliquer une résistivité électrique T-square sans Umklapp.

Dans la troisiéme partie, nous avons étudié les propriétés de transport électrique, ther-
moélectrique et thermique du EuTiO3. La dépendance en température de la résistivité
électrique et du coefficient Seebeck nous a permis de conclure que la bande interdite isolante
est de 0,22 eV. De plus, la conductivité thermique de EuTiOgs est considérablement réduite
et présente une amplitude et une dépendance en température similaires a celles de la sil-
ice amorphe. Apres avoir exclu les impuretés Eut?, nous avons proposé deux mécanismes
qui entravent la conductivité thermique dans EuTiOs : I'une est la fluctuation de valence.
L’énergie du plus haut phonon optique dans cette structure cristalline et la distance entre
le niveau f de Eu et le potentiel chimique sont toutes deux d’environ 0,1 eV. L’autre est
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I'interaction de superéchange entre les spins Eu qui se produit a travers les ions Ti.

B.2 Introduction en francais

Lorsqu’'un systéme est contraint de sortir de ’équilibre, il aura tendance a revenir a 1’état
d’équilibre. C’est le cas dans les phénomenes de transport. Dans les solides, la différence de
potentiel conduit les électrons a se déplacer du coté a fort potentiel électrique vers le coté
a faible potentiel, et la différence de température entraine un flux de chaleur des parties
plus chaudes vers les plus froides. Ces deux phénomeénes sont appelés transport électrique
et transport thermique. En physique de la matiere condensée, le transport électrique et
thermique dans les solides, généralement provoqué par les électrons et les phonons, peu-
vent étre décrits par 1’équation de transport de Boltzmann dans une image semi-classique.
Néanmoins, l'interaction entre ces deux types de quasi-particules peut donner naissance a
des propriétés émergentes telles que la supraconductivité ou 'effet de trainée des phonons
qui méritent d’étre étudiées. C’est le cas dans le pérovskite titanate de strontium (SrTiO3)
et son homologue le titanate d’europium (EuTiO3) qui ont récemment suscité beaucoup
d’attention.

Le pérovskite titanate de strontium (SrTiOs) est connu depuis longtemps. C’est un
paraélectrique quantique : l'instabilité ferroélectrique est supprimée en raison des fluctua-
tions quantiques [1]. L’ordre ferroélectrique peut étre stabilisé par de petites substitutions
chimiques (en remplagant Sr par Ca [2] ou Ba [3], ou en substituant 6O par 80 [4]). Le
SrTiO3 pur est un isolant avec une grande bande interdite, mais il peut facilement étre trans-
formé en métal en introduisant une faible concentration de dopants (vacances d’oxygene, Nb
ou dopage au La) en raison de sa grande permittivité [5]. Ce métal a un état fondamental
supraconducteur dilué.

Le sujet de cette these porte sur le transport thermique dans deux matériaux paraélec-
triques quantiques. Il consiste en une étude de I’évolution du transport thermique avec la
substitution atomique dans le Sr'TiOgs, ainsi qu’une premiére étude du transport thermique
dans ’EuTiOg3, un matériau étroitement apparenté avec la particularité d’étre ordonné mag-
nétiquement. La these est divisée en trois parties.

La premiére partie est consacrée a l'effet Hall thermique (THE) dans le SrTiO3 et a sa
variation avec la substitution atomique. Le THE est I’analogue thermique de leffet Hall
électrique. Au lieu d’une tension transversale induite par un champ magnétique perpen-
diculaire en présence d’un courant électrique, une différence de température transversale
est générée en présence d’'un courant thermique. Dans les métaux, I'existence d’un tel ef-
fet n’est pas surprenante, car les porteurs de chaleur chargés sont influencés par la force
de Lorentz. Il s’agit d’un effet thermique Hall électronique lié a 'effet Hall électrique par
la loi de Wiedemann-Franz. FEn revanche, la présence d’un tel effet dans les isolants n’est
pas comprise. L’effet THE des phonons a d’abord été observé dans l'isolant paramagné-
tique Th3Gab012 [7; 8] et attribué a la diffusion oblique des phonons par des impuretés
magnétiques Tb super-stoechiométriques. Par la suite, il a également été observé dans des
matériaux non magnétiques (comme le SrTiOg [9]), ou lorigine phonique du THE ne fait
pas débat. De nombreuses scénarios théoriques ont été proposés pour expliquer comment
les phonons peuvent générer un THE. Ils peuvent étre classés en intrinseques (invoquant
les particularités du spectre des phonons) ou extrinseques (se référant a des mécanismes de
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diffusion phononique spécifiques). Jusqu’a présent, l'origine du THE des phonons reste une
question ouverte.

Poursuivant les études précédentes sur le Sr'TiO3, j’ai mesuré pour la premiere fois ’effet
Hall thermique dans des échantillons de SrTiOgs substitués au calcium et réduits en oxygene.
Cette étude a révélé que la substitution du calcium, qui stabilise I'ordre ferroélectrique,
réduit considérablement le THE, ce qui implique que 'ordre ferroélectrique nuit a 'effet
THE. D’autre part, j’ai constaté que dans les échantillons réduits en oxygene, I'effet THE
est plus important que dans le STO pur. De maniére surprenante, dans le STO métallique
dilué, 'amplitude de 'effet THE dépasse la somme des contributions électronique et phonique
[attendues]. Nous avons avancé 'argument que cela peut s’expliquer en invoquant la trainée
entre les électrons et les phonons. Dans notre plage de température d’intérét, la chaleur
est presque exclusivement transportée par les phonons, mais I'angle de Hall électronique est
bien plus élevé que ’angle de Hall phononique. La combinaison de ces deux caractéristiques
avec des échanges fréquents de moment entre les phonons et les électrons peut constituer une
source supplémentaire de 'effet Hall thermique. C’est la premiere fois que des signatures
de la trainée des phonons ont été observées par une sonde purement thermique (et non
thermélectrique).

La deuxiéme partie contribue au débat en cours sur l'origine de la résistivité quadratique
en fonction de la température dans les métaux dilués. Dans les liquides de Fermi, la collision
entre les électrons est connue pour générer une contribution a la résistivité électrique croissant
avec le carré de la température. Cela correspond & la dépendance en température de I'espace
de phase pour la diffusion électron-électron. Les électrons participant & une collision résident
tous deux dans une fenétre thermique du niveau de Fermi. Par conséquent, le principe
d’exclusion de Pauli est appliqué deux fois, d’ou une dépendance quadratique en température.
Cependant, la source microscopique de la dissipation n’est pas évidente. Pour expliquer
comment les collisions électron-électron entrainent des pertes de moment, deux scénarios
ont été proposés. Le premier invoque les événements Umklapp, qui sont des collisions ot la
somme des deux vecteurs d’onde en collision devient plus grande que la largeur de la zone
de Brillouin. Le deuxieme scénario invoque la présence de réservoirs électroniques multiples.
Dans ce contexte, ’observation de la résistivité en carré T dans deux métaux dilués, a savoir
le SrTiO3 et le BioO2Se, est énigmatique. En effet, aucun de ces deux scénarios ne s’applique
dans ces cas. Dans le cas du SrTiOs, il a été proposé que la diffusion en carré T pourrait étre
causée par la diffusion des électrons par deux phonons optiques mous [18; 19]. Ce scénario
ne s’applique pas au BisOsSe.

La deuxieme partie de ma these porte sur le pendant thermique de la résistivité en carré T
dans le SrTiO3 métallique dilué. J’ai étudié la conductivité thermique électronique du STO
dopé au Nb a deux concentrations de porteurs. Malgré la dominance de la composante du
réseau de la conductivité thermique, nous avons réussi a extraire la contribution électronique
au transport de chaleur en exploitant l'effet différenciateur du champ magnétique sur les
phonons et les électrons. Nous avons constaté que la résistivité thermique WT ( W = k1)
suit un comportement en carré T et que son préfacteur est supérieur a celui de sa contrepartie
électrique d’un facteur d’environ 3. Cela n’est pas compatible avec ce qui est attendu dans le
scénario basé sur les phonons, ou la diffusion quasi-élastique devrait conduire a une égalité
parfaite entre les deux préfacteurs. Ainsi, la résistivité en carré T du STO dopé au Nb ne
peut pas étre distinguée des autres métaux ou l'origine électron-électron de la résistivité en
carré T ne fait pas débat. Cela nous ameéne a conclure que la résistivité en carré T (électrique
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et thermique) peut étre causée sans Umklapp comme conséquence de la diminution en carré
T de 'amplitude de la diffusivité (de moment et d’énergie) dans un liquide de Fermi causée
par la diffusion fermion-fermion. Une théorie complete de ce phénomeéne doit encore étre
élaborée.

Dans la troisieme partie, 'attention se porte sur un autre paraélectrique quantique,
I’EuTiO3. Comme le Sr'TiO3, 'EuTiOs a une structure cubique a température ambiante et
subit également une transition antiferrodistortive ou les octaedres TiOg adjacents tournent
dans des directions opposées. Tout comme le Sr'TiOs, il présente un comportement paraélec-
trique quantique, mais de maniére beaucoup plus atténuée [21] : sa constante diélectrique
atteint 300, contre 20000 dans le SrTiOs. Les électrons Eu f— sont ordonnés antiferro-
magnétiquement en dessous de Ty = 5,5K [21]. Fait intéressant, la constante diélectrique
montre une cuspide a cette température. Ce couplage magnéto-électrique [22] a fait I'objet
de recherches théoriques et expérimentales.

Nous avons étudié les propriétés électriques, thermélectriques et thermiques de 'EuTiO3.
La dépendance en température de la résistivité électrique et du coefficient Seebeck nous a
permis de conclure que la bande interdite isolante est d’environ 0,22 eV. De plus, la conduc-
tivité thermique de 'EuTiO3 est considérablement réduite et présente une amplitude et une
dépendance en température similaires a celles de la silice amorphe. Une comparaison avec
d’autres solides paraélectriques quantiques, a savoir le Sr'TiO3 et le KTaOs, montre que les
spins 4f au niveau des sites Eu?" entravent considérablement le transport de chaleur par les
phonons bien au-dessus de la température de transition magnétique. Ce résultat constitue un
nouveau défi pour la théorie qui tente d’élaborer une vision unifiée du transport de chaleur
dans les cristaux et les verres.

Les trois ensembles de résultats sont détaillés dans les chapitres trois & cing de ce
manuscrit. Le premier chapitre donnera un apercu de la théorie du transport et des tech-
niques expérimentales. Le deuxiéme chapitre est une présentation du contexte de la recherche
introduisant les matériaux paraélectriques quantiques.
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