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ABSTRACT

In 2018, superconductivity was discovered in the paramagnetic compound UTe;
between 1.5 K and 2 K. The possibility of spin-triplet superconductivity, possi-
bly induced by ferromagnetic fluctuations, and of topological superconductivity,
has triggered a lot of study. Nevertheless, the pairing symmetry and mechanism
remain unknown.

A striking property of UTe, at ambient pressure is its resilience to magnetic
field. For a certain range of angles in the crystal, superconductivity is detected up
to 60 T. Also, for a field along the b-axis of hard magnetisation, superconductivity
is enhanced above 15 T up to a metamagnetic transition occurring at H, = 34.5 T.

A major result of this work is the discovery of a thermodynamic transition line
between two superconducting phases in the H-T phase diagram along the b axis.
These measurements reveal the emergence of a second superconducting phase
above 15 T when a field is applied along the b-axis. Moreover, they show that
the two phases are of a different nature, not corresponding to a simple change of
symmetry of the superconducting order parameter as proposed in previous theo-
retical studies. They confirm, as suggested by the pressure studies, that there are
two competing pairing mechanisms in UTe,. A likely scenario would be a low-
tield spin-triplet superconducting phase, possibly driven by ferromagnetic fluctu-
ations, and a high-field spin-singlet phase, possibly driven by anti-ferromagnetic
fluctuations as the metamagnetic transition approaches.

Specific heat measurements were also performed on the ferromagnetic super-
conductor UCoGe. It is a strong candidate for spin-triplet superconductivity. De-
spite its discovery sixteen years ago (in 2007), few thermodynamic measurements
have been made. Our specific heat measurements have allowed us to establish
a first complete thermodynamic phase diagram. A more detailed analysis of the
results allows to demonstrate in a "direct" way the suppression of the pairing
mechanism for magnetic fields applied along the easy magnetisation axis, and
also shows a very unusual behaviour of the order parameter at low fields in the
directions of hard magnetisation.
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INTRODUCTION AND PHYSICAL
BACKGROUND

The major breakthrough in superconductivity over the last 40 years has been the
discovery of several families of unconventional superconductors: heavy fermions,
organic compounds, high T cuprates, pnictides and hydrides. All except hy-
drides are controlled by pairing mechanisms dominated by purely electronic in-
teractions instead of the classical electron-phonon interaction (BCS [19]). These
new pairing mechanisms also lead to new superconducting states, with different
possible spin states (spin-singlet or spin-triplet). The nature of these pairing mech-
anisms is a crucial issue for a more global understanding of superconductivity.

In 2018 superconductivity was first detected in UTe, [113]. This compound
quickly drew a lot of attention because of its unique properties and the possibil-
ity to host spin-triplet superconductivity, a rare state but highly sought after. The
most remarkable is by far its strong resilience to magnetic field. Superconductivity
is detected up to 60 T for a critical temperature T, of 1.4 — 2 K for certain crystal
directions. However, before the measurements presented in this manuscript, few
thermodynamic measurements had been performed on UTe;, and no evidence of
bulk superconductivity at high field had been provided.

This is the first reason that motivated these specific heat measurements. An
other motivation was to provide new data to try to elucidate the origin of the pair-
ing mechanism and the symmetry of the superconducting order parameter under
tield, since they are still both under debate, with many different measurements
claiming support for opposite scenarios.

This thesis is mainly focused on UTe; and its critical field, but to introduce this
compound and its unique properties, the best entry point are the ferromagnetic
superconductors and more specifically UCoGe. Both compounds share similarities
especially regarding their critical fields.

This manuscript is divided in five main chapters. First, some basic physical
background on superconductivity will be given, then UCoGe and UTe, will be
introduced. After, a chapter focused on specific heat will present some physical
background and the techniques used to measure UTe, and UCoGe. Then the re-
sults on UTe; will be presented, showing a tuning of the pairing mechanism by
magnetic field. The analysis of the critical fields based on strong-coupling theory
will be presented, and the possibility of a change of superconducting symmetry
(from spin-triplet to spin-singlet) induced by field is discussed.
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At the end of the manuscript, some results obtained on UCoGe will also be
presented together with a first analysis pointing a possible change of the d-vector
orientation induced by field.

1.1 INTRODUCTION TO BASICS ON SUPERCONDUCTIVITY

1.1.1 Introduction

Before introducing UCoGe and UTe;,, let us briefly introduce ferromagnetic super-
conductors and some physical background.

Ferromagnetism and superconductivity are usually seen as two antagonist phe-
nomena, but back in 1957 (year of the BCS theory) Ginzburg already proposed
the coexistence of this two phenomena. Its conclusion was as long as the thermo-
dynamic critical field H(0) exceeds the internal field By = pyMy, both phase can
coexist. This prediction was limited to the case of type I superconductors, and left
little hope of finding such a system since the great majority of ferromagnets have
internal fields which greatly exceed the usual value for thermodynamic critical
tields in metals.

Later, Abrikosov and Gor’kov established a theory of the Cooper pair breaking
by magnetic impurities. The conclusion is that when the magnetic impurities con-
centration increases, the critical temperature Ts. decreases, and superconductivity
is suppressed even for small amount of impurities (a few percent).

The first examples of superconductors with a lattice of magnetic ions were
found in the mid seventies, with the discovery of the Chevrel phases ((Rare Earth)+MogSg)
[34] and the ternary alloys with rhodium-boron ((RE)+Rh4By).
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Fig. 1.1: Measurements performed on ErRh4B,. Top: ac-susceptibility. Bottom: resistivity. Vertical
lines has been added to separate the three different phases which are paramagnetic (PM), supercon-
ducting and ferromagnetic (FM). From ref [33].
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Figure 1.1 shows the measurements done on ErRh4B4 [33] which is the first ex-
ample of ferromagnetism and superconductivity coexistence. Strictly speaking, it
coexists in a very narrow range around the Curie temperature Tc. In this region,
randomly oriented magnetic domains average out the dipolar and exchange fields
on the scale & (the superconducting coherence length). However, at T¢ the fer-
romagnetic order is favoured and superconductivity can survive in the domains
walls [130], so microscopically there is no true bulk coexistence of ferromagnetism
and superconductivity.

Another case of coexistence of the two orders are the Eu based pnictide systems
where both orders correspond to different part of the sample [110].

The only cases of "real" coexistence of the two orders known today are the
Uranium based superconductor UGe; [122], URhGe [10] and UCoGe [49]; where
Tc is well above T (see Figure 1.2 for UCoGe and URhGe). Diverse microscopic
probes have shown the homogenous coexistence in the bulk of the two orders in
these compounds. Another system, Ulr [3] is also claimed to show coexistence of
both orders. Like UGe,, it exhibits superconductivity under pressure. However,
Ulr is non-centrosymmetric at ambient pressure unlike the three other that have
orthorhombic symmetry. Moreover, few studies has been done on Ulr, and the
coexistence of ferromagnetism and superconductivity is not a settled question.

— 1 ' | ' | :
a)] b) ]
URhGe ( ) UCoGe ( )
H//b-axis 1 L[ % H// b-axis
R : .0 -"'l. ]
E - . . _: 3 i o 'V'l-.__. _:
I 'l\. 11 ¢ ‘”l‘\ ;rCurie 1
LN . L o n, .
= 1 L 3 ]
10 % Y ]
FM T B fond .
. Cwiep | fscy [ FM Y
5 10 0 1 2 3

T(K) T (K)

Fig. 1.2: Phase diagrams of UCoGe and URhGe for field along their hard magnetisation axis at
ambient pressure. The ferromagnetism (FM) overlaps with the superconductivity (SC and RSC).
From ref [8].

In what follows, some basic knowledge on paring symmetry in superconduc-
tors and on the critical field will be introduced. Then UCoGe and UTe, will be
presented and compared.
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1.1.2  Pairing triplet/singlet

Spin-singlet pairing

Superconductivity relies on the pairing of electrons into pairs (Cooper pairs [19,
26]) that condense into a coherent state. Because electrons are fermions, the pair
wave function Wi(k) has to be antisymmetric, meaning Yik) = —¥YL(—k). So
either the spin part or the orbital part is antisymmetric.

The first case is when the orbital part is even. It is the most common pairing
in superconductors (s-wave, cuprates, pnictides, Cerium based compounds...). Ig-
noring first the presence of the lattice, the cooper pairs have a definite orbital
momentum L equals to 0,2... (named s,d,... -wave in analogy to atomic physics).
Thus the spin state is S = 0:

S =0) =11} =) (1.1)

This state for the two spins can be expressed in the matrix form as ioy, where o
is the Pauli matrix. The wave function of a pair can be defined like:

Wi (k) = x° (1.2)

It is the product of the orbital part ¢p- = g-(k) (L the angular momentum) with the
spin part x> =x3(s1,52) (S the spin of the pair and sy, s, the spin of the electrons).
Thus it can be rewritten as:

¥5(k) = g-(k)ioy (1.3)
This wave function can be decomposed with spherical harmonics as:

L
Y5(k) = g"(k)ioy = Y armYim(k)ioy (1.4)

m=—L
Spin-triplet pairing

Now let us focus on the case where the orbital part is odd (L = 1,3, ...) and the
spin is S = 1. Moreover we will restrict ourself to L = 1, the p-wave pairing. The
possible spin states are:

T 1)
0 WD+t (1.5)
—1 1)

S,
S=1)¢ 'S,
S,

The wave function can be rewritten like:

Wi (k) = g1 (K)111) + go(K) (1) + [14)) + g, (1114 (1.6)
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It would be convenient to rewrite this wave function with vector. And the first
vector we could think of is:

V = g (Key + go(k)ey + g (ke (1.7)

The norm of this vector is proportional to the superconducting density, however it
does not transform properly under rotation of the quantisation axis. In a simpler
way: the states [11) and |]J) are perpendicular for the same quantisation axis. This
behaviour under rotation is the result of trying to link a 3D vector with the spin
state SU(2).

This problem can be solved by introducing a complex vector called d-vector,
which stems from Cayley-Klein Relation. With this d-vector, (g) is rewritten like:

(g) = i(d(k).0)oy (1.8)

d(k) § dy(k) = —3(gt(k) + g, (k)) (1.9)
(

With this d-vector the pair wave function is redefined like:

Yi(k) =¥ ) (Bl((d(k).0)oy)lo)|xB) (1.10)
of3

Where « and (3 equal 1, {,0; and V¥ is a proportionality factor independent of k.

This d-vector seems difficult to handle at first sight but is very useful, because
it gives all the informations on the orbital and spin state of the superconducting
state. One of the most important properties for what is coming next is:

d(k).S=0 (1.11)

It means if the d-vector is real, it is perpendicular to the spin direction, and the
Equal Spin Pairing (ESP) states (|11) and [|)) are perpendicular to the d-vector.
The average spin at given k is defined as:
(WIS(k)|¥)

<S(k) >= W =1ih(d(k) x d*(k)) (1.12)

A state is called non-unitary when:
d(k) x d*(k) #0 (1.13)

Consequently, a non-unitary state has a net average spin at given k. For example, a
ferromagnetic superconductor with a fully polarised Fermi sea (half metal) would
be non-unitary, because go(k) and g| (k) are equal to zero, thus:

< S(k) >= w = he, (1.14)

(M)
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The excitation spectrum is defined as:

e(k) = /22 + A2(1d () & ld (k) x d*(k)P) (1.15)

where ((k) is the dispersion relation without the superconducting gap. It implies
a non-unitary superconductor is multi-gaped.

The last properties that can be calculated is the average orbital momentum of
Cooper pairs, < L(k) >, and is defined as:

< LK) >= %3@% > alk x Vidi(i (1.16)

It can be seen that if the d-vector is real, < L(k) >= 0. It would be purely imagi-
nary otherwise. Superconductors for which < L(k) > is non-zero are called "chiral
superconductors" and quite looked-after for their potential topological properties.

However, if only triplet superconductors can be non-unitary, this is not the case
for chirality: both spin-singlet and spin-triplet superconductors can be chiral. In
case of spin-singlet, the superconductor needs to be unconventional (not s-wave),
and intrinsically complex for < L(k) > to be non zero. This is the case for d-wave
superconductors of type "d + id".

Spin-Orbit coupling

The definitions above are correct when spin-orbit coupling at atomic scale is ne-
glected. If there is such a coupling, the spin can no longer be considered as a good
quantum number. However, if time reversal symmetry is conserved, the electron
are still degenerate, and a pseudo-spin can be used to recover the same definition
of the pair wave function. If time reversal symmetry is broken, like in the case of
ferromagnetic superconductors, but the crystal symmetry has an inversion centre,
odd-parity and even-parity states can still be distinguished.

At the opposite, if there is no inversion centre in the crystal, and time reversal
symmetry is present, the superconducting state should be a mixture of spin-singlet
and spin-triplet pairing.

In the case of spin-triplet superconductors another spin-orbit interaction should
be considered, the interaction between the Cooper pair spin and its orbital angular
momentum. Its strength, weaker than the one at atomic scale, is more difficult to
evaluate. We can differentiate two cases. First, if the spin-orbit coupling is weak,
the relative orientation of the spin and the orbital angular momentum are decou-
pled. The d-vector is reoriented when field is applied to minimise the Zeeman
energy. The paradigm of such a state is superfluid 3He [81]. The second case is
if the spin-orbit coupling is strong, the orbital state expected to be pinned to the
lattice will prevent a reorientation of the spin when field is applied. Crudely speak-
ing, the d-vector is pinned to the lattice. Most of the theories on heavy-fermion
superconductivity are developed in this limit.

This spin-orbit coupling can be indirectly probed, by NMR measurements of
Knight shift for example. The first thing to know, when magnetic field is applied,
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/
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Fig. 1.3: Schematic temperature dependence of the Knight-shift depending of the field orientations
with respect to the d-vector. From ref [35].

the spin up and spin down Fermi surfaces are split. In a spin-singlet superconduc-
tor, a part of the electrons wont be paired, so the condensation energy is reduced.
However, at low fields it is energetically advantageous to decrease the polarisation
than to reduce the condensation energy. Thus, the spin susceptibility of the elec-
trons in the superconducting phase X decreases below Ts.. The Knight shift being
proportional to the spin susceptibility of the conduction electrons, in a spin-singlet
superconductor it decreases below Tj., because xs < xn (xn the spin susceptibility
in the normal state).

However, in a spin-triplet superconductors, shifting the Fermi surface does not
affect the possibility of [11) and |]]) condensation. Therefore, when field is applied
along the ESP axis, so when H L d: X; = Xxn. And when the field is applied
perpendicular to the ESP axis (H||d), ;s is decreased below Tic.

Figure 1.3 shows a scheme summarising the temperature dependence of the
Knight-shift, depending of the field orientation with respect to the d-vector (from

ref [35]).

Crystal lattice symmetry

As already evoked, lattice has an impact on the pair wave function. In a crystal, the
symmetry is lowered from a continuous rotation group with an infinite number
of Irreducible Representations (IR) to a discrete point group with only a few IR.
Each IR have a set of basis functions, and the pair wave function is defined as a
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linear combination of these basis functions. The IR that gives the highest T, will
determine the wave function (a linear combination of basis functions) describing
the superconducting state just below Ts.. Hence, these IR allow to classify the
possible symmetries in the superconducting phase.

Tuning of the superconducting symmetry

Even if one IR has the highest Ts., magnetic field or pressure can tune supercon-
ductivity and change the symmetry, promoting a different IR to have the highest
Tsc. This happens with spin-triplet superconductors. The most famous example is
3He, which is a superfluid but the first example of p-wave pairing [81]. Figure 1.4
shows its phase diagram H-T-P, where we see three different superfluid phases
with different symmetries for each of them.

2) x_  CeRmAs,  Hilc
* ® e C(7
10 *. u }(ac(T) i
E E SC2 Q% * lao(H)
N T A M(H)
\ <5 B oA
* *o <k **ﬁ i.
SC1 poi
%.0 0.1 0.2 03
T (K)
3) 2.5
2.0F .
— 1.5 -~ _
=
T 10 -
0.5 -
0 1 1 1 1 \| \ 1
0O 01 02 03 04 05 0.6

T(K)

Fig. 1.4: 1) Phase diagram H-T-P of 3He. The different superfluid states are labelled A,B and A1.
2) Phase diagram H-T of CeRhyAs, from ref [67]. The spin-singlet phase is labelled SC1, and the
spin-triplet phase SC2.

3) Schematic phase diagram H-T of UPt3 for field parallel and perpendicular to basal plane. The
three superconducting phases are labelled A,B and C. From [39].

A second example is UPt; [2]. Figure 1.4 shows its schematic H-T phase dia-
gram, where three different superconducting phases are present. Each of them
correspond to a different symmetries of the order parameter (different IR).
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A third example is the recently discovered CeRh;As; which might exhibit a
transition from a spin-triplet state to a spin-singlet state [67], as shown in Figure
1.4. Here, it goes beyond a change of IR, it is a change of spin state.

It is important to note, in all the superconductors that exhibit a change of sym-
metry by applying pressure or magnetic field, the pairing mechanism remains the
same.

1.1.3 Critical field

One well known property of superconductors is the suppression of superconduc-
tivity when magnetic field is applied. In type II superconductors, this suppression
originates from two phenomenons: the orbital and paramagnetic limitations.

H

A
He,

C
b
He,
a
. T

Fig. 1.5: Schematic phase diagram of type II superconductors. Below Hc1, it is the Meissner phase
where magnetic field is expelled from bulk (a). Between Hc1 and Hc, is the vortex phase where
magnetic lines penetrate the bulk through the vortices (b). And above Hc is the normal phase (c).

Orbital limitation HOP

The first phenomenon is the orbital limitation giving rise to a critical field H%P.
From a classical point of view, when a magnetic field is applied, a Lorentz force
is exerted on the Cooper pairs. Once the Larmor radius of electrons is larger than
the coherence length &, the pairs break:

MVE

TL = (1.17)

N euOH
Where 11 is the Larmor radius and vr the electron velocity. Thus, we understand
that the orbital limitation depends on the Fermi velocity.

The other way to understand this mechanism is to consider the vortices. Above
Hc1, the magnetic field induces the nucleation of vortices (Figure 1.5). Their cores
which are non-superconducting, have a diameter of the order of &(T). Each vor-
tex bears one quantum flux. So, with increasing field, the number of vortices in-
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creases. The orbital limitation corresponds to the field where vortex cores occupy
the whole sample. Thus we can define H%P as:

HOTP 2718 (T)? = g (1.18)

where ¢ is the quantum flux. This equation is also derived from the Ginzburg-
Landau theory, so it is exact near Ts.. The temperature dependence near Ts. of
&(T) can also be extracted from Ginzburg-Landau theory and BCS theory:

T _0~5
§(T) =0.74& (1 - T_) (1.19)
sC
Where &) the coherence length at 0 K is given by:
. hVF
&o = O'lngTsc (1.20)

By combining the three equations 1.18, 1.19 and 1.20 we determine that close to
Tsc:

Hggb = o Tse(Tse —T) (1.21)

(vi)?

Where « is a numerical factor equal to 3.2 103 TK—?m?s2. We see that the orbital
limit is inversely proportional to the square of the average Fermi velocity in the
plane perpendicular to the magnetic field. Also, near T the H(C’;b is linear and its
slope is determined by:

dH2P Tec 2

ar | T 2

(1.22)
Tec (vr

o Tgem®

The anisotropy of dH%®/dTs. in a crystal is linked to the anisotropy of the Fermi
velocity. It is also important to note that the orbital limitation is proportional to
the square of the effective mass m*. This is the reason why critical fields in heavy-
fermion superconductors are much higher than in other compounds for the same
Tsc.

Strong coupling effect on HP

Increasing the superconducting pairing strength will impact H%®. The coupling

strength is parametrised by the strong-coupling constant A, first introduced by
Midgall to characterise the electron-phonon coupling [92]. Later Eliashberg used
this constant in its superconducting theory to generalise the BCS theory to the
case of strong coupling (A > 0.8) [31]. A is defined as:

N zr" o (w)Npp (w)

, " dw (1.23)
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Fig. 1.6: HOI® renormalised by the slope at T, calculated for different values of N with a strong-
coupling model in the dirty limit with an Einstein spectrum [22].

where Ny, (w) is the phonon density of state and «(w) the frequency dependent
electron-phonon interaction. Eliashberg’s theory was established for superconduc-
tivity induced by electron-phonon interaction. However, it is expected that the
main physical trends implied by a stronger pairing strength remain valid for other
type of pairing mechanism like magnetic fluctuations. Eliashberg’s theory requires
that the characteristic energy of the fluctuation Q is lower than the Fermi energy.

A first effect of the strong-coupling regime is to renormalise the effective mass
m* of the electrons:

*

Toa="1

1.2
- (1.24)
where my, is the electron mass renormalised by all interactions except the one
inducing superconductivity. So H%P is increased as coupling is strengthened. The
Tsc is also increased as shown by the empirical MacMillan’s law [88]:

MO 104(1+) (129
SCT 2 P\ AT w0620 25

where p* is the repulsive Coulomb potential. Note that this law implies an increase
of Ts. with A becoming weaker for larger A values.

But, Ts. being higher, superconductivity is also suppressed by thermal fluctua-
tions (thermal phonons) which are pair breaking. As temperature is lowered this
suppression is decreased, the fluctuations are "frozen". Hence, superconducting
properties are reinforced at low temperatures compared to the BCS weak-coupling
predictions. This is also true for the upper critical field, and for strong enough A
value, it may lead to an upward curvature of H%" as seen in Figure 1.6 showing

several H‘C’Eb calculated for different A.

11
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To conclude, in Figure 1.6 the orbital critical fields drawn is renormalised by the
slope at Tsc. So the slope is equal to —1. However, one should not be mistaken, the
slope is influenced by A. When the coupling strength is reduced the slope at Ty
decreases.

Paramagnetic limitation Hy,

The second limitation in field is the Pauli or paramagnetic limit. In the case of
a spin-singlet superconductor, the spins of the paired electrons are anti-parallel.
When H is applied and the Zeeman energy exceeds the superconducting gap,
electrons can no more be bound into Cooper pair. To have an order of magnitude
we can follow the demonstration of Clogston for a weak-coupling regime [25]. The
difference of free energy in the normal phase (Fyn) and in the superconducting
phase (Fs) is established by the BCS theory at T = 0 as:

Fn—Fs = %N(O)A(O) (1.26)
where A(0) is the superconducting gap at T = 0, and N(0) the density of states.
And we can say the difference of free energy is also equal at T = 0 to:

1

Fn—Fs = S (xn —xs)H; (1.27)

where xn and xs are the paramagnetic susceptibilities in the normal and supercon-
ducting states. BCS also told us at T = 0 due to the condensation of the electrons,
xs = 0. Taking xn = %(gub)zN (0), the paramagnetic limitation H,, is:

V2A(0)
H, = 1.28
? gHo (1:28)
To have an order of magnitude, if we take the free electron value g = 2:
Hp = 1.85T,c (1.29)

Thus, in the case of strong-coupling regime, the superconducting gap is en-
hanced (with respect to Ts.) with increased coupling (A getting large). As a conse-
quence the paramagnetic limit will be higher than in the weak-coupling regime.

In most superconductors, the paramagnetic limit plays little role because it is
much higher than orbital limitation. But for the heavy-fermions compounds, the
orbital limitation is high because of the large effective masses. Since the param-
agnetic limit is not controlled by the density of states or the Fermi velocity and
the Ts. are in the Kelvin range, it will play an important role on H.,. Figure 1.7
shows calculations of typical critical fields for classical and heavy-fermion super-
conductors. The pure paramagnetic limit (dash-dotted red line) is much higher
than the H., of classical superconductors. Their H; are entirely driven by the
orbital limitation. In the case of heavy-fermion superconductors, the orbital lim-
itation (dash-dotted blue line) can largely exceed the paramagnetic limit. As a
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Fig. 1.7: Typical critical fields calculated for classical and heavy-fermion superconductors for a
paramagnetic limit with g = 2 (dash-dotted red line).

consequence, H; is strongly suppressed at low temperatures. So if this paramag-
netic limitation is removed, H; can reach extremely high values in heavy-fermion
superconductors. It is notably the case for UCoGe and UTe; as we will see later.

In the case of spin-triplet superconductivity, if pairing is established with paral-
lel spins in ESP states, there is no paramagnetic limit for fields along these spins
directions. More generally, if field is applied along a direction with no components
of the d-vector, no paramagnetic limit is expected. By contrast, along a direction
with finite components of the d-vector, a paramagnetic limit is expected. Of course
it is true if the spin-orbit coupling is strong enough to prevent a reorientation of
the d-vector with field.

A last remark that will be of use for the analysis coming later on UTe, and
UCoGe: near Tsc Hp is almost vertical (Hp oc (1 — T/Tee)'?) so He is always
governed by Hgb near Ts.. Hence, the slope of H; at Ty is only controlled by
HOP.

Jaccarino-Peter effect

The study of conventional superconductors with a coexistence of magnetism and
superconductivity had revealed a mechanism that allows to exceed the param-
agnetic limitation without implying spin-triplet pairing: the Jaccarino-Peter effect
[61]. It relies on the compensation of an external applied field by the exchange
tield acting on the conduction electrons, and originating from the magnetic ions.
It is observed in organic superconductors [18]. But the most famous examples
are in the Eu,Sn;_MogSg systems. Figure 1.8 shows the critical field measured
in Eup 755n025M0657.,Se g ref [9o]. In the this compound the orbital limitation is
high, 25 T at T = 0. But H,; is rapidly suppressed below 1 T because of the para-
magnetic limitation induced by exchange field associated to the Eu ions. When
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increasing the applied field above a certain value, it will start to compensate the
exchange field and superconductivity re-appears.

25
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Fig. 1.8: Critical ~ field of

Euo.7551n0.25M06S7.25es  from ref Fig. 1.9: Critical field of URhGe from ref [§],
[90], showing re-entrant superconductivity for field along its hard magnetisation axis.
generated by Jaccarino-Peter effect.

Even without experimental sign, this mechanism has been discussed for UCoGe
and URhGe, especially to explain the re-entrance of superconductivity in URhGe
along its b axis [45]. However, the main counter arguments are: the low field phase
already exceeds the paramagnetic limit [43] but looks purely orbitally limited, and
the re-entrant phase largely exceeds the orbital limit. So, a mechanisms with an
increase of the coupling strength is needed in order to raise the orbital limit.

FFLO

The second mechanism allowing to exceed the paramagnetic limit is the Fulde-
Ferrell, Larkin-Ovchinnikov (FFLO) phase [38], which is less straightforward to
understand as the Jaccarino-Peter effect. Due to Zeeman effect, when a field H
is applied, electrons in a Cooper pair (spin-singlet pairing) will see their energy
shifted by an amount gugH. Generally the pair will break at the paramagnetic
limit. However, the difference of Zeeman energy can be compensated by the dif-
ference of kinetic energy when a fraction of the electrons are paired in a state
[(—kr + q)} (kf)4]. Here q = 2#5’:1 the centre-of-mass momenta of the pairs. Since
this centre-of-mass momentum is no more equal to O, the order parameter A(r)
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is multiplied by a factor eldT [38]. This induces a spatial modulation of the order
parameter, either of the amplitude or of the phase. In the real space it induces
a breaking of the translational spatial symmetry. The FFLO phase should appear
in clean systems, because impurities can break the modulation responsible of the
phase.

For an amplitude modulation, it generates nodal planes (where the gap is zero)
perpendicular to the applied field. This may lead to a new pining mechanism of
the vortices (see Figure 1.10).

(a) BCS (b) FFLO (c)
*‘/'/’ “ - >
M\ J <l
. : A 1TV 7)
gugH —T a0

Fig. 1.10: (a) Schematic illustration of Cooper pairing [(—k¥)| (k¥)4] in the superconducting state
and (b) [(—kr + q) (k¢)4] in the FFLO state. (c) Schematic illustration of the superconducting
order parameter A(r) in real space and the segmentation of magnetic flux lines by the nodal planes.
From ref [64].

In order for the FFLO phase to appear, the orbital pair breaking effect must be
weak compared to the paramagnetic effect. This condition is characterised by the
Maki parameter which is defined as:

orb
HCZ

KMaki = \/z H
P

(1.30)

AMaki is of the order of A/EF, it is usually much less than 1, indicating that the
influence of the paramagnetic effect is negligibly small in most superconductors.
For FFLO phase to occur, a large value of apqki is needed, typically value above
1.8 [41]. Heavy-fermion systems seemed very good candidates for its appearance,
but confirmed observation where finally done in organics superconductors [54, 82]
or in iron pnictides [64]. This is certainly related to the fact that the reinforcement
of H., triggered by the FFLO phase grows when dimensionality is reduced.

15
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1.2 UCoGe

UCoGe discovered in 2007 [49], is one of the two known ferromagnetic supercon-
ductors at ambient pressure with URhGe. Its Curie temperature T¢ is between
2 K and 3 K (depending on samples), and superconductivity emerges at around
550 mK, which is also sample dependant. UCoGe is orthorhombic with the space
group Pnma (D1?), the crystal structure is shown in Figure 1.11. An ubiquitous fea-
ture for ferromagnetic superconductors is the zigzag chain of U atoms along the
hard magnetisation a axis, with an inversion centre lying between two Uranium
atoms.

Figure 1.12 shows the magnetic susceptibility along the three axes, we see that
the hard magnetisation axis is a, and the easy one is c¢. The ferromagnetism is
claimed to be itinerant because of the small magnetic moment and photoelectron
spectroscopy pointing to itinerant 5 f electrons [36]. Nonetheless, the itinerancy is
not firmly established yet.

However, NMR [46, 50] and neutron inelastic measurements [127] have revealed
the presence of Ising type longitudinal magnetic fluctuations along the ¢ axis.

When it comes to superconductivity, the phase diagram shown in Figure 1.13,
obtained by resistivity measurements highlights a strong anisotropy of H; and a
field reinforcement of HP, [11]. This exact S-shape for HY, is sample and measure-
ment dependant, but the reinforcement is intrinsic. Furthermore, despite a large
effective mass compared to classical superconductors, due to Kondo interaction,
H, largely exceeds the orbital limitation deduced from the initial slopes at T, in
UCoGe.

It is worth to note that the renormalisation of the Sommerfeld coefficient is
modest in UCoGe, (y ~ 0.055 JK?mol~ ') in comparison to other heavy-fermion
compounds ( UBej3 has vy ~ 1 JK—2mol™"). This does not indicate a small renor-
malisation of the effective mass in UCoGe, but rather a small density of carriers.
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Fig. 1.14: Angle dependence of H., at
100 mK in UCoGe. [7]

The anisotropy of H; is similar to 2D materials, however, UCoGe is 3D as
emphasised by the anisotropy of the resistivity in the normal phase [46].

This strong anisotropy has been explained by a field dependence of the super-
conducting mechanism itself, as it will be explained below. Figure 1.14 shows the
angle dependence of H.; at 100 mK, highlighting the strong an unusually sharp
anisotropy [7]. Recent specific heat measurements have also shown a strong angle
dependence of H'C’Z [102]. A small misalignment from b or a axis toward c axis
immediately suppresses the superconductivity.

1.2.1  Pairing mediated by ferromagnetic fluctuations

For a ferromagnetic orthorhombic superconductor, only two possible spin-triplet
states exist because of symmetry consideration [94, 96]. In the case of strong spin-
orbit coupling, the A phase is:

g (k) = viky + vgky

g} (k) = Yiky +ivhky (1.31)
g5 (k) = ok,

And the B phase is:
g% (k) =nlk.
g% (k) =nik. (1.32)
g5 (k) = nQkx + ingky

17
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Note that in this case, the representation of the order parameter as ¥ = g4 (k)11
)+ g1 (K)) + go(K) (1)) +141)), is more convenient than the d-vector representa-
tion.

Both, vy and n are complex coefficients and they can be k independent as long as
they are invariant for all symmetry operations of the point group. The supercon-
ducting state in ferromagnetic superconductors is non-unitary because |g|> |g||
and the amplitude of gy is zero or negligible, because most of the electrons are
polarised (Tsc <T¢).

Taking that into account, point nodes along the z axis are expected for the A
state, and line nodes in the (x,y) plane for the B state. The gap structure has
been investigated with different probes. Thermal conductivity measurements did
not find any sign of nodal structures of the gap [132], and NMR measurements
exhibit a T3 behaviour of the 1/T;T below Ts., suggesting the presence of lines
node [105]. However, owing to the presence of large residual terms at T = 0, we
cannot conclude on the nodes locations in UCoGe.

However, knowing the symmetry of the superconducting state would not reveal
the nature of the pairing interactions nor explain the field reinforcement of H?, as
well as the strong H,, anisotropy.

Heavy-fermion superconductors are model systems for strong correlated elec-
trons systems, and were the firsts for which magnetism was shown to drive the
pairing mechanism [87].

De Gennes gave a simple approach to understand how an attractive interaction
can appear in a magnetic medium [40]. Considering the interaction between an
electron (spin S;) and the local magnetisation M(r) as:

Hi = —TSi.M(I') (133)

where T is the strength of the coupling. By assuming low frequencies limit, after
Fourier transform, the potential of two electrons interacting has the form:

V(@) =-T*) SiaXap(q)Sjp (1.34)
of

where xqp(q) is the static susceptibility tensor of the medium, which can be diag-
onalised. The principal values xx«(q) should be positive, otherwise the magnetic
medium would be unstable. We can conclude that for parallel spins (spin-triplet),
the potential is negative so attractive. While in the case of antiparallel spins (spin-
singlet) the potential is positive. However, it is still possible to have an attractive
potential if the superconducting wave function changes of sign on the Fermi sur-
face (line or point nodes) at q vectors with maximum x««(q). This is the case of
cuprates (d-wave) and Ce based superconductors.

To come back to UCoGe, since it is most likely a spin-triplet, a pairing through
magnetic fluctuations is possible. It is now largely accepted that ferromagnetic
fluctuations induce superconductivity in UCoGe (and also in URhGe).

NMR measurements revealed longitudinal fluctuations ,most likely ferromag-
netic, of Ising type along the c axis [46, 50]. Furthermore, they revealed a strong
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Fig. 1.16: Field dependence of the strong-
coupling constant A for the three axes ex-
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black lines correspond to H¢y calculated for
different A. Ref [140].

anisotropy of the fluctuations. Figure 1.15 shows 1/T; as a function of the field
component along ¢ axis. It demonstrates that ferromagnetic fluctuations are im-
mediately suppressed when a small component of the field is applied along the
C axis.

The superconductivity induced by ferromagnetic fluctuations is suppressed when
field is applied along the c axis, reducing the pairing strength so H¢,.

This has been shown to explain the H., anisotropy by extracting the strong-
coupling constant dependence in field A(H) from H,; [140], with a model that will
be presented much later in section 4.2.1. Figure 1.16 shows A(H) extracted for the
three axes, and the behaviour expected for a coupling induced by ferromagnetic
fluctuations is recovered. Furthermore, the A coefficients from resistivity measure-
ments, which are proportional to (m*)?, also exhibit an increase for H|/b and H||a,
and a fast decrease for H||c [7]. This might be due to the field dependence of
magnetic fluctuation , so to the pairing strength.

The decrease of A(H||c) is also supported by specific heat measurements exhibit-
ing a fast decrease of y at low fields (remember: y(H) o< (14 A(H))") [140].

More recently, field-angle-resolved specific heat measurements recovered the
same anisotropy as NMR measurements: C/T at 0.8 K, which can be considered
as v, is sharply decreased when the field is misaligned from the a and b axis
toward the ¢ axis [102].

The Sommerfeld coefficient v is proportional to m*. In the strong-coupling regime, as explained
before, the electronic effective mass is renormalised by 1+ A, thus v oc mp (14 A), where my, is the
electronic mass renormalised by all interactions except the one inducing superconductivity.
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However, realistic microscopic theories to describe superconductivity induced
by ferromagnetic fluctuations in ferromagnetic superconductors do not existed
yet, due to the complex magnetic background and a non-fully determined pairing
mechanism.

Nevertheless, there are studies based on Landau formalism for magnetism,
that capture the physics of this superconducting mechanism in a weak coupling
regime, and allow comparison to experimental results [95]. In these studies the
pairing interaction is assumed to be mediated by the magnetic polarisation, and
the pairing Hamiltonian 3, uiring defined as:

ugl? ,
Hpairing =~ | Si(r)xilr — )8y ) r” (1.35)

where [ is the exchange constant, S;(r) the spin density operator and x;; the system
susceptibility. 3(, qiring after some algebra can be rewritten like a BCS Hamiltonian
with the pairing amplitude V described by the odd part of the medium static
susceptibility [121]. Then the order parameter components are calculated by linear
combination as:

Al,q) =-TY Y (VTT (k, k)G GTAT (K, q) + VI (k, k)G GrAt (K, q))

n k'
(1.36)
AMloq) =T > (VM K)G'G'AY (I, q) + V! (k k)G TG AT(K, q))
n k’
(1.37)

where G are the diagonal parts of the matrix of the normal-metal Green’s func-
tion. Here the S, = 0 component of the order parameter is neglected for this
overview. The pairing amplitudes are equal to:

V(I k) = —pd By
VH (K K) = —pgI?
¢( ,) —Hp ZXZZ (1.38)
4 (k k) = PLBI (Xxx ny ZlXxy)
VI (K K) = —pd I (x, — xiy + 2ix,)
And the odd part of the susceptibility xj; is defined as:
1
Xt (k, K') = 5 (xij(k — k') —x35(k + k) (1.39)

2

In all these equations z axis is considered as the easy magnetisation axis, so ¢ axis
in UCoGe.

It is important to note here: no assumption on magnetic order have been made,
so it is still applicable to ferromagnet as well as paramagnet (which will be the
case of UTe;).
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In UCoGe the susceptibility along ¢ axis is much higher than along the other
axes. Thus, the pairing and its field dependence will be determined by V' (k, k’)
and VH(k, k'), so by the field dependence of x},, which is in agreement with
NMR measurements claiming a pairing controlled by longitudinal fluctuations
along c axis.

The susceptibility X, is defined by deriving the magnetisation determined from
the Landau free energy formalism (x;; = 0M;/0H;) supposed to be valid also at
finite k [95]. For field H||c (H||z) it is equal to:

1
2(0t, + 6[52]\/[% + Vijkikj)

Xzz(K) = (1.40)
Where the coefficients o, 3, and yj; come from the Landau formalism. They are
not important for the physics we are looking at, but ref [95] gives their complete
definitions. The same calculus can be performed for a field perpendicular to z, so
for H L ¢, and lead to another definition of ¥, (k).

From this susceptibility and expressions for T in the weak-coupling limit given
in [95], one can extrapolate a field dependence of the pairing strength (the strong-
coupling constant A) as:

(14 A%)?

AH) =A0)———=
(H) =XO) =

(1.41)

Where A = &kf, kr the Fermi wave vector and & a parameter defined as:

2
£= 4(3—7\43 (1.42)

Where M, is the spontaneous magnetisation, and v, coefficients from Landau
free energy. & typically corresponds to the coherence length of the ferromagnetic
order. In equation 1.41, the factor © is given depending on the applied field orien-
tation by:

2
OH|c) = 3 ( - 1) (1.43)
0
OH Lo = £ = (144)

So the pairing strength is inversely proportional to the magnetic moment (M,)
along the ¢ axis when H||c. Furthermore for this field direction, we can say that
4A is proportional to 39, hence to MZ%, so it is expected that - is finite at zero
field because M, is finite at H = 0 in a ferromagnetic compound: g—,{‘l Lo < 0. This

was experimentally verified through specific heat measurements.
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Fig. 1.17: A(H) for H||c determined from different measurements: filled circles are from the exper-
imental H¢,, open circles are from specific heat measurements. Lines are prediction from equation
1.41: solid line for A = 3.2 (itinerant magnetism) and dash-dotted line for A = 1 (localized mag-
netism). Blue squares: A(H) from H2,. Doted line: prediction from equation 1.41. From ref [140].

Figure 1.17 shows a comparison A(H) determined from H,; and the electronic
specific heat with A(H) determined from the calculations explained above.

We see the model and the measurements are in very good agreement for the
case of an itinerant systems, which is believed to be the case for UCoGe.

For the other two axes (H L c), the theory indicates a dependence to the Curie
temperature Tc: A is enhanced when T¢ decreases. This decrease is seen for H|/b
(see Figure 1.18), but not for H|ja. It might be a limit of the Landau formalism
probably not adequate to describe the evolution of the magnetisation in UCoGe
for H||b or HJja. At low field (H < 1), however, T¢ does not change so A should
not, which is in agreement with A(H) extracted from H,,.
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Fig. 1.18: Phase diagram for H||b showing H.2 and T¢ determined with resistivity measurements.
From ref [11].
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1.3 UTe;

The first growth of UTe; intended for a study of its low-temperature properties
was done back in 2006 [51]. At this time no superconductivity was detected. The
method used was chemical vapour transport (CVT) with iodine as transport agent.
It is more recently in 2018 that superconductivity was detected in UTe; below 1.5 K
[16, 113], with the same growth technique.

CVT is performed by placing Uranium and Tellurium sources at one side of a
quartz ampoule filled by a gas, which is the transport agent, lodine for UTe;. By
applying a thermal gradient on the ampoule (hotter part on the sources side), the
volatile derivatives from the sources migrate through the ampoule and crystallise
on the colder part of the ampoule. Figure 1.19 shows a schematic view of the
technique.

The first crystal grown after 2018 exhibited superconductivity, however with a
residual term in the specific heat (of the order of 50% of y) and relatively "low"
Tsc (around 1.5 K). They were produced starting with stoichiometric amounts
of U and Te. The next generation of samples were produced starting with off
stoichiometric amounts, and by lowering the temperature of synthesis [23, 115].
They exhibit higher T, (around 1.8 K) and smaller residual term in the specific
heat (~ 20% of ). This highlights that the discrepancies between samples arises
from defects (different chemical phases of departures from exact stoichiometry)
and not from impurities since with the same starting materials, the results can be
very different.

Very recently, a new generation of samples with a Ts. around 2 K and RRR rang-
ing from 200 up to 1000 (instead of a maximum ~ 55 previously) was produced by
molten salt flux (MSF) method [120]. This technique consists to placed the sources
of Tellurium and Uranium in a crucible with a mixture of sodium chloride and
potassium chloride (salt). Then the crucible is heated so the sources dissolve in the
salt, and a saturated solution is obtained. Finally the crucible is cooled in order to
allow the desired material to precipitate. Salt is removed by dissolving it in water,
and UTe; samples are extracted.

The improved RRR of this new samples generation allowed to detect quantum
oscillations [14, 30]. Moreover, the residual term in the specific heat is even lower
in these crystals (less than 20% of ).
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1.3.1  Normal phase properties

UTe; is an astonishing system for almost all its properties, starting with the fact
that it is metallic only thanks to strong electronic correlations. Band calculations
predicted an insulator state, but when introducing the Coulomb repulsion U term
and turning it on, the metallic state is recovered for a large U [60, 125, 141]. Figure
1.20 shows an example of how the band gap at the Fermi level is expected to close
as a function of U. In this calculation, when U is close to 1 the gap is closed and
metallic state recovered.
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Fig. 1.20: Top: Coulomb interaction U de-
pendence of the band gap at the Fermi level.
Bottom: the electron number n per spin in
electron Fermi Sea. Insulator-metal transi-  Fig. 1.21: Top: First Brillouin Zone and
tion occurs at U = 1.0 eV. Metallic states symmetry points. Bottom: Fermi surfaces of
with different topology of Fermi surface are UTe; by GGA+U for U = 2.0 eV (region
labelled by (i)-(iii). Ref [60]. (iii)), corresponding to AHvA measurements.
The electron sheet are cyan and red, and the
hole sheet are blue and yellow. Ref [60].

The electronic structure of UTe; won’t be discussed in detail, but it is worth
to note that the recent dHvA quantum oscillations measurements confirmed the
GGA+U band calculations (the possible Fermi surface is shown in Figure 1.21)
[14]. These measurements revealed cylindrical quasi 2D Fermi surface. The total
value of the electronic specific heat determined from these dHvA measurements
is 100 mJK2mol~!, which roughly agrees with the value of ~ 130 mJK~?mol~! in
the specific heat measurements, indicating that the dHvA experiment detected the
main Fermi surfaces of UTe,. However, a possible 3D pocket is still being sought.
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The valence is still under debate with two ARPES studies claiming different
results [37, 91]. One study claims that the dominant contribution to the Fermi
surfaces is the itinerant U—Sfj’ state [37], while the other study claims that it is
from U—SfZ state [91].

UTe; is orthorhombic with the space group Immm (D%)). The crystal structure is
shown in Figure 1.22. Uranium atoms form a two-leg ladder along the b axis. The
shortest distant between U, which is along the rung (a axis), is of 3.78A. It is larger
than the Hill limit of 3.5A which gives a rational criterion for the overlap of the
5f wave functions. So the U moments are expected to be localised and a magnetic
ordering to appear at low temperatures.

Fig. 1.22: Crystal view of UTe,. From ref [6].

But no magnetic ordering is found down to 25 mK. UTe; is a paramagnet with
the easy axis a and hard axis b at low temperatures, as shown by M/H measure-
ments presented in Figure 1.23 [113]. It was initially believed that UTe; is nearly
ferromagnetic [113, 128, 136], but this has not been confirmed by any measure-
ment up to now.

One of the most salient features in magnetisation measurements is the metam-
agnetic transition occurring at 35 T when field is applied H||b: it is characterised
by a large jump of magnetisation (see Figure 1.24) [100].

Its link with a putative ferromagnetic instability is not straightforward and it
remains an intriguing phenomena. Usually, it is expected that metamagnetism
in a nearly ferromagnetic systems occurs along the easy magnetisation axis, as
observed in UCo0Al [12], or in the paramagnetic state above the critical pressure in
UGe; [108, 131].

This metamagnetic transition is also seen in resistivity measurements [74], ex-
hibiting a jump and an hysteresis due to the first order character of the transition
[76]. The hysteresis is also seen in magnetisation measurements [100].

The metamagnetic transition was also studied by specific heat in pulsed fields
[55] and magnetocaloric effect [123]. All measurements (thermodynamic and trans-
port) suggest an increase of the effective mass on approaching H, (Figure 1.25).
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Fig. 1.23: M as a function of temperature for
the three axes at 0.1 T. Inset: M as function
of field at 1.8 K. Ref [113]

Fig. 1.24: M as a function of field for H||b at
different temperatures above Ts.. The meta-
magnetic transition happens near 35 T. Ref
[100]
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This could be related to magnetic fluctuations being enhanced when approaching
Hm. However, the nature of these magnetic fluctuations is not known.
One last feature of the metamagnetic transition: it seems connected to a broad

maximum of the magnetic susceptibility for H||b at a temperature label Ty max-

Figure 1.26 shows the H-T phase diagram following Ty max: it extrapolates to the

metamagnetic at a critical point (misnamed CEP * in ref [74, 100] and figure 1.26).

At the CP the hysteresis seen in magnetisation and resistivity measurements is

closing, marking the end of the first order transition line (hence the name CP).

Therefore, both T, mqx and Hy, should be dominated by the same energy scale.

2 A critical end point (CEP) is defined as a point where a line of second-order transitions terminates
at a line of first-order transitions, with the first-order line continuing into an ordered region, which
is not the case here in UTe;. [21] A Critical Point (CP) corresponds to the end of a line of first-order
transitions, like in the phase diagram of water.
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Fig. 1.25: Sommerfeld coefficient 'y normalised
at zero field from specific heat [55] and magneti-
sation measurements [100] and A'/? coefficient
normalised at zero field from resistivity measure-
ments [74] are plotted against H/Hm. Ref [55].

1.3.2  Critical fields and superconducting phase

Figure 1.27 shows H; for the three directions established with resistivity measure-
ments [76]. The paramagnetic limit of ~ 3 T (free electron case) is largely exceeded
for the three directions, suggesting a spin-triplet pairing. The anisotropy of H,; is
far less pronounced than in UCoGe: the lowest H., along the easy magnetisa-
tion a axis, and highest along the hard magnetisation b axis (intermediate axis in
UCoGe). This rough similarity with UCoGe led to propose that ferromagnetic fluc-
tuations could drive superconductivity in UTe; [113]. However, no ferromagnetic
fluctuations have been detected yet, only antiferromagnetic ones [28, 73].

The most striking feature is along b axis, superconductivity is reinforced above
15 T up to the metamagnetic transition at 35 T, where superconductivity is abruptly
suppressed. This high-field superconductivity is very sensitive to field alignment,
while the low-field superconductivity is more robust, as shown in Figure 1.28 [76].
The positive curvature of H.,; above 15 T is pointing to a reinforcement of the
coupling strength with field, like in ferromagnetic superconductors.



INTRODUCTION AND PHYSICAL BACKGROUND

T T T T T T | T T T T I T T T T
— = X X e — — — —
UTe,
30 H || b-axis -
40 T T T
4+ Ranetal
A sample #01
----------- sttebalinctin TELTEwELELELEETELEL e
® sample #16D
30 ° Hm O 20 ® 0deg -
=~ 2 deg
L T 4 deg
— [ ] 5.2deg 4
. ° 6.8 deg
as ot b ] H gieg
< & UTe2 10 w 0 deg —
N Hy, 2 deg
\ Heo
10r % ® baxis | .
s S, ¢ axis 0 P 1
free s o i ®e, ® aaxis 0.0 05 1.0 15 2.0
[ (]
0 ! e O — T(K)
0 0.5 1.0 1.5 2.0
T(K)

Fig. 1.28: Phase diagram up to 36 T for
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Another mechanism called Lebed mechanism was also proposed to explain this
reinforcement of HY, [79, 93]. This mechanism could lead to a complete suppres-
sion of the orbital limitation in quasi 1D [78] or quasi 2D superconductors. Thus,
in quasi 1D or quasi 2D spin-triplet superconductors with no paramagnetic limi-
tation, T in high fields could be the same as in zero field. This mechanism of sup-
pression of the orbital limitation can be understood in the quasiclassical picture.
Electron trajectories oscillate in the directions perpendicular to the applied field,
with an amplitude inversely proportional to the field. In a quasi-2D superconduc-
tor with field in the conducting plane, at high fields, electrons become confined
in the plane, consequently the orbital effect is suppressed. This picture shows that
this mechanism can work if well defined conducting planes are separated by in-
sulating regions, like in the cuprates. This is required for the confinement of the
charge carriers within these planes at high fields. However, for its normal state
transport properties, or the anisotropy of H, UTe; is a 3D system.

Nevertheless, an estimation of the characteristic field B* where field-induced
reinforcement of H., from the Lebed mechanism should appear can be done. As-
suming the field is applied along the b axis, with the smallest coupling along the
c axis, if d is the distance between (a,b) planes, &y the coherence length controlling

b
ch’z, and ((1#;2 the slope of H]gz at Ts., B* should be of the order:
L
= ed? (1.45)
£\ /dHS,/dTy.
=2HY [ ) (== 46
c2 ( d) (ngz/dec (1.46)

Where vi and v are the Fermi velocity. With the largest distance between U ions
along c axis of order 0.38 nm, B* is above 1000 T. Thus, UTe; is not enough 2D for
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this mechanism to help understanding the reinforcement of HP,. With theoretical
support, we have performed numerical calculations to confirm the behaviour of
the critical field in the Lebed mechanism framework. The results confirmed the
conclusion expressed just before.

Thus, the most likely scenario for HY, is an enhancement of the coupling strength
with field.

60 -

40

caxis —»

Fig. 1.29: Field angle dependence of H., established by resistivity measurements in pulse field. Blue
regions represent superconductivity, and red one the polarised phase above H, (purple diamonds).
Ref [112]

Most surprisingly, superconductivity is also detected at higher fields, above the
metamagnetic transition [71, 112]. For an angle between 25° and 40° in the (b,c)
plane, a pocket of superconductivity is detected above H;, up to 60 T. This pocket
is a conundrum for theorist. While H||b the superconductivity is suppressed at Hp,,
in this range of angle superconductivity appears above H,. The Lebed mechanism
has been proposed for the pocket, however, it is ruled out by the same argument
than H||b.

A Jaccarino-Peters mechanism was also proposed but refuted in ref [112] be-
cause UTe; would lack the requested localised moments and the pocket is present
over a wider field-angle range than is typical of the Jaccarino-Peters effect.

However, further investigations on this scenario might be required, because the
U-U distance is larger than the Hill limit, hence a local picture for the magnetism
could be adequate. Moreover, the angular dependence will depend on the precise
mechanism.

Symmetry of the superconducting phase

Let us come back to superconductivity below Hy,. The symmetry of the supercon-
ducting state is a highly debated subject in UTe;, but all proposals have a common
assumption: superconductivity is spin-triplet, at least below 15 T. NMR measure-
ments of the Knight-shift K have shown an anisotropic temperature dependence
[35]. Figure 1.30 shows the temperature dependence of K for the three axes. For
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Hlja no decrease is seen contrasting with H||c and H|/b. This would indicate a
d-vector perpendicular to the a axis (no component along a axis).
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Fig. 1.30: Temperature dependence of the Knight-shift along the three axes with the normal phase
background removed. From ref [35].

It is important to note that recent NMR measurements not yet published were
performed on the new generation of samples with a Tsc ~ 2 K. These measure-
ments reveal a strong decrease of K below Ts. for H||a, which contradicts com-
pletely the previous measurements. This strong discrepancy between the two stud-
ies from the same team should caution us, and will be hopefully clarified in the
near future. However, if those last measurements are confirmed, they would re-
quire a large component of d-vector along the a axis, refuting the Bz, IR at low
fields.

The first study showing no change of K below T, for H||a, is in agreement with
what is expected if longitudinal ferromagnetic fluctuations along a axis induce
superconductivity. If true, we can expect a similar orientation of the d-vector as in
UCoGe, perpendicular to the easy magnetisation axis, the a axis.

IR | Basis Functions Gap symmetry
Ay kad, kbf), k€ full gap
Biu K@, kb point node (c axis)
By kqC, kcd point node (b axis)
B3y kb, kpe point node (a axis)

Fig. 1.31: Table summarising the 4 possible IR in UTe, for spin-triplet, their basis func-
tions and their gap symmetry.

The point group symmetry of UTe; is Dyy, so there are four irreducible repre-
sentations (IR) possible for spin-triplet superconductivity in the strong spin-orbit
limit. Table 1.31 summarises the four IR, the corresponding basis functions of
the d-vector and the symmetry of the gap. The f-wave components have been
neglected. The d-vector is a linear combination of the basis function.
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So, considering the NMR measurement presented above, the d-vector should
have no component along the a axis. This corresponds only to a Bz, state, with a
d-vector defined as:

d(k) = Bkcb +vkpe (1.47)

This B3, is presently the basis of all theoretical proposals for the low-field state
[59, 60, 126]. The two microscopic calculations done to explore the superconduct-
ing ground state, found that the B3, and A, are favoured at ambient pressure [59,
143].

Experimentally, the gap symmetry can be probed in order to locate the point
nodes, however, experimental results are contradicting. Most of them agree on
the presence of point nodes, but not on their location. Three different penetra-
tion length studies have been carried on, the three with different conclusions. One
claim point node in the (a,b) plane, with support of thermal conduction measure-
ments [89]. Another claims point nodes close to the (a,b) plane with a chiral order
parameter [17]. While the last study claims point nodes close to b and ¢ axis, with
an order parameter B3, + 1A, [58]. It might seem odd to invoke a chiral state, but
polar Kerr effect measurements have shown a breaking of time reversal symmetry
[48], so the necessity of such a chiral state. This point will be rediscussed during
the presentation of the results on UTe; in section 3.2.

An angle resolved specific heat study found a behaviour in temperature inside
the superconducting phase H||a indicating point nodes along a axis [70]. The cor-
responding order parameter could be either chiral as ki, + ik. or B3,,.

Recent thermal conduction measurements unpublished yet, claim a fully gap
state, thus an A, state. Such a symmetry is also supported by the latest NMR
studies. Therefore, explanations for the violation of the paramagnetic limit for
H||a would then have to be reconsidered.

To conclude, experimental studies are numerous and not convergent, and rel-
atively few predictive theoretical studies have been done. Therefore the pairing
symmetry remains an active issue.

1.3.3 Superconducting phases under pressure

The behaviour of UTe, under pressure is complex and the physics rich. Here, only
the main results will be presented, as a complement discussion on the possible
superconducting order parameter in UTe;.

When pressure is applied, a new superconducting phase emerges at zero field
1.32. Figure 1.32 shows the P-T phase diagram established at zero field from spe-
cific heat measurements. The SC1 phase found at ambient pressure is suppressed
and a second phase SC2 emerges. Then at a critical pressure of ~ 1.7 GPa, super-
conductivity is suppressed and an antiferromagnetic phase emerges. This phase
diagram has been confirmed by all groups working on UTe; under pressure [135].
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pressure expected from the 24 band periodic
Anderson model. Ref [59]
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Fig. 1.32: Phase diagram P-T at zero field
established from specific heat measurements.

Ref [20]

To clarify the superconducting phase of UTe; under pressure, a microscopic
theoretical study has been conducted based on the 24band periodic Anderson
model [59]. In this study the magnetic-fluctuation-mediated superconductivity has
been studied, and the pressure dependence of the superconducting instability has
been predicted. At ambient pressure, the ferromagnetic fluctuations are predicted
to stabilise odd-parity spin-triplet superconductivity, and the moderately Ising-
type magnetic anisotropy favours a d-vector perpendicular to the a axis, similarly
to what is expected for UCoGe. In the high pressure region, antiferromagnetic
fluctuations dominate and stabilise an even-parity spin-singlet superconducting
state (A4 phase in Figure 1.33).

Figure 1.34 shows the pressure dependence of the maximum eigenvalues for
several IR, revealing stable odd-parity superconductivity at low pressures p < 2 as
well as stable even-parity superconductivity at high pressures p > 2 (The pressure
scale on Figure 1.33 is in arbitrary units). For the odd-parity superconductivity,
the B3, and A, states are almost degenerate. This is probably a consequence of
the Ising-type ferromagnetic fluctuations with xq > xp ~ Xec-

The even-parity superconducting state favoured in the high pressure region is
the Ay state. This symmetry is equivalent to the conventional s-wave supercon-
ductors, but the order parameter changes sign in the Brillouin zone like in the
st-wave superconducting state of pnictides. Thus, the Ay state is nodeless.

The P-T phase diagram expected for this scenario is shown in Figure 1.33. How-
ever, this scenario relies on the competition of ferromagnetic and antiferromag-
netic fluctuations.

Despite the claim of nearly ferromagnetic magnetic correlations in the first pa-
per [113], it is now expected that the magnetic correlations in UTe; are not limited
to a single type of spin fluctuations. Inelastic neutron scattering measurements
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Fig. 1.34: (a) Eigenvalues A of the Eliash-
berg equation for various IR of UTe,. The — Fig. 1.35: The ground state energy of Ji

parameter p > 1 indicates applied pressure. ~ With varying U, showing a dominant ferro-
(b) Transition temperatures of the A, B3y magnetic (FM) rung coupling J1 and much
and A4 superconducting states. Ref [50] smaller antiferromagnetic (AFM) couplings

]2 on the leg and ]3 between ladders at large
U. Inset: illustration of how magnetic frus-
trations are induced between ladders. Ref
[141]

have detected antiferromagnetic fluctuations [28, 29, 73, 114]. NMR detected low
frequency fluctuations which could be ferromagnetic [136]. Therefore, it could
be that a competition between antiferromagnetic and ferromagnetic fluctuations
takes place in UTe;.

The same theoretical study claims that an instability between ferromagnetic and
antiferromagnetic order happens on increasing the hybridisation. So the dominant
fluctuations might change when applying a magnetic field or pressure.

Another study based on first-principle calculations has also claimed an insta-
bility between ferromagnetic and antiferromagnetic order happens on increasing
the Hubbard on site Coulomb repulsion U [141]. Figure 1.35 shows the different
coupling | between various Uranium site as a function of U. It shows a dominant
ferromagnetic rung coupling J; and much smaller antiferromagnetic couplings ],
on the leg and ]3 between ladders at large U, also required in this model to explain
the metallic ground state.

Another theoretical proposal claims that the SC2 phase is a B, state, having no
component of the d-vector along the b axis, with a pairing mechanism controlled
by local ferromagnetic correlations [126]. This will be rediscussed in section 3.2,
together with the claims supporting a chiral superconducting state.
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1.4 OBJECTIVES ON UTe);

The specifics heat measurements performed in this work were mostly motivated
by three main objectives. First, to establish the first complete thermodynamics
phase diagram. Second, to probe the superconducting phase for H|b by ther-
modynamics measurements, to detect possible changes of the symmetry of the
superconducting order parameter. And last, to determine the field dependence
of the electronic specific heat y(H) in order to compare it to a possible varia-
tion of the strong-coupling constant A both can be connected from the relation:
Y(H) < T4+ A(H).



SPECIFIC HEAT

2.1 INTRODUCTION TO SPECIFIC HEAT

Specific heat is a thermodynamics variable. It is proportional to the amount of
heat 6Q needed to raise the temperature of an infinitesimal amount dT, and is
defined as:

_Q
T
The second principle of thermodynamics allows to link the specific heat to the
entropy as:
6Q =TdS = CdT (2.1)
0S
C= Tﬁ (2.2)

It is important to remember that this holds if other variables like magnetic field,
volume or pressure are fixed. If these parameters vary, like magnetic field, other
effects have to be taken into account, like magnetocaloric effects.

Specific heat can also be directly derived from the free energy F as:

o°F
C=-T= 2.

This equation will be very useful to determine the theoretical specific heat contri-
bution of certain mechanisms (like nuclear contribution as explained later).

Before explaining how to measure specific heat, basic contributions to specific
heat found in superconductors will be presented.

2.1.1  C/T in the normal phase

In a crystal there are several possible contributions to specific heat. But all crystal
have a contribution from phonons CP""°", At high temperature the volume spe-
cific heat CE™™™ is constant and equals to 3Nky,. This is the Dulong and Petit’s
law which states that the molar specific heat ¢f""™™ has a universal value for
solids equal to 3R (R the perfect gas constant).

When temperature is lowered the phonon specific heat is going to vary and to
decrease. This behaviour is captured by the Debye model. At low temperatures
only the acoustic modes, which are not gapped, can be thermally excited. The
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Fig. 2.1: On left: phonon specific heat for several materials. On right the phonon specific heat
rescaled by their Debye temperature, showing an universal behaviour. From ref [109]

frequency can be approximated by w(k) = ck (c the sound velocity). The molar
specific heat is calculated as:

3
CEhonon — 9R (l)

To/T  4.x
J X dx (2.4)
Tp

o (ex—1)?

where x is a dimensionless variable and Tp the Debye temperature defined as:

hck
X = kB_T (2.5)
T, = Meko (2.6)
kg

Tp quantifies the rigidity of the lattice and corresponds to the temperature above
which all modes start to be excited. At very low temperatures, below Tp /12, the
molar specific heat can be approximated to a power law as:

127 (T
phonon _ R — 3
c 5 (_TD > BT (2.7)

In a metal, in addition to the phonon contribution, the conduction electrons give
rise to an additional contribution to specific heat. At low temperatures, in the limit
where the density of states N(E) has no singularity or divergence at Er & kgT, the
Sommerfeld expansion leads to a specific heat:

2
Celec — N(EF)%kZBT —T (2.8)
This relation is valid for a fermion gas as well as a Fermi liquid, in which the

electron mass is renormalised due to interactions. v is called the Sommerfeld co-
efficient.

2.1.2  C/T in the superconducting phase

Superconductivity has a strong impact on the specific heat. At the transition a
jump in the specific heat occurs with a magnitude AC. It arises from the difference
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of free energy AF between the superconducting and normal states at Ts.. Thus,

from equation 2.3:

OZAF

AC|Tsc_ —Tsc T2

(2.9)

Tsc

The specific heat in the superconducting phase is given by the statistical entropy
taking into account the Fermi-Dirac distribution as well as the dispersion relation
of the quasi-particles. The latest is defined as:

\/C )2+ 1Ak

where ((k) is the dispersion relation without the superconducting gap, and A(k)
the superconducting gap. In the BCS theory, the gap is isotropic and specific heat
in the superconducting phase Cs, at temperatures below T,./3 where the gap at
T =0K Ay is constant, is expressed as:

[2mA3
Co(T) = 2N(Ep)y | TgledoriaT

Where A is the gap at T = 0 K. At T the ratio of the jump with vy has a fixed
known value:

AC

Vs
Equation 2.11 works only for s-wave superconductors with one gap. However,
many superconductors exhibit power laws instead of a thermal activation law
below T, because of the anisotropy of the gap. The jump will also be modified
and decreased to conserve the entropy balance. Figure 2.2 shows examples of
calculated specific heat below T, for three different cases [98].

(2.10)

(2.11)

=143

(2.12)
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Fig. 2.2: Calculated specific heats in the superconducting phase normalised by the normal state,
for a s-wave superconductor with isotropic gap, with two bands (MgB3) and for a 2D d-wave
superconductor (cuprates). From ref [98].
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Fig. 2.3: Calculation of the order param-
eter A (dashed line), the Ts. (plain line)
and the residual density of states N (dash-
dotted line) all normalised by their value at
I' = 0. Calculations were performed for a
p-wave superconductor with a gap A(k) =
Ad(ky +1ky), from ref [67].

Fig. 2.4: Specific heat in the superconduct-
ing state calculated for several values of
I'/T¢, in the case of a p-wave superconduc-
tor with a gap A(k) = Ad(k; + iﬁz),ﬁom
ref [67].

Impurities effects

Impurities have different effects depending on pairing symmetry and on their
magnetism. S-wave superconductors are known to be strongly resilient to non-
magnetic impurities, as stated by the Anderson theorem: the critical temperature
barely depends on material purity, or more generally on defects [5]. By contrast
unconventional superconductors are sensitive even to non-magnetic impurities.
This can be understood simply from the order parameter broken symmetry: if an
electron with an initial wave vector k; is scattered to k¢ and the phase of the order
parameter is different between k; and k¢, the phase coherence of the pair is lost
and the pair is broken. Hence, normal impurities become pair-breaking.

This results in a residual specific heat term at T = 0 K, denoted y,. Of course,
when the concentration of impurities I' is increased, the pair-breaking effect be-
comes more dominant, so y; increases and, as a consequence, the transition jump
decreases (entropy balance). Additionally, Tsc is suppressed. When I" reaches a
critical value [, superconductivity is completely suppressed. All of these state-
ments are summarised in Figures 2.3 and 2.4 that show calculations done for a
p-wave superconductor with a gap A(k) = Ad(ky + ik;) (long time the most pop-
ular superconducting order parameter for Sr,RuQy) [84].
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Magnetic field effects

We saw earlier that magnetic field suppresses superconductivity. Moreover, in type
IT superconductors, a magnetic field above H.; induces the nucleation of vortices.
The cores of these vortices contribute to the specific heat. One vortex core has a
typical size of 27t€? (£ the coherence length), so the total vortex density is H/®j.
Since the vortex core is not superconducting, this adds a contribution y to the
specific heat. Therefore, for a superconductor with an isotropic gap, the vortices
contribution C,, varies roughly linearly with field:

H27é? H

H) = T= T .
Cyor(H) =v 0, chz (2.13)

This results in a residual contribution to C/T, like for the impurities, proportional
to the field.

For an anisotropic gap, a second contribution must be taken into account. It
arises from the Doppler shift of the energy by the superfluid currents around
vortices in the vicinity of point or line nodes [137]. In fact, the main specific heat
contribution in field for an anisotropic gap comes from this contribution. The
resulting field dependence of the residual term is not simple and depends on the
nodal structure of the gap and on the field orientation.

Therefore, the field dependence of the residual term can be measured and give
an indication of the gap structure of a superconductor, if theoretical calculations
are made to compare with experimental results. It is often necessary to perform
microscopic calculations to interpret experimental results, which limits the interest
of this approach [4].

The other consequence of field on the superconducting transition is a direct
consequence of the residual term emerging from the contribution of the vortices.
By entropy balance, the jump of the transition decreases.

2.1.3  Effect of strong coupling

The strong-coupling regime has also an influence on the specific heat and espe-
cially on the Sommerfeld coefficient as already evoked earlier. The entropy is
renormalised by the electron-phonon interaction (electron-electron for a pairing
through magnetic fluctuations) like S = anszN(EF)U + A)T/3. The Sommerfeld
coefficient is:

0S 2m
T = Tﬁ = ?N(EF)U +A)kgT (2.14)
If the value and the variation of A with field are large enough to be detected, the
behaviour of y(H) will be proportional to A(H), and:

y(H) _ T+A(H)
y(0) — T+A(0)

(2.15)
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Fig. 2.5: Specific-heat jump ratio AC(T.)/yTe vs Te/win for several compounds. The dots rep-
resent the accurate results from the full numerical solutions of the Eliashberg equations. The line
correspond to AC(Tsc)/YTse = 1.43[1 +53(Te/win ) In(win/3Te)]. Ref [86]

Another effect of the strong coupling is the enhancement of the relative spe-
cific heat jump at the superconducting transition [86]. The ratio % will have a
higher value than in the BCS regime. The specific heat jump at T is then a good
indication of the pairing strength.

Calculations based on Eliashberg’s theory in ref [86] have predicted a depen-

dence of the relative specific heat jump at Tj, like:

AC(Tsc) ( Tsc >2 (wln>
————— =143 (1+53 In 2.16
YTse < Win 3Tsc ( )

Wiy is called Allen-Dynes frequency and corresponds to an average phonon fre-
quency. The ratio Ts./wiy is linked to A through the equation:

Tsc kB _ 1A
= —¢ ApF
wy, 113
Where p* is the Coulomb parameter (usually of order 0.1 —0.15).
Figure 2.5 from ref [86], shows the specific heat jump ratio at Tsc, AC(Tsc)/vTsc
as a function of T,./wi, calculated accurately for several compounds. It clearly
demonstrates that the specific heat jump ratio increases with A.

(2.17)

2.1.4 Model for the superconducting transition

We have used a numerical analysis of the specific heat measurements to extract the
critical temperature, as well as the amplitude of the jump and of the width of the
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transition. The analysis relies on the simple hypothesis that transition broadening
is controlled by a Gaussian distribution of T of the form:

o 1 (Te—To\?
p(Tse) = oo P <—§ (T) > (2.18)

For the specific heat, we can write:

C

C o0
?zjwdupma?mna (2.19)

Where we used a simple expression for %(T, Tsc): a constant y term above Ty, a
jump % at T,. followed by a constant negative slope below T. If both the slope
and the jump are independent of T, then:

C AC
T(TITSC) =Y+0(Tse —T) (T + O('(T_TSC)>

(2.20)

Before calculating the total specific heat, let us recall the definition of the repar-
tition and erf functions:

X 2
o] tren( )
D(x) = % +%erf (%)

The total specific heat can be expressed as:

(2.21)

(0.¢]

M =y+ [ dhepmo) (5 +alr-To)

_ . (AC _ o (T T [T du v
(T)—v—i—(_l_ + (T —Te)) {1 (D( 5 )} ocJ(TTCO)/U\/Z_ﬂUuexp( 2)

_ o 2
0=y vat -t [§ ~dert (T - 0 ( = )

(2.22)

—Hlo Hlo 4o

This expression for $£(T) works perfectly for the zero field transition, where
C

T is independent of T;.. However, under field the broadening of the transition
may originate from a change of slope of H.; (proportional to T, for clean type
IT superconductors). We can expect ATC to be suppressed by field, with a decrease
controlled by H/Hc(T = 0). So AT—C will not be constant within the broadened
transition. More simply, we can assume that the jump will be suppressed like
Tse(H)/Tsc(0). The point is to link Ts(H) and Tsc(0), or more precisely, to get
the Tsc(0) corresponding to a given Ts.(H). Then we could take for a model of



SPECIFIC HEAT

the transition where % is proportional, within the transition, to Tsc(H)/Ts(0). A

simple way to find this relation is to assume a proportionality to the broadening
so that :
o
Tse(H) — Teo(H) = O__O (Tsc(0) — Teo(0))

Toc(0) = Teo(0) + =2 (Tee(H) = Teo(H))

A A Toe/T (2.23)
A0 M) = B )l
T+ 5500

In the last expression, we wrote Ty = Tsc(H) and Tep = Teo(H).

The slope after the transition should similarly depend on Tg.. In high field for
example, where the temperature dependence of % is close to linear down to T =0,
the slope should depend both on Ts. and %. One way to keep some consistency
within the transition is to assume that we have the same entropy balance for all the
curves at different T, at a given field. At low field, where %(T) has no reason to
remain close to linear at low T/Tj, there is no peculiar constraint on this entropy
balance (the linear behaviour of % at temperatures below T is valid only close
enough to T,.). However, for fields closer to H¢,(0), we can expect that this entropy
balance should be more or less close to zero. And we can enforce that :

TSC
J {A—C(TSC) + o(Tge) (T— Tsc)l dT =B Tsc , with  independent of T

0 T
AC Tszc _
T(Tsc) Tse — O‘(TSC)T =B Tsc (2.24)
2 [AC
O((TSC) = T_sc {T(Tsc) - B}

For a perfect entropy balance, 3 = 0.

Inserting equations (2.23) and (2.24) in the first line of equation (2.22), we obtain
a final expression for %(T). It depends linearly on the parameters v, ATC(TC()) and
B (with a value close to zero in high fields), and non linearly on o and T. It has
two additional inputs, determined from the zero field transition: oy and T.((0).

C o0 AC

F0 =y [ dtsep(o) (5T + ol (T- T

C o0 AC 2T T

=(T) :V+J dTsc p(Tsc) (_(Tsc) (__1> + 2/ (1 __)>

T T T Tsc Tsc ( )
C AC * Tsc/Teo 2T 225
—(T)=Y+—(T0)J dTse p(T, )—_(——1)

T T ¢ T 5 5 1+ %AT-SFZO(E)O Tsc

(0.¢]

+2p3 JT dTsc p(Tsc) (1 _Tl)
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Fig. 2.6: Specific heat C/T calculated with the Gaussian model and 3 = 0, oo = o, for three
different sets of parameters.

This last equation is easily numerically resolved in its integral form. To help the
calculation the integrals are cut at 5o instead of co. This gives very good results.

Figure 2.6 shows three different transitions calculated with the model presented
and 3 = 0 and 0y = 0. We can see that when the jump is decreased the residual
term increases, a consequence of entropy balance.

Note that we use formula 2.25 only in a limited range of T around T, to anal-
yse the measurements. The curves are reported on Figure 2.6 down to T = 0 to
visualise the relations between the different parameters when entropy balance is
enforced (3 = 0).

2.1.5 Nuclear specific heat

At very low temperatures the nuclear spin contribution to specific heat Cy can be
detected and in some case becomes non negligible, or even the main contribution.
We will see later, that for UCoGe the contribution from Co is extremely important.

If only the Zeeman contribution is involved, the nuclear contribution can be
evaluated quite easily. Let us suppose a nuclear spin I with 21 + 1 level. At zero
tield these levels are degenerate. When applying a field, the levels are shifted
from each other by an energy gap A which is proportional to the Zeeman energy
so proportional to H. The corresponding free energy is:

2141
F= Z e PAn (2.26)
n=0
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Where 3 = 1/kgT. Knowing:

o

C="Tmn

(2.27)

We determine Cy as:

A2 o= O/T n2e—An/T
Cn =cR (?) ((1 T AR (1o AT (2.28)
Where c is the concentration of ions with the nuclear spin I and R the ideal gas

constant. And also the gap A is expressed in Kelvin. For the high-temperature
regime, a second order development gives:

2
Cx = (?) (2.20)

The gap being proportional to the magnetic field applied H, then A = AygH. We
can then write:

2
Cn(H) = (%) H2 (2.30)

Figure 2.7 shows the molar nuclear specific heat of Ge. The nuclear spin comes
from 73Ge with I = 9/2 and a natural abundance of 7.76%. From ref [24] the gap
is of 1.48 MHz /T, which is equivalent to 7.1 10 K/T. When field is applied the
anomaly is shifted toward higher temperatures as expected, and 1/T? behaviour
is found in the high-temperature region of the anomaly. In practice for our mea-
surements we are always in this "high-temperature" regime even at 15 T at 20
mK.

Figure 2.8 shows the nuclear specific heat of Ge for different temperatures as
a function of H2. We see a H? dependence of Cy(H) in the "high-temperature"
regime (curves at 5 mK and 10 mK).

So in our specific heat measurements, the hyperfine contribution should lead
to an upturn of C/T proportional to 1/T3 and proportional to H? when field is
applied.

In metals the Knight-Shift K has to be taken into account, which is done by
multiplying the field by 1+ K (K is in percent).

More generally, at zero applied field the nuclear spin levels can be non-degenerate
because of the chemical shift or the interaction of the quadrupolar electric moment
with the local electric gradient arising from the nucleus environment in the lattice.
Then an upturn can be seen at zero field in C/T which will also be proportional
to 1/T3 in our temperature range. The chemical shift, crudely speaking, is an ef-
fective hyperfine field seen by the nucleus, which can be treated like an applied
field. The quadrupolar moment requires more elaborate treatment.
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Fig. 2.7: Ge nuclear specific heat calculated as

a function of temperature for different magnetic
fields.

ig. 2.8: Ge nuclear specific heat calculated as
a function of H? at different temperatures.

If the correct and precise nuclear contribution is needed, a complete hyperfine
Hamiltonian has to be used. This hamiltonian is the addition of the Zeeman hamil-
tonian Hz and the quadrupolar hamiltonian H(g, and is defined as:

H =Hz + Hg (231)
— —ynh(1 +K)LH (2.32)
J% ((SIﬁ—I(I—i—H)—i—%n(Ii—i-Iz_)) (2.33)

Where yy is the gyromagnetic ratio of the nucleus, K the Knight-shift tensor, wq
the quadrupole frequency, and n the asymmetric parameter of the Electrical Field
Gradient (EFG). Value of n = 0 is between 0 and 1, the case 1 = 0 corresponds to
an axial symmetry of the nuclear surroundings. This Hamiltonian H is expressed
in a particular coordinate system, namely, the principal axis of the EFG. The z
axis is the direction where the EFG is maximum, and the y axis is the second
maximum direction. The prefactor hwg/6 is equal to:

hwg  €2qQ
6  41(21—1) (234)

Where q is the EFG at the nucleus and Q the nuclear quadrupole moment.

This Hamiltonian J can be numerically diagonalised to determine the different
energy levels E;.

The average energy < E > of the nuclear system is defined as:

dinZ
Eo=e— = .
<E> a0 /kaT) (2.35)
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Where Z is the partition function.
Thus, Cy is calculated by:

d<E>
I I
R i;I 1;1(E% — EiEj)e(Furh)/keT
e (2.37)

i i e*(Ei+F—j)/kBT
i=—Ii=—1I
Where N the number of nuclei and R the ideal gas constant [1]. The parameters of
the hamiltonian 3, especially wq and 7, can be taken from NQR/NMR measure-
ments.

However, in our case, we checked that as soon as the nuclear contributions had

a significant impact on the measurements, only the Zeeman contribution renor-
malised by the chemical shift and the Knight shift mattered.
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2.2 EXPERIMENTAL METHODS

There are many different methods for measuring specific heat, but the principle
remains the same: applying a certain amount of heat and determining the corre-
sponding response of the sample temperature.

In our case there are two main difficulties. First, for low temperature measure-
ments, the choice of the thermometer and materials used for the set-up are crucial
to reduce the addenda and to have an homogenous thermalisation. The second
difficulty is the torque induced by the magnetic field on the magnetic moment of
the sample. This torque can induce a misalignment in field, or even worse, it can
tear off the sample. Therefore, a rigid set-up is preferred when it is possible.

Two different techniques have been used in these studies. The first method is a
"quasi-adiabatic" technique or relaxation method. And the second is ac calorimetry
or ac specific heat.

2.2.1  Quasi-adiabatic technique

The thermal model of the set-up is displayed in Figure 2.9. A heater and ther-

mometer are connected to the sample. The sample is connected to the fridge

through a thermal link with a thermal resistance R (in practice a fine gold wire).

The resistance between the thermometer and the sample Ry, is neglected for the

moment. The equation describing the set-up is simply:
dT (T—To)

C— =P(t)—
at ~ P R

Where P(t) is the time-dependent heat power applied to the sample, T the time-
dependent temperature of the sample and T, the temperature of the fridge. We
consider that there is no thermal gradient in the sample, so its temperature is ho-
mogenous. The best way to avoid these diffusion effects is to have a small sample
with a geometry as close as possible of a thin layer.

We will also assume that the temperature of the fridge is stable, so Ty is constant.

The method is to apply a small heat pulse and to extract the specific heat from
the temperature response of the sample through the equation 2.38.

First, we let the temperature stable during a time to, so T = Tp. Then we apply
a pulse during a time t4. During this time, T evolves as:

(2.38)

ﬂﬂ:R+A(Lw(TN) (2.39)

This equation is obtained from equation 2.38 with P(t) =P, t=RCand A = PR. P
is equal to iR, where 1 is the current sent into the heater resistance R.. After the
pulse at t =ty + tq we let the temperature relaxes. With equation 2.38 and setting
P(t) =0, we determine T(t) after the pulse:

(tg) —( )
Tt) =Ty +A (1 —e 4 ) e_t G (2.40)
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Fig. 2.9: Thermal model of the quasi-adiabatic
set-up.
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Fig. 2.10: Theoretical heat pulse sequence.

With the two equations 2.39 and 2.40 the whole pulse sequence can be fitted; A
and T determined.
To determine C we first need to redefine AQ and AT with our parameters:
AQ B Ptg T B PRty B Aty

AT At ROATTTL T (2.41)

Then C is simply determined as:

c_AQ _Pr_Reir
AT A A

(2.42)

tq
These formula are valid for any ratio —. However, C will be best determined if

tqg << T, as in this case AT is close to T(td) and C depends little on T (adiabatic
limit).

Typically, for the measurements on UTe; we used tq = 0.4 s for T varying from
2 to 10 s. This duration can be adapted, for example the measurements on UCoGe
exhibited a sensitivity to heat diffusion in the sample and the exponential relax-
ation was distorted. By increasing t4 to 3 s for the same amount of heat applied
allowed the sample to thermalise more homogeneously allowing to neglect the
diffusion effects and to recover the single exponential relaxation. The thermal link
to the fridge R has also to be adjusted, so that T is still measurable even at very
low temperatures where C becomes very small.

Something that should not be neglected in practice is the thermal link between
the thermometer and the sample characterised by a thermal resistance Ryy. It
means a second time constant Ty, = RinCy, has to be introduced in the model.
Cin is the thermometer specific heat. The second equation to solve is then:
dTin (T —T)

TS A, (2.43)

Cin
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Solving equation 2.43 with T determined by equation 2.38 we can redefine the two
equations 2.39 and 2.40 as:

Tenlt) =To+A {1 " ((oc_ ”e(;tht())) B (‘Xe_(t;toj)} (2.44)

and,
Tat) =T fo () (12 (9) oo e (5 (1 ()]
(2.45)

With o« = 1/(T — Ttr) in both equations. With these two equations we can fit the
pulse sequence and, as in the ideal case, determine A and T to obtain C.

The most suitable experimental condition is when we can neglect Ry, to recover
the ideal case. This can be done by making the best thermal link possible between
the sample and the thermometer. This point will be discussed later during the
presentation of the experimental set-up.

A final important case is when an additional specific heat contribution exists,
not well coupled to the dominant heat carriers of the sample. This happens typ-
ically with nuclear contribution. The nuclear spin is not coupled directly to the
electrons in the metal, so the heat is not homogeneously distributed between the
two systems. This nuclear specific heat contribution will respond to the heat pulse
with a latency, so a second characteristic time has to be introduced in the model.

We can model this situation as an additional specific heat C,, coupled through
a thermal link with a resistance Ry. It requires to introduce a second characteristic
time T,,. First, equation 2.38 has to be rewritten as:

dr T—-T6 T-T
CE = P(t) = R (2.46)
And C,, is determined by:
Cnﬁ = R (2.47)

We obtain after some algebra, the equivalent of equations 2.44 and 2.45. They are:

—(t—to) —(t—to)
Tin(t) = To + Aq {1 + ((oq —1)e ~th ) — <oqe ™ >]
—(t—to) —(t—to)
+ Ay l] + ((ocz—Ue Tth ) — <ocze w2 >} (2.48)

and,

Tin(t) = To+ Aq {061 €7<H$’7td) (1 — eC‘i)) — (g —1)ef<t72:d> (1 — e7<ﬁ

LA [ocze_(t_tgz_td> (1 _e—(i‘ﬁ) (g —1)e () <1 —e_<Tt31>>}

(2.49)

tq
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_ _T _ _ T _ A1 +AT _
In both of them, o; = E— and oy = E— Also, T, = AT A and T =
Ar1t+Ar

. Figure 2.12 shows several theoretical pulse sequences calculated
(A1/T1)+(Az/12) ) )
with 11 = 1. We can see how the second relaxation time deforms the temperature
response of the thermometer.
To calculate the specific heat C (electronic part), AT is redefined as:

A A
AT =ty (—‘ + —2> (2.50)
T1 T2
Then, C is determined by:
AQ (A1 A\
O R (2422 :
c=29 g (ﬁ ; T) (2.51)

The total specific heat Cyot is equal to C 4 Cn, where Cy is determined by:

AlA, 1T 1\?
Y EALTA- S I (LA .
Cn ((A1 +A2)2> <T1 Tz) 1T (2.52)

This double exponential contribution to the pulses will be evoked again in the
presentation of UCoGe measurements where the large contribution of Co is induc-
ing a double exponentials in the pulse. For UTe; the pulses exhibited clean single
exponential.

al

heater fridge fs:
P(t) 3 R To | 2

g

Rth ~

time

Fig. 2.11: Thermal model of the set-up with

a nuclear contribution to specific heat. '
Fig. 2.12: Theoretical heat pulse sequences

with double exponentials for different param-
eters. Also, Trmeasured = Jth.

In practice how a specific heat measurements is performed? First, we set the
temperature of the fridge to a given value Ty. Once the temperatures of the fridge
and the sample are stabilised, the pulse sequence starts. Then, we obtain a value
of C for the temperature TO’ZA. Then, it is possible to either sweep in temperature
by changing the set point of the fridge, or sweep in field by changing it.
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The last parameter to discuss is the amount of heat applied. The resulting AT
should not be greater than the temperature step during a sweep. Moreover, the
evolution of specific heat has be taken into account. For example, if C has an
anomaly with a strong variation of specific heat (sharp superconducting transi-
tion, first order divergence etc.), AT should not be greater than the width of the
anomaly, otherwise the specific heat obtained is a value averaged over the whole
anomaly.

Typically, the AT realised are of the order 1.5% of T. But at low temperatures,
when the noise increases, AT can be increased up to 4% so the pulse is relatively
larger than the noise. By contrast, in a sharp superconducting transition AT is
decreased down to 0.5% of the temperature.

2.2.2  The set-up

thermal link
to fridge

PEW wires Silver foils

Heater

oot —— A

Fig. 2.14: Schematic view from side of the set-
up in Fig.2.13.

Fig. 2.13: Close picture of the set-up. Colours
of the shades correspond to those in Fig.2.14.

Figure 2.13 shows the set-up, and Figure 2.14 a schematic view of it. The sample
is placed on a silicon plate, same for thermometer (SiP). Silicon appeared as the
best choice at low temperatures. We tried with amorphous SiO; plate instead, but
the heat was not homogeneously distributed below 1 K, so the thermometer was
overheated during the pulses. Furthermore, the specific heat of silicon is rather
small at low temperatures because it is mainly due to phonons with negligible
hyperfine contribution, minimising the addenda of the set-up. The problem of in-
homogeneous heat conduction by ballistic phonons was bypassed by evaporating
a gold layer on the silicon plate. It also improves the thermal link with the sample.

This plate is placed on three vespel needles to minimise thermal links unwanted
with the fridge. The rigidity of the set-up is coming from the four vespel needles
supporting and fastening the plate. Despite their bad thermal conductance, they
may be the main heat leak between 1 K and 7 K.
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The thermometer is a layer of silicon doped with phosphorus (SiP). Since it is
mainly Si, its specific heat contribution to the addenda is small. This thermometer
suffers from a small lack of reproducibility between different cooling of the exper-
iment, so the calibration has to be done after each cooling. It is time consuming,
but the calibration has to be established very carefully. Specific heat is the first
derivative of temperature, therefore the calibration of the thermometer must be
very accurate and the second derivative as smooth as possible to avoid anomalies
in C/T due to wrong calibration.

Our reference thermometers are Ge thermometers placed on the fridge in the
compensated field region. These thermometers are very reliable and reproducible.
The use of these reference thermometers lead to a small relative error, of few per
thousand of the temperature. The absolute error is of order of one percent.

This SiP thermometer is sensitive over a large range of temperatures from 7 K
down to 20 mK, and has a short response time (0.1 s at 10 mK). Furthermore,
the SiP has a large magnetoresistance which requires accurate recalibration under
tields but yields high sensitivity with field and decreasing temperature.

In order to cool down the sample to the lowest temperatures, it is necessary to
have a negligible thermal contact resistance between the sample and the heat link
(R) with the fridge. For insulators or easily oxidised metals like UCoGe, a thin
gold layer (~ 1000A) can be evaporated on the surfaces of the sample.

The thermal link to the fridge (R) is a gold wire welded by ball bonding on a
silver foil. This wire is adapted (length and radius) to have a reasonable T, meaning
small enough so the measurements are fast, and long enough so the exponential
relaxation is measurable. Typically, we seek a T around 5 s, or at least 1 s when we
cannot do better. The difficulty is to keep a reasonable T in the whole temperature
range. In the case where the thermal resistance Ry}, is negligible, R goes like 1/T.
Depending of the temperature dependence of the specific heat of the sample, it
can be necessary to use two different heat leaks to cover the whole temperature
range required for the measurements. It means two different experiments have to
be run.

The silver foil is glued on the sample with a very small amount of silver paste
and pressed by a vespel needle on the sample. This needle is maintained by a
CuBe spring.

The heater is a chrome meander evaporated on a plate of silicon. It is glued on
a silver foil that is itself glued on the sample with GE varnish. Chrome meanders
are sensitive to electrostatic discharge, but they are very convenient: R; remains
constant below 7 K, of the order of 10 kQ, which is 100 times larger than the
resistance of the wires connected to the heater, so we are sure the power is mainly
dissipated by Rc.
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Fig. 2.15: Pictures of the set-up showing the piezoelectric rotator and goniometer.

The SiP and heater are connected with PtW wires. The resistivity of these wires
is large enough so that heat is not transported by these wires (or a negligible part
of it in comparison with the thermal link R). The parallel resistance of all wires is
larger than 10 Q.

The silver framework supporting the set-up is fixed on a piezoelectric rotator,
allowing a 360° rotation (see Figure 2.15). In practice, we cannot do more than a
110° rotation due to the finite length of the wires, and the silver foil thermalis-
ing the set-up on the fridge. This is enough to align the sample in field, and to
change the axis on the crystal by doing a 90° rotation. This rotator is fixed to a
silver piece, itself screwed on a goniometer allowing a rotation of £3° in the plane
perpendicular to the rotator. This goniometer is used to fine-tune the alignment
in field.

2.2.3 ac calorimetry

The ac calorimetry is based on the same schematic set-up as the quasi-adiabatic
method, a sample connected to a thermometer and a heater, and the whole con-
nected to the fridge by a thermal link R (Figure 2.9). But in this ac calorimetry
case, P(t) is modulated in time. So, the sample temperature T(t) will oscillate in
response to P(t). The specific heat of the sample dampens the oscillation of T(t)
and shifts the phase compared to the oscillation of P(t). Mathematically, we start
with the same equation:

dT (T—To)

CE =P(t)— — (2.53)
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If we impose a current I(t) = Ixccos(wt) the corresponding power is equal to:
P(t) = Re(Iaccos(wt))? = Pac(1 + cos(2wt)) (2.54)

Equation 2.53 can now be solved, and the alternative part of the sample tempera-
ture is:

Pac

K+ 2iwC (2.55)

Tac =

where k = 1/R the thermal conductivity of the thermal link. With the alternative
part of T, C can be determined without knowing «. First, the amplitude [Tac| and
the phase ¢ of Tac have to be determined:

Pac

Tac| = ——A2C
’ AC| vV K2 + 4(U2C2 (2 56)
2wC '
¢ = —arctan(wT)

From these two equations we see that the specific heat of the sample, as indicated
above, leads to a damping of the oscillation and a shift of the phase. Finally, C is
determined by equation:

Paclsin(¢)|

C p—
ITacl2w

(2.57)
ac specific heat measurements have many advantages, especially the good signal-
to-noise ratio due to the use of lock-in amplifier. A major advantage for high-field
measurements is the speed. Specific heat is measured almost continuously, so the
field or temperature can be swept continuously without steps like for the "quasi-
adiabatic" method. The ac calorimetry also makes it possible to scan the specific
heat in frequency, which is impossible with all other techniques.

AN w>>T,' Ty << W << Ty w <<y
Pac
EEavavEAVAVEAVAV

time >

Fig. 2.16: Schema of the imposed oscillation (Pq.) and the temperature response of the
sample (Tqc) for three different frequency regimes.

The equations determined above apply to the ideal case. Like the "quasi-adiabatic"
method, a decoupling with the thermometer can be introduced. The effects will
be seen in the amplitude and on the phase of the oscillation.

The effects on the oscillations can be understood without calculations. Let us
tirst neglect a possible second contribution that is not well coupled. If the oscilla-
tion frequency is w >> 1/1y,, the oscillation is too fast and will not be measured.
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If w << 1/7 the oscillation is too slow and all the heat is directly sent to the fridge.
In this case, the specific heat is not measured:

P
Tacl= "% (2.58)

¢=0 (2.59)

For a good measurement 1/t >> w >> 1/1y,. Figure 2.16 shows a scheme that
summarises this three regimes.

These ac specific heat measurements have been performed in collaboration with
Christophe Marcenat (CEA) and Thierry Klein (CNRS, Néel Institut), with their
set-up.

In practice, a small resistive chip (Cernox thermometer) is cut in half, one side
used as the heater and the other as the thermometer. Everything is attached to a
copper ring (of ~ T cm of diameter) with PtW wires that are used to measure the
resistance and apply current to the heater. Due to the size of the set-up, only very
small samples can be measured (in the pg range).

There is one disadvantage with this set-up: it is not completely rigid. Therefore,
the torque under magnetic field, especially at high fields (30 T), can be a problem
for alignment. Nevertheless, we did not observe any movement of the sample in
our high-field measurements on UTe;.

copper
wires

Fig. 2.18: Schematic view from the top of the
Fig. 2.17: Close picture of the set-up for ac spe-  set-up in Fig.2.17.
cific heat.
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Fig. 2.19: Thermal model of the ac specific heat set-up with a decoupling of the sample.

One issue that needs to be carefully addressed is the possible decoupling of
the sample, which is what happened during the first high-field measurements
campaign. To understand the effect on the measurements, let us determine T, for
the experimental set-up. The schematic thermal model of the set-up is shown in
Figure 2.19, where Cgqq corresponds to the specific heat of the chip (the addenda).
The equations describing the temperature response of the set-up are:

dT
Ca = ktn(Taga —T) (2.60)
daT,
Caaa didd = P(t) + ken(T — Taaa) + k(To — Taaa) (2.61)

Here ki, = Rl—h and k = %. In this model the possible internal decoupling of the
heater and thermometer in the chip is neglected. In practice, frequency tests have
been done to verify that the internal coupling was good.

After some algebra, the oscillating part of the chip temperature Taoc can be
written as follows:

Pac

Tac — 6

AC 1w(Cqrgq + xC) + k + kin (1 — ) (2.62)
And from this equation are derived:
Pac

ITacl = 2.6

Ac vV (k+ k(1 —a))? + w?(Cuaq + xC)? (2.65)
w(Cqqq + «C)
= —arct .

b arc an(k—i—kth(]—oc) (2.64)
In all these equations, & = m, where wy, = ktTh (equivalent to 1/7). This

o parametrises the decoupling of the sample. If « = 1, the sample is perfectly
coupled and the ideal case is recovered.

In practice, this « can depend on the temperature, and the sample can be decou-
pled when temperature decreases. As a consequence, only a fraction of the sample
specific heat is measured, thus the total specific heat measured is drastically de-
creasing.
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To detect possible decoupling, frequency tests must be performed. Indeed, when
w becomes much smaller than wy;, the ideal case is recovered and the whole spe-
cific heat (C + Cgqq) is measured.

If the sample is decoupled, the frequency can be decreased to recover a correct
measurement of the total specific heat. However, the frequency cannot be reduced
too much because of the 1/f noise. In our specific heat measurement on UTe;, the
frequency has been reduced to 4 Hz. Figure 2.20 shows three ac specific heat mea-
surements done on UTe; that illustrate the loss of signal with increasing frequency
when the sample is decoupled. At 32 Hz, the superconducting transition at 600
mK is no longer detected .

—— 8 Hz
16 Hz ]

05 10 15

Fig. 2.20: Specific heat measurements done on Ule, with three different frequencies. The sample is
decoupled when temperature decreases below 1 K. With increasing frequency a part of the signal is
lost.
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Tsc (K) ATsec (mK) AC/C mass (mg)
#1 1.469 22 1.2 12.3
#2 1.849 20 1.88 5.6
#3 1.847 33 1.51 1271073
LAP97 | 1.975 97 2.1 6.8

Table 3.1: The table summarises the main properties of the three samples, their T, widths of the
transition ATsc, relative jumps at Ts. AC/C and masses.

Two samples from different growths were mainly measured, one with a Tsc =
1.43 K at zero field (sample #1), and one with Tsc = 1.849 K at zero field (sample
#2). All sample studied were grown in the laboratory with the same source of
depleted Uranium. They were measured by quasi adiabatic technique in a home
made dilution fridge down to 50 mK when possible, and in a superconducting
magnet up to 15 T. A third sample (#3) of 12.7 ug from the same growth as sample
#2 with a Tsc = 1.847 K was used for the high fields measurements with the ac
calorimetry technique. Table 3.1 shows the properties of the different samples. The
high fields measurements were done at LNCMI in Grenoble in resistive coils up to
36 T (permanent field). Below 18.5 T, the ac specific heat measurements on sample
#3 were done in superconducting coils with a larger radius than the resistive coils.
It allowed to add a piezoelectric rotator to align the sample in the field, but also
to measure with different angles in the (b,c) plane.

3.1 NORMAL PHASE

Before discussing the superconducting phase, let us focus on the normal phase.
As explained previously, one purpose of the measurements was to determine pre-
cisely vy to link its variation with field to the variation of the superconducting
strong-coupling constant A. In general, heavy fermions compounds, far away from
quantum criticality, behave like classical Fermi liquids at low temperatures. So one
could expect C/T to behave like v + RT? in UTe,. However, C/T does not exhibit
a linear behaviour when plotted as a function of T? as shown in Figure 3.1(a). We
could imagine this coming from non analytic corrections to the electronic specific
heat, but when H is applied along the b axis, the slope slightly increases, and
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C/T (JK~%mol™})

= H|b15T

T R ool e e
10 20 30 0.5 1.0 1.5 2.0

T? (K?) T (K)

Fig. 3.1: Temperature dependence of C/T (sample #1) for fields applied along the three crystallo-
graphic directions. (a) C/T as a function of T2, measured on sample #1: no linear behaviour is
seen. At 15 T for H||a, the temperature dependence is drastically suppressed compared to mea-
surements at 0 T. whereas it is slightly larger for H||b, The doted line is the sum of a constant
Sommerfeld term and a phonon contribution estimated from a Debye temperature deduced from
high-temperature measurements Ref. (b) Same data for H||b on sample #2: the anomalous magnetic
contribution seems more pronounced than for sample #1. (c) C/T at low temperatures at 15 T along
the three axis measured on sample #1. The superconducting transition at 0.5 K remains visible for
H|/b.

when applied along the a axis the slope drastically decreases. This is shown in
Figure 3.1(a) and (b). This would mean that (3 term is field dependant. However,
the phonon are not so easily influenced by magnetic fields. Thus, there is an addi-
tional contribution to the specific heat which is influenced by field.

This additional contribution can be attributed to an anomaly seen around T* ~12 K
in high-temperature specific heat measurements [138]. C/T Measurements were
done in the laboratory on a different sample from 1 K up to 300 K using a com-
mercial instrument (Physical Properties Measurement System). By fitting above
30 K with a simple Debye law (the integral form seen in section 2.1.1 , see Fig-
ure 3.2), one can extract a Debye temperature of Ty = 185 K and subtract the
corresponding phonon contribution to the specific heat. The remaining specific
heat exhibits a significant anomaly around T* ~ 12 K, which moves toward high
temperatures when a field is applied along the a axis (Figure 3.3). This explains
the drastic decrease of the slope for H||a seen in Figure 3.1(a). We can also calculate
from Tg the corresponding 3 and then determine y by setting its value as the value
of C/T just above the superconducting transition. It is shown by the dotted black
line in Figure 3.1(a) with y = 0.133 JK?mol~" and B = 0.3 mJK *mol~". It clearly
shows that the phonon contribution is small between T and 6 K, supporting the
existence of a large additional contribution to C/T arising from the anomaly at T*.
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Fig. 3.2: C/T at zero field and the Debye fit (or-
ange line) done above 30 K giving Tp = 185 K.
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ure 3.2.

Fig. 3.3: C/T obtained by removing the phonon
specific heat determined by the Debye fit in Fig-
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Fig. 3.4: Temperature dependence of o in 0 and 10 T applied fields along the three directions.
From ref [138].

This anomaly has been seen with thermal expansion as a minimum of « as
shown in Figure 3.4 [138]. Similarly, it shifts towards high temperatures when H
is applied along the a axis. In addition, when H is applied along b axis, the mini-
mum shifts towards low temperatures. This shift is less pronounced than the one
for Hjja, explaining why it is unseen at 9 T in the high-temperature specific heat
measurements, and we only see a slight increase of the slope at 15 T in Figure 3.1(a)
and (b). Regarding this anomaly, a maximum of 1/T, in NMR measurements oc-
curs in the same temperature range as T* [136]. It is evidenced in Figure 3.5. And
a change in the magnetic fluctuations is also detected in the neutron scattering
measurements [73] as shown in Figure 3.5. It suggests a magnetic origin for the
anomaly at T*.
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Fig. 3.5: (a) Temperature dependence of 1/T,T in small fields from ref [136]. (b) Temperature
dependence of the relaxation rate I'(kq) extracted from the neutron diffraction spectra from NMR
measurements in ref [73]. The change of behaviour is denoted by T;.

However, a study based on DMFT calculation claims that crystal-field splitting
of the 5f2 configuration yields to a Schottky-like anomaly in agreement with di-
verse measurements [68]. But it is not clear how field could influence such a mech-
anism and lead to the behaviour found in the specific heat and thermal expansion
measurements under field.

3.1.1  C/T field dependence in the normal phase

0 5 10 15 0 10 20 30
poH (T) poH (T)

Fig. 3.6: C/T normalized at H = 0 T as Fig. 3.7: Field sweep H|a at 700 mK on
function of H at 1.8 K on sample #2. Lines sample #3 with the three anomalies in the
are guide to the eyes. normal phase indicated.

Since there is no simple behaviour of the temperature dependence of C/T, y can
not be extracted unambiguously. Nevertheless, below 2 K, C/T seems to remain
roughly constant for fields along ¢ and b axis (see Figure 3.1(c)), at least down
to 0.5 K far from the upturn at low temperatures. So the values at 1.8 K can be
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considered as a reasonable estimation of the electronic specific heat. For H||a, the
behaviour at low temperatures is unusual, but this might come from the proximity
to Lifshitz transitions that will be discussed below. Figure 3.6 shows C/T at 1.8 K
as a function of field for the three directions.

For field applied along the b axis, C/T(1.8 K) increases monotonically from
0 T to 15 T, which might be the sign of an increase of the coupling constant.
This increase is in agreement with the magnetisation measurements that show an
increase of y determined through the Maxwell relations, up to the metamagnetic
transition[99, 100]. The resistivity measurements also show an increase of the A
coefficient of the inelastic contribution, expected to be proportional to (m*)? [71,
741.

For field applied along the two other directions, the behaviour of C/T is rather
puzzling. For H|la, C/T exhibits a peak below 1 T followed by a minimum at 4.5 T
and another maximum at 9 T. Actually, the origin of the peak at low field (< 1 T)
is unknown.

The two anomalies occurring at 4.5 T and 9 T coincide with anomalies seen in
thermoelectric power and Hall effect measurements attributed to Lifshitz transi-
tions [104].
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Fig. 3.8: Field sweeps H||a done on sample  Fig. 3.9: Phase diagram obtained with the
#3. Curves have been shift of 1 nJ/K? from field sweeps H||a. The dash-dotted lines cor-
each other for clarity. respond to the phase diagram from [104].

This minimum followed by a maximum is also seen in the field sweeps per-
formed on sample #3 with ac calorimetry up to 31 T. A change of slope is also
visible at field around 24 T. Figure 3.7 shows the field sweep performed at 700 mK
and the three anomalies denoted H;, H, and Hj3; the minimum, the maximum
and the change of slope respectively. Figure 3.8 shows all the field sweeps per-
formed. If we plot the temperature dependence of the three anomalies we obtain
the phase diagram shown in Figure 3.9, where the dash-dotted lines correspond
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to the phase diagram obtained by the thermoelectric power measurements in ref
[104]. The two phase diagrams are similar and the quantitative differences for H;
and H3 might come from a misalignment of the sample in our C/T measurements.
This strong similarity leads to conclude that the anomalies seen in C/T H||a are
Lifshitz transitions, the same seen in the thermoelectric power measurements.

To conclude, C/T(H) H|ja is unreliable to discuss the field dependence of the
coupling strength on this axis due to all these anomalies parasitising C/T(H).

For field along c axis, a strong peak at 1.5 T is visible. Its origin is unknown
like for H||a, but it makes C/T(H) for H||c also unreliable to discuss the coupling
strength field dependence.

All these results lead to the conclusion that C/T(H) is unreliable to discuss the
coupling strength dependence with field. Only C/T(H) for H||b seems to be not
too much influenced by parasitic contributions, and might be related to m*.

3.1.2  Low temperatures upturn

As seen in Figure 3.10 all samples exhibit an upturn at low temperatures of C/T,
below 100 mK, and the residual term of C/T. These are sample dependent and are
seen at 0 T and reported in many different studies [16, 70, 89]. Their origins are
still unclear and under debate. However, we can estimate the nuclear contribution
for the upturn.
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Fig. 3.11: C/T with a logarithmic scale of
same samples as in Figure 3.10. The red lines
correspond to the hyperfine contribution due
to 235U chemical shift for a concentration
of 0.1%(plain line) and 0.3% (dashed line).
The plain magenta line correspond to 23U
quadrupolar moment contribution with the
same parameters as in USb, [65].

Fig. 3.10: C/T at zero field for samples #1
and #2. LAP97 is a sample made by molten
salt flux technique with Tsc ~ 2 K.
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Figure 3.11 shows C/T for different samples with a log-log scale. The first im-
portant remark, the upturn in C/T does not follow a 1/T3 dependence as expected
for a nuclear Schottky anomaly in this temperature range. Most of studies claim-
ing a nuclear origin for this upturn are restricted to temperatures above 100 mK,
so only a small part of the upturn is visible. However, for studies that go below
100 mK the upturn does not have a 1/T3 behaviour. One study claims a divergent
behaviour as 1/T'/3 [89]. Our specific heat measurements are close to a divergence
with a 1/T behaviour, but it has no direct physical meaning.

Regarding the possible nuclear contribution, the upturn seen at 0 T invalidates
a contribution of Te since it has no quadrupolar moment. A possibility is the
quadrupolar contribution from U?¥ [52, 65]. The asymmetric factor of electric
tield gradient (EFG) tensor and its maximal component are needed to have an
exact calculation of this contribution (see section 2.1.5). Those are unknown for
UTe;,, and would require theoretical calculations. Neglecting n value like in USb,
[65], as done in ref [120], we can roughly determine the quadrupolar contribution
to specific heat. The contribution is depicted as the purple line in Figure 3.11, and
it corresponds to a concentration of 0.1% of U%3, which is the smallest possible in
depleted Uranium (our samples are all made from depleted Uranium). It is clearly
too large compared to the measured C/T. This means the maximum component
of the EFG is much lower in UTe; than in USb;.

A second contribution from U?® is expected and was never discussed in other
studies on UTe,. A chemical shift is induced by the 5f shell of U?%, leading to a
hyperfine field on the nucleus. This phenomena has been studied on other Ura-
nium compounds by EPR [83], NMR [52, 53], Mossbauer spectroscopy [117] or
specific heat measurements [118]. Typically the hyperfine field due to the chemi-
cal shift has a value around 300 T on the nucleus. The gap between levels of the
nuclear spin determined by EPR measurements has a value of 14 mK, and the
resonance frequency in NMR measurements of 0.76 MHz/T. These correspond to
a hyperfine field of 396 T. The corresponding specific heat contribution is depicted
in Figure 3.11 as a red line for 0.1% of U%3 and by a dashed red line for 0.3%. For
the smallest concentration of U?* it could match to the upturn at zero field.

To conclude on the nuclear contributions, U?** could lead to an upturn below
100 mK. What is surprising is to have such a small upturn considering the ex-
pected quadrupolar and the chemical shift contributions. The most plausible ori-
gin is an addition of contributions from nuclear quadrupole moment and chemical
shift of U%%, and from defects in samples.

Samples with higher T,. have less upturn and also a lower residual term [23,
115]. Theoretical calculations support the fact that defects could induce a residual
term at low temperatures [97]. The amount of residual term would be correlated
to Tsc, which is also an experimental fact, as seen in Figure 3.10.

A study claimed that the residual term comes from the freezing of magnetic
clusters [129]. It relied on muon spectroscopy showing the presence of fast and
slow relaxation rates pointing an homogenous spin freezing in a fraction of the
sample, in magnetic clusters. The fraction of the magnetic clusters in different
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Fig. 3.12: The entropy S(T) at zero field of samples #2 and #3 determined by integration of C/T.
Dashed lines correspond to the electronic entropy (yT).

samples have been shown to be proportional to their residual term in specific heat.
Thus, it supports the idea that defects in UTe;, which are most likely different
crystal phases, generate the residual term.

It is also worth to note that most of our measurements were done on samples
#2 and #3 from the same batch and that the entropy balance is perfectly satisfied
at Tsc on sample #2, as shown in Figure 3.12. Which mean impurities that might
be present have a negligible contribution to specific heat.
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3.2 THE SUPERCONDUCTING TRANSITION

One striking property of UTe; is the sharpness of the superconducting transitions,
the width being as small as 20 mK for the best sample we measured (sample #2,
see table 3.1).

However, it was claimed for a time that there were two transitions at zero field,
as shown in Figure 3.13, and for samples exhibiting only one transition, these
two transitions were degenerate [48]. This claim was first published with Polar
Kerr effect measurements detecting a Time Reversal Symmetry Breaking (TRSB).
Figure 3.13 shows the Kerr angle for two different runs in which the sample is
warmed up past T after being cooled in an applied field. The finite value of the
Kerr angle indicates a TRSB.
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Fig. 3.13: Left panel: Kerr angle for two different sweeps in which the sample is warmed up past
Tc after being cooled in an applied field. For a positive (negative) applied field of +25 G (=25 G), a
positive (negative) Kerr signal emerges at T and saturates around 400 nrad.

Right panel: Specific heat superconducting double transitions at zero field measured on different
samples.

All from ref [48]

For a TRSB to occur, the superconducting order parameter needs to have two
components (p + ip). UTe; has the point group (D,y) which has only single com-
ponent representations. Because of the strong spin-orbit coupling in UTe;, the
only way to obtain a two components order parameter is to add two single com-
ponent representations. According to the trainability of the TRSB seen along the
c axis, there are two possibilities: B3, + iBj, or Ay + iByy,. Just after this study, a
theoretical one supported by DFT calculations claimed that the only possibility is
B3, + 1By [126].

Such a multicomponent order parameter as B3, + iB,,, state imposes double su-
perconducting transitions at zero field. The first one to transition from the normal
to the superconducting B3, state, and the second one which breaks time rever-
sal symmetry to transition into the B3, + iBy, state. The corresponding schematic
H-T phase diagram for H|/b is presented in Figure 3.14. This scenario could also
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Fig. 3.14: Schematic phase diagram H||b for
the B3y + iBoy, state scenario at ambient
pressure. From ref [126]

Fig. 3.15: Schematic phase diagram H||b at
pressure above p. (pc: pressure at which
SC2 emerges), for the B3, + iB2y, state sce-
nario. From ref [126]

explain the behaviour of the superconducting phase under pressure. As explained
in the introduction (see section 1.3.3) a second superconducting phase (SC2) ap-
pears when pressure is applied (see Figure 3.16). In the scenario claimed in ref
[126], pressure favours By, state which would correspond to the SC2 phase seen
under pressure. Figures 3.15 shows H-T phase diagram for H||b at pressure below
the one at which the SC2 phase emerges [126].

The B3, + iBy, state is chiral (see section 1.1.2) with the chiral axis parallel
to ¢ axis. However, STM measurements claimed detection of chiral state, with
the chiral axis parallel to a axis [62]. This discrepancy is a problem. These STM
measurements and the conclusion drawn from Polar Kerr effect measurements
were highly discussed for a time, especially for existence of the double transitions
in specific heat.

But, today it is clear that the double transitions are just due to the inhomogene-
ity of the samples and are not intrinsic to UTe,. It was nicely demonstrated by
specific heat measurements under pressure [135]. According to the scenario of the
B3y + iB2y explained before, a transition line should be visible in the P-T phase
diagram when the pure By, state is favoured. This hypothetical transition line is
denoted by a "?" and depicted by a dashed line in Figure 3.16. The study in ref
[135] showed that this line does not exist in high quality samples.

Another simple experiment to do is to cut a sample showing a double transi-
tion at zero field into pieces, and to measure the pieces individually. The result
is shown in Figure 3.17 from [6], the double transitions disappear on the small
pieces, exhibiting a sharp single transition proving the extrinsic origin of the dou-
ble transitions.

However, it leaves open the question on the origin of the breaking of time re-
versal symmetry seen in the polar Kerr effect signal and also on the possibility
of a chiral superconducting state. Diverse measurements have been performed to
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explore the gap symmetry, and some of them claim chiral superconducting state
(see section 1.3.2). But actually there is no consensus. It is worth remembering
the muon spectroscopy measurements showing a freezing of magnetic clusters. It
might be an explanation of the TRSB signal seen in the polar Kerr effect, knowing
these measurements have been performed on the first generation of samples with
a relativity bad homogeneity.

All the sample we measured exhibit a sharp and single transition at zero field,
indicating the high quality and homogeneity of the samples, see table 3.1 for their
respective widths. The ratio of the jump AC over yTsc are above the BCS value
of 1.43 for the sample #2 and #3, indicating a strong-coupling superconducting
regime (y is approximated by the value of C/T just above the superconducting
transition). For the sample #1 the ratio is equal to 1.2, however, there is a large
residual term (yo = 0.087 JK2mol~') at low temperatures so the jump is artifi-
cially smaller than what it could be with less residual term as in samples #2 and
#3. The superconducting transition remains sharp enough when field is applied
along the three axes so it can be easily followed, and fitted by the Gaussian model
presented in chapter 2.1.4, to determine the phase diagram.
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3.3 THE CRITICAL FIELD H.; IN THE LOW FIELDS REGION (H <
15T)

The sharp transition seen at zero field can be followed when field is applied: its
width remains small and its jump large enough to detect it easily up to 15 T for
H|/b, and lower fields for H|ja and H||c. With such a sharp transition the alignment
H||b was easy to realise, then a rotation of 90° was enough to rotate toward c or a
axis depending how the sample is mounted on the setup. And the alignment was
perfected for both axes.
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Fig. 3.19: Field sweeps perform below
400 mK along the a axis on sample #2, in
a field range to detect the superconducting
transition.

Fig. 3.18: Specific heat superconducting
transitions for different values of the field ap-
plied along the b axis on sample #2.

Figure 3.18 shows several specific heat transitions for different fields H||b on
sample #2. It demonstrates how sharp the transition remains under field, even
at 15 T. For the whole data on sample #2 including directions H||a and H||c see
Appendix A.1. At low temperatures we also performed field sweeps for Hjja to
complete the phase diagram down to 100 mK. The field sweeps are shown in
Figure 3.19. With the model of a Gaussian distribution of T (or a distribution of
fields for the field sweeps) presented in chapter 2.1.4, we can extract the Ts. and
determine the H, along the three axes. The phase diagram obtained is shown in
Figure 3.20.

All the previous determinations of H.; had been obtained from transport mea-
surements. They presented an anisotropy: HZ, > HS, > H%,. Thermodynamics
measurements reveal a different anisotropy near Ts.. From our measurements we
derive a slope of H near Ts. of the same order of magnitude for H|ja and H||b:
—20 T/K and —34 T/K respectively. The slope of H2, at T is displayed by the
dotted black line in Figure 3.20. The slope at Tsc of HZ, is much larger than the one
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Fig. 3.20: Hc, along the three directions determined on sample #2. Plain lines correspond to
calculated H¢ with N varying. The dotted black line is the slope at Tsc of HZ,. Inset: a zoom at
low fields on HE,.

obtained in several resistivity measurements around —5 or —6 T/K [16, 113]. For
HP,, the slope at Ts. determined by specific heat is also stronger but of the same
order than the one determined with resistivity measurements (—25 T/K). The
slopes of H2, and HP, are well above that of HS, of —7.5 T/K. Thus the anisotropy
of H¢, determined from our specific heat measurements is different from the one
determined by transport measurements, and is, near TSC:HE2 > Hg, > Hg,.

Away from the region near Ts. we recover the same anisotropy as found with
resistivity measurements. This is possible thanks to a strong negative curvature
of H%, at very low fields below 200 mT, H?, and Hf, end up crossing each other
around 1 T. In the inset of Figure 3.20, the slope at Ts. is drawn for H||a contrasting
with the much smaller slope observed for temperatures a few percent below T,
(for tield above 100 mT).

Figure 3.21 present very low-field measurements of H2, on different samples. To
deal with the remanent field of the superconducting coil and measure precisely at
low fields we performed measurements with negative fields to determine at what
tield T is maximum. It corresponds to the zero field seen by the sample, so to the
inverse of the remanent field. Then H,, just need to be shifted by this remanent

field. All the H2, of the different samples exhibit a strong curvature at low fields.

Moreover previous specific heat measurements done by Kittaka et al. [70] showed
also a strong curvature. The H; are shown in Figure 3.22. But this feature is not
discussed in this study, and it lacks points at low fields to determine correctly the
slope at Ts.
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Fig. 3.21: On the left, H?, for different sample (sample #5  measurements in ref [70]. The
comes from a batch with a Tsc of 1.83 K). On the right, ~ dashed lines correspond to the

zooms on the low fields part for each sample. slopes at T.

More recently, measurements on samples grown with the molten salt technique
with a Ts. around 2 K also show the same strong curvature of H?, [57]. So we can
safely conclude that all these results confirm that the strong curvature of H2, is
intrinsic to UTe; and not sample dependent.

The large slope at T along the a axis compares very well with the lower critical
tield Hcq: this will be discuss later in chapter 4.1. At first sight, the strong curvature
evokes a strong paramagnetic limitation along the a axis. This would contradict
the common belief that UTe; is a p-wave superconductor with a d-vector perpen-
dicular to a axis. This would also contradicts the NMR measurements showing no
Knight-shift along the a axis [35]. Furthermore, the paramagnetic limit needed to
reproduce the curvature is unreasonable. A gyromagnetic factor g equals to 6.5 is
needed in the strong-coupling regime, which is well above the free electrons value
of 2.

Another possibility is a decrease of the superconducting coupling constant A
when H is applied along the a axis. This would lead to a decrease of H., and
be coherent with the scenario where ferromagnetic fluctuations give rise to su-
perconductivity. The precise analysis of H?, will be presented in the next chapter
4.3.

To conclude on the low fields part of the phase diagram, at first sight H, along
the b axis and ¢ axis seems to have an usual behaviour. But a more detailed
analysis (chapter 4.3) will show, even on these axes, the temperature dependence
of H, is also anomalous, pointing to a superconducting coupling varying with
tield.
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3.4 HIGH-FIELD MEASUREMENTS (H > 15 T), H|/b

All the specific heat measurements above 15 T were performed on the sample #3
of 12.7 ug by ac calorimetry. From 15 T up to 18.5 T the measurements were done
in a superconducting magnet with a rotator allowing to align accurately H||b and
to rotate in the (b,c) plane. Above 18.5 T up to 36 T, the measurements were done
in a resistive magnet allowing to measure in a continuous field.

3.4.1

A second superconducting phase
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Fig. 3.24: Temperature sweeps for H||b up to
35.5 T above the metamagnetic transition, to
follow the HF transition. Measured on sample
#3.

Fig. 3.23: C/T for fields H||b where the HF
transition emerges (broad anomaly between 0.8
Kand 1 K). Measured on sample #3.

The surprise of these measurements has been the emergence of a second very
broad anomaly above 15 T (350 mK width at 18 T). This specific heat anomaly is
shown in Figure 3.23, and corresponds to superconductivity in the high-field re-
gion. This has been proved by resistivity and thermal expansion measurements, on
the same crystal where sample #3 is cut from [116]. We were expecting a supercon-
ducting transition at these fields according to resistivity measurements. However,
we did not anticipate such a drastic change of shape of the superconducting tran-
sition. And the existence of a transition line separating the low-field phase from
the high field-reinforced phase was an open question.

Above 17 T, this second transition is well detached from the sharp supercon-
ducting transition, and can be followed up to the metamagnetic transition at
Hm = 34.75 T (see section 3.5). This broad transition abruptly disappears above
Hy, as shown in Figure 3.24 showing C/T(T) at different fields. Above H,;, in ad-
dition to the disappearance of the anomaly, C/T strongly drop (see curve at 35.5 T
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in Fig. 3.24). Hy, is seen in field sweeps measurements and will be presented after
in section 3.5. The critical temperature of this broad anomaly is increasing with
tield, except very close to H;,, (H>30 T) where the transition shifts slightly to lower
temperatures. This may be due to a slight misalignment of the sample in the high-
field experiments or to the torque at the highest fields inducing a misalignment,
but it could also be intrinsic.

The complete phase diagrams for H||b is shown in Figure 3.25. Since sample #2
has roughly the same T as #3 at zero field, we can use its H.; below 15 T rescaled
by the T at zero field to complete the phase diagram. The phase diagram shows
clearly two superconducting phases, one at Low Field (LF) determined by the
sharp transition followed from 0 T, and a second one at High Field (HF) deter-
mined by the broad transition emerging at 15 T up to H,, where superconductiv-
ity is abruptly suppressed. The H,; points between 15 T and 17 T, where the two
transitions merge, are hard to determine for the HF phase. To do so, the jump of
the HF transition is fixed since it is roughly constant in field (see after Figure 3.26)
below 20 T, to guide the fit and extract a Ts. and width for the HF transitions with
the same criteria than at higher fields. These points are indicated by empty crosses
in Figure 3.25.
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Fig. 3.25: Phase diagram H||b. The squares correspond to the sharp LF transitions. The crosses
correspond to the broad HF transitions. The empty crosses are the points determined by fixing the
width of the HF transition. The diamonds correspond to Hy,. The different colours of the points
distinguish the two samples used to establish the phase diagram.

H,; for fields around 15 T raises a first question concerning thermodynamics.
The two H,; of the LF and HF phase join at 15 T. However, thermodynamics im-
poses conditions on the slope of transition lines at a multicritical point. Theoretical
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studies have discussed these conditions for 3He [80] and UPt3 [142]. Generally, a
second order transition line cannot end on another one, the two lines have to cross
each other. For UTe,, in our experiment despite intense measurements we do not
see a fourth line prolonging the H., of the HF phase into the LF phase. This might
be due to a lack of resolution, the transition becoming too broad and small to be
detected below the LF transition. Or the H., of the HF phase could be tangentially
touching the H,, of the LF phase and the lack of resolution near 15 T with the HF
transition merging with the LF one, makes it impossible to see it.

A last possibility could be the transition from LF to HF phase is first order,
as suspected also for a similar case in CeRh;As; [67]. So other thermodynamic
probes with better resolution in the 15 T region are needed to settle this problem.
The new generation of samples with a Ts. of 2 K could be a solution if the HF
transition is sharper.
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Fig. 3.26: (a) The jump (AC/T) at Tsc of the LF (squares) and HF (crosses) transitions as a
function of field.
(b) The widths (AT) of the LF (squares) and HF (crosses) transitions as a function of field.

The Gaussian analysis of the temperature dependence of C/T allows also to
deconvolute broadening effects and to determine the jump AC/T at T, and the
width of the transition as a function of magnetic field (see chapter 2.1.4 for the
model). They are shown in Fig 3.26. The specific heat jump of the LF transition
decreases monotonously with field up to 15 T, as expected for a superconducting
transition. When the HF transition appears above 15 T, the jump of the LF super-
conducting transition displays a marked drop seen also in the raw data presented
in Appendix A.2. Essentially, it goes down to the same level as the HF transition,
which remains roughly constant up to H;, with maybe a very slight increase. As
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expected, the emergence of the HF transition goes along with a redistribution of
entropy between the two phases, explaining the sudden drop of AC/T of the LF
transition around 15 T.

The behaviour of the width AT of the transitions is even more odd. For the LF
transition, AT increases monotonously up to 15 T where it suddenly stops with
a slight decrease above 15 T. It is not expected that a superconducting transition
becomes suddenly sharper when applying field. For the HF transition, AT remains
constant with field which is also not expected.

In conclusion, above 15 T the widths and jump of the LF and HF transitions
have unusual behaviours, especially the width of the LF transition above 15 T.
Also the strong difference of width between the LF and HF transitions is the most
important point discussed just below.
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3.4.2 Conclusion on the phase diagram H||b

The main discovery of these measurements is the existence of two different super-
conducting phases for H||b. However, it was expected by phenomenological theo-
retical studies [60, 126], evoking a rotation of the d-vector between the two phases
in order to overcome the paramagnetic limit due to a finite component of the d-
vector along b axis. Such a change of symmetry induced by the magnetic field at
ambient pressure is not unique. Beside superfluid 3He, the two other known com-
pounds with different superconducting phases at ambient pressure are UPt; and
CeRh,As;. In the case of UPt3, which is a spin-triplet superconductor, the sym-
metry of the order parameter changes between the three superconducting phases
at ambient pressure [44, 63]. Figure 3.27 shows the phase diagram determined by
ultrasound for field applied perpendicular to the basal plane [2]. The same phases
are also found for fields in the basal plane.

For CeRh;As;, when field is applied perpendicular to the basal plane, the
present hypothesis is that it induces a transition between a spin-singlet phase
at low field (SC1) and a spin-triplet phase at higher field (SC2) [67]. The phase
diagram is shown in Figure 3.28.

For these two examples the superconducting pairing mechanism remains the
same between the different phases, and the shape of the specific heat anomaly
at the superconducting transitions are similar for the different phases. CeRh;As;
exhibits an anomalous behaviour of the superconducting transition jump along
H¢, near the junction of the two phases [124], the jumps suddenly increases as
shown in Figure 3.28. But nothing as drastic as UTe, between the two phases (LF
and HF).

This is the real difference between CeRh;As;, UPt; and UTe,. For UTe;, there is a
drastic change of the specific heat anomaly in the two superconducting transitions
(LF sharp and HF broad).Together with the sudden re-enforcement of H,; in the
HF phase, this is the sign of a change of coupling mechanism between the LF and
HF phases induced by the field. On this aspect UTe; is unique.
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Fig. 3.27: Top panel: Phase diagram of UPt;3 for
Hl|c determined by ultrasound measurements
in ref [2].

Bottom panel: specific heat superconducting
transition for H||c from ref [44].
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3.5 THE METAMAGNETIC TRANSITION

As evoked earlier, there is a metamagnetic transition around 35 T for H|b [76, 99,
111]. This has been seen with diverse probes, and specific heat measurements had
only been done in pulsed fields until the present work [55].

3.5.1 Specific heat measurements at the metamagnetic transition
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Fig. 3.29: Field sweeps performed at differ-
ent temperatures H||b on sample #3. The
sharp anomalies below 18 T correspond to
the LF transitions. The sharp drops at 34.7
T correspond to the metamagnetic transition.

Fig. 3.30: H¢y for H||b, with the HF tran-
sition width depicted as the shaded area.
Dashed lines correspond to all field sweeps
performed. Their colours correspond to Fig-
ure 3.29.

To study the metamagnetic transition occurring around 34.75 T, field sweeps were
performed up to 36 T. Figure 3.29 shows all the field sweeps we have done. The
LF superconducting transitions are sharp with a large jump, making them easy to
detect. For the HF transitions, very broad and small anomalies are visible. They
are noticeable only by comparing curves at different temperatures. This is due
to the broad widths in temperature of the HF transitions in combination with an
almost vertical H;. It is shown in Figure 3.30 of the phase diagram for H||b with
the width of the HF transition depicted by the shaded red area and the fields
sweeps performed represented by vertical dashed lines.

Apart from the superconducting transitions, C/T increases up to the metamag-
netic transition at Hy, = 34.75 T where C/T suddenly drops. The drop was also
seen in the temperature sweeps measurements (Figure 3.24). This drop is large of
the order of 25% of C/T. The transition at H,, is marked both by a clear hysteresis
and by a slight broadening of the drop of C/T that can be attributed to a distri-
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bution of Hy, of 1.4%. This distribution of H,, possibly comes from the strong
sensitivity of H;, to pressure or most likely to stress.

The hysteresis had also been seen in resistivity measurements [76]. We could
checked that the hysteresis did not depend on the field sweep rate by varying
it between £350 and £50 Gauss/sec. Figure 3.31 shows an enlargement on each
hysteresis. The sweeps at 1.86 K and 0.97 K have been done with two sweep rates,
and we clearly see no difference for the hysteresis and drop of C/T.

At these sweep rate, we also did not detect any magnetocaloric effect. By con-
trast, a study in pulsed field of the magnetocaloric effect does show a clear signa-
ture at Hy, [123]. The reason we did not detect anything is maybe the difference
of sweep rate, and a much better thermalisation of our very small sample.

A model similar to the one used for the superconducting transition, with a
Gaussian distribution of Hy,, is used to extract the width, the drop, and H,, from
the hysteresis. The parameters obtained are displayed in Figure 3.32. H;,, for the
up sweeps is essentially constant between 700 mK and 2 K, while for the down
sweeps, Hp, slightly increases with the temperature (of ~ 0.2%).

The Hy, value determined by specific heat is slightly above the one obtained
by resistivity measurements. This is probably due to a small misalignment of the
sample in the specific heat measurements, which could explain also the downward
curvature of H, above 25 T (Figure 3.25). This angle dependence of H;, and H,,
is known from the resistivity measurements done at high fields [76, 112], as said
in the introduction section 1.3.2 the HF phase is sensitive to misalignment for H|/b
(Hc2 is suppressed), and H,, increases.

The width of the transition at H,, increases abruptly from 0.24 T to 0.45 T (~
1.7%) between 0.7 K and 0.97 K, and then stays constant with temperature.
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Fig. 3.33: Cyan triangles: specific heat measurements done in pulsed fields in ref [55]. Orange cir-
cles: y(H) —y(H = 0) determined from the magnetisation measurements through thermodynamic
relations in ref [99]. Red squares and line: our C/T measurements.

The drop of the specific heat at H, is sharpest at the lowest temperature (700 mK)
with a width of 0.25 T, then increases abruptly at 0.97 K and decreases above
this temperature. However, a possible interplay between the superconducting and
metamagnetic transitions at 0.7 K may influence the shape of the anomaly.

We can push further the comparison with different measurements. Figure 3.33
shows the comparison of C/T — C/T(H = 0) near T = 1.8 K, in the normal phase,
for field along the b axis determined from our experiment performed on sam-
ples #3 and #2, and experiments performed in pulsed fields. First, ref [55] reports
specific heat experiments in highly stabilised fields, using the long pulsed fields
facility at ISSP. Second, [99] reports magnetisation measurements. In this study,
the Sommerfeld coefficient v has been determined from M(T) using Maxwell’s

relation for H # H,, as g% ‘T = %2?7\2/1 o and using the Clausius-Clapeyron relation
—AS

for the first order transition: “Og$ = An to get the jump Ay = AS/T at Hy,. This
analysis indicates a discontinuous jump of Ay = —30mJK2mol~" at H,, which is
lower than the one measured in the specific heat experiment. However, across Hp,
Ay is equal to A%, which mathematically can be quite different from %. Despite
some quantitative differences (e.g. the absolute variation of C/T(H) — C/T(H = 0)
is larger in both pulsed fields experiments) the general behaviour is similar: an

increase with H when approaching H., and a drop at H,, followed by a strong de-
crease. A similar field dependence has been observed for the A coefficient of the
electrical resistivity, except that the jump at H,, depends on the injection current
direction, which is something not yet understood [133].
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3.5.2  Discussion about Hy,

An important issue regarding this metamagnetic transition, especially for the dis-
cussion of the pairing mechanism in the HF phase, is the nature of the magnetic
correlations associated with Hy,. The question is still open today since inelastic
neutron experiments at such high fields are still unavailable. If the metamagnetic
transition would occur along the easy magnetisation axis like in UCoALl [12], the
fluctuations would most likely be ferromagnetic, but it appears along the hard
magnetisation axis in UTe;.

Other criteria like the value of the Wilson ratio claims to support ferromagnetic
fluctuations at low fields due to its large value [138]. Nevertheless, it is of no help
close to Hy,: calculating this ratio when approaching H;, from raw data is ques-
tionable in such a complex multi-band system with local moment contributions.
Moreover, this calculation would lead to much smaller values along the b axis
than along the a axis at low fields: the susceptibility 0M/0H, is at least six times
smaller for H||b than for H||a, and the specific heat increases almost by a factor 2
between zero field and H,, suppressing the Wilson ratio deduced for H|ja by at
least a factor 10.

Arguments for antiferromagnetic fluctuations exist but are not solid: inelastic
neutron measurements at low fields have found predominant antiferromagnetic
fluctuations [28][73]. But it tells nothing on the fluctuations which might emerge
on approaching Hy,. It is worth noting that the scaling relation found in many
antiferromagnetic systems between the temperature of the maximum of the sus-
ceptibility Ty max (35 K) and the value of H;, (33 — 35 T) is well obeyed in UTe;
(see ref [g]for the scaling relation).

3.6 FIELD ANGLE MEASUREMENTS

On sample #3, ac specific heat measurements were done in a superconducting coil
below 18.5 T with a larger radius than the resistive coils. It allows to add a piezo-
electric rotator to align the sample in the field, but also to measure with different
angles in the (b,c) plane to determine the angle dependence of the superconduct-
ing transitions (HF and LF).

The field was fixed at several values and C/T was measured for different angles.
Figure 3.34 show C/T at 18.5 T for different angles in the (b,c) plane. When the
field is tilted away from the b axis, the LF transition is shifted toward low tempera-
ture like the HF transition. However, the HF transition seems to be more sensitive
to the angle, and its jump decreases with the field being tilted.

The other possible measurement is to fix the angle and to do temperature
sweeps for different fields. An example at 10° is shown in Figure 3.35. With these
measurements we can established a part of the phase diagram for a certain angle
in the (b,c) plane. Figure 3.36 shows H,; for H||b and for an angle of 10° and 15°
in the (b,c) plane. Clearly the HF phase is more sensitive to the field direction than
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the LF phase. This is in agreement with the resistive measurements showing a fast
suppression of the HF phase when the field is tilted away from the b axis [76].

0.14 T T T
| 18T, H||b—c

C/T (JK2mol ™)

0.12

Fig. 3.34: C/T measurements done at 18.5 T for Fig. 3.35: C/T measurements done at 10° in the
different angles in the (b,c) plane. (b,c) plane for different fields.

D
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Fig. 3.36: Phase diagram H||b and for field tilted 10° and 15° toward c axis deduced from ac and
quasi adiabatic measurements. The empty symbols correspond to T determined by fixing the HF
transition width.
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ANALYSIS OF THE RESULTS ON
UTe,

In this chapter, the analysis performed on H.; are presented.

H2 is analysed in order to explain the reinforcement seen in the HF phase. We
will discuss a field dependent pairing strength as encountered in the ferromag-
netic superconductors [8].

However, to put constraints on this model, we will examine first the very low-
tield behaviour and compare H.; and H¢y [106].

41 COMPARISON OF H. WITH H.; NEAR Tg..

As said earlier (chapter 3.3) near T, the anisotropy of H., found with the specific
heat measurements is different from the one found by resistivity. The latter was
in disagreement with the measurements of H.; [106]. With the anisotropy revised
a re-analysis of H; is needed. In the Ginzburg Landau regime, meaning near T,
the anisotropy of H, is inverse to the one of H,. In this regime, H.; and H,, are
related to each other through the equations:

He

Hq = ﬁ(ln(K) +0.49) (4.1)

and
Hez = V2kH, (4-2)

In these equations, H. is the thermodynamic critical field and k the Ginzburg
Landau parameter equals to the penetration length divided by the coherence
length.

UTe; is a multi-band superconductor, so even H.; does not necessarily satisfy
equation 4.1 at low temperatures. But, close to T, the Ginzburg Landau equations
should still be valid. Thus, the slopes of H.1, Hc; and H. should satisfy equations
4.1 and 4.2.

The slope of the thermodynamic field ngti can be determined by a double in-
tegration of the superconducting transition at 0 T. Indeed, by definition HZ(T) =
2o ﬂ“(sn — Ssc)dT where S, and Sy correspond to the entropy of the normal

phase and the superconducting phase respectively. For sample #2, S-ECC = 0.059 T/K.

Then with equation 4.1 and ‘?ﬁ;‘ extracted from measurements in ref [106] (Fig-

ure 4.1) we determine k. Finally, with equation 4.2 we calculate the corresponding
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e (T/K) K T2 (T/K) G2 (T/K) rescaled  $<2 (T/K) #2

Hlla —0.00113 202.683  —16.052 —20.480 —20
H||b | —0.00227 86.482 —6.849 —8.738 —34.5
Hllc | —0.00252 75.838 —6.006 —7.663 —7.5
Table 4.1: Table summarising the different parameters of the comparison of Hcep sample #2 and
Hc1 from ref [106] for the three axes. %FTIC‘ is extracted from the measurements ref [106], k and
"Z#CZ are determined from it. The fourth column is %‘?CZ rescaled by the ratio of Tsc of sample #2
and the sample of ref [106]. Last column is %‘?CZ extracted from the specific heat measurements on
sample #2.
T L T i T T
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Fig. 4.2: H¢, measured on sample #2. The
Fig. 4.1: Hcy from ref [106]. The dashed  dashed lines correspond to CZ determined
lines correspond to %FTISCC‘ near Tsc. from ” Fig 4.1. The mset shows a en-
largement at low fields for H||a.

dHco
dTsc

so we rescaled the obtained %: by the ratio of the T, for samples #2. All the
parameter are displayed in table 4.1.

Figure 4.2 shows H,; of sample #2 with the %]}{scf calculated from Hc;. The slopes
calculated at Ty, along the a and ¢ axes do correspond to those measured. However,
along the b axis, the slope measured is much stronger than the one calculated.

This confirms that the large slope of H2, measured with our specific heat mea-
surements very close to Tsc is not an artefact. Accordingly, the strong curvature
below 0.2 T is also confirmed. .

However, this discrepancy of HY, and %SCCZ shows that HP, is enhanced already

. These %‘;” are from measurements on a crystal with a Tsc of 1.5 K at 0 T,

b
at very low fields, so that the slope measured is larger than ((1#;2 determined from
He1. Such a change of slope of H,; requires that dA?(H)/dH > 0 at Ts,. So for the
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. . . dHP . .
oncoming calculation of H.; we will use the dTSCCZ determined from H,; since these

measurements were done at very low fields (H < 20 Oe) where the effect of the
coupling varying with field is negligible.

All these analysis are also applicable to sample #1 and lead to the same con-
clusion than for sample #2. However, sample #1 exhibits an upturn of C/T at low

temperature due to extrinsic contributions, so we cannot determines glﬂi. The

solution is simply to rescale ST—FLCC obtained on sample #2 by the ratio of their T..
Recently, a similar study with a comparison of H.; and H., has been done on
the generation of sample with a T, around 2 K [57]. The conclusion is the same.

42 CALCULATION OF H;

In this section the model and the procedure used to reproduce the H.; and to
extract A(H) is presented.

4.2.1  Model used to determine A(H).

To reproduce H, a model for strong coupling superconductors is used. This
model is fully described in ref [22]. The inclusion of the paramagnetic limit to this
model is detailed in ref [134]. In the following, only the basic equations will be
presented. This model is derived from the Eliashberg theory for electron-phonon
interaction in s-wave superconductors. We believe that it remains relevant for the
estimation of strong-coupling effects on H, in unconventional superconductors.
Today, no model for the critical field of unconventional superconductors has been
yet established in the strong-coupling regime. A simplified form of the Eliash-
berg interaction is used. However, it captures the most important properties of
the strong coupling regime: the renormalisation of the Fermi velocity and the
pair-breaking effects due to the presence of thermal phonons (thermal magnetic
fluctuations in our case) close to Tsc when the strong coupling constant A gets
large. The spectral density of interactions is taken as a delta function, as for an
Einstein spectrum:

AQ
@) = () slo -0 3
Where w is the frequency, Q) is the characteristic energy of the interaction and
A the strong coupling constant. H., is then determined by solving the system of
self-consistent equations:

dl

Alidon) = (Q

) X (e wn) -0 @nAwn) (449

lwml<we

Where w, = niT(2n + 1) are the Matsubara frequencies, n* is the screened Coulomb
pseudo potential and w, is a frequency cut-off (8 to 10 times Q). @, is defined as:
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On = wn + 7T Z Alwn — W )sgn(wn)
m

AQ? (4.5)
0?2 + (wn - wm)z

AMwn —wm) =

The function x(@n) in eq.4.4 contains the effects of the magnetic field B on the
gap equations due to the orbital and paramagnetic effects:

2y [ g Bexp(=Rx). VQ2+x
X(@n) = | dx=—Z==="tan [@On | Figip B/2sgn(@n) (4-6)
0 \ /Q2+X n QHBQ 9 n
Here § = Lz parametrises the orbital effect: V2% is a bare average

heB(vbare
Fermi velocity, m(eeFmin)g a Fermi velocity without renormalisation by the pairing
interaction, perpendicular to the applied magnetic field. The paramagnetic limit
is parametrised by the gyromagnetic factor g in the direction of the applied field.
Q= hvl‘g;;eQ is the dimensionless amplitude of the (potential) FFLO wave vector,
which has to be taken into account for a dominant paramagnetic limit. Hence for
non zero g, the system of equations 4.4 has to be solved (with the usual techniques
of linear algebra) optimising the solution with respect to Q for maximum Hg,. In
the case of a dominant paramagnetic limitation, a finite Q marking the entrance
in the FFLO state can be found for temperatures below 0.55T;.. If g is fixed at
zero, we are in the case where the Zeeman splitting is inexistent. It corresponds to
case where the field is along the quantisation axis of an ESP state of a spin-triplet

superconductor.

v T T 1 T T T T : .
A=30 )
20 N ) 1
i PR TUUE I without FFLO ]
[ Pure Pauli limit : with FFLO
15} 1
£ _
= [ e . 1
10r “.--."n. -~
[ A =2
5 T ey o
0 . J L | L i 1 | 1 ,
0 0.2 0.4 0.6 0.8 1

T/Tc

Fig. 4.3: Critical field calculations with the same strong-coupling model used for the analysis of
UTe,. Ref [134].
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One last remark about this FFLO wave vector. Strictly speaking there is not nec-
essarily a FFLO phase. At low temperatures when paramagnetic limit is dominant
the transition also becomes first order, which is more complex to calculate than
a second order transition. It would result in a decreasing H.;, as shown in Fig-
ure 4.3 from ref [134], which is unphysical. When adding the FFLO modulation,
the correct form of H,, is recovered and the difference between the second order
transition of FFLO and the first order transition is in any case very small.

Even though this model for the critical field is meant for electron-phonon inter-
action, the main features should remain correct for other types of interactions as
long as Q is lower than Ef.

The last parameters of the model is u*. In general, the value is found between 0.1
and 0.15. But a precise calculation of u* is a real challenge even for conventional
superconductors. The precise value of p* has little influence on the physics and in
the following analysis we will keep arbitrary the value at 0.1.

4.2.2  Procedure to model H¢, and to determine A\(H)

In our model, T./Q is a function of A(H = 0) and p*. With u* = 0.1, we have two
parameters QO and A(H = 0) to adjust Ts.. In the case of weak coupling (A < 0.8),
Tsc is proportional to Q) as:

Tse ~ Qexp <_7\(H :10) — H*) (4.7)
For the strong coupling case there is no analytic formula, the relation is more
complex, but the ratio of Ts. with Q is still proportional to a function of A(H = 0)
and p*. For UTe;, which is in the strong-coupling regime (AC/C large at Ts.), we
choose to fix A(H=0) = 1.

Once Q) is determined, the second step is to adjust v¢ to match the experimental
slope of H; at Tjc.

At last, the gyromagnetic factor g controls the paramagnetic limitation. With
g = 0, there is no paramagnetic limitation and it mimics the case of an ESP. If
g = 2 (free electron value) there is a full paramagnetic limitation as for a spin-
singlet superconductors with no spin-orbit coupling.

A calculation done properly for a spin-triplet superconductor would mainly
introduce two effects: a different relation between the slope at Ts. and vf, with
an additional anisotropy arising from an angular average of the superconducting
order parameter; and an anisotropic paramagnetic limitation depending on the
d-vector orientation.

To go a step further and determine A(H), we used the parameters determined
previously (Q and vf) and we map the phase diagram of H., with different A
values. Then at fixed field we extract the A corresponding to the experimental H;.

As shown by equation 4.7, a variation of A has a dominant effect on the change
of Ty, and this remains true in the strong-coupling regime. pu* could also have
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an influence, but it is controlled by "high energy physics", thus not expected to
change with field even at 35 T.

Figure 4.4 shows an example of such a mapping for HP, on UTe;, with g = 2
and g = 0. It also highlights the effect of saturation of H., due to the paramagnetic
limit. In the case of A = 1.3 and g = 2 (paramagnetic limitation) the value of H,
when T — 0 K is more than 3 times inferior to the one for g = 0 (no paramagnetic
limitation).

Fig. 4.4: Phase diagram of UTe, H||b (red crosses). The dash-dotted lines corresponds to the Hc2
calculated for several A. The colours of the lines differentiate the calculation with g = 0 and g = 1.

4.3 ANALYSIS OF HCZ IN THE LF PHASE.

In this section we are going to analyse H., with the strong coupling model pre-
sented earlier, so as to explore whether or not the superconducting coupling is
tield dependant.

4.3.1  Fit with a constant A.

Before invoking a coupling constant varying with field, let us try to reproduce H,,
for the three axes with a conventional temperature dependence at constant A. The
value of Q is 28.4 K for Tsc = 1.86 Kand A = 1. The best fits are shown in Figure 4.5.
To reproduce the strong curvature of HZ,, a g factor of 6.5 is needed, which is
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unrealistic. Furthermore, it only reproduces correctly the strong curvature at low
tields and fails for fields above 1.5 T.

If we want to stick to this common belief that UTe; is p-wave with the d-vector
perpendicular to a axis, g should be taken to zero along this axis in our calculation.
In Figure 4.5 the blue dash-dotted line corresponds to the calculation with g =0,
and it is clear that it does not fit except at very low fields (0.2 T), which are not
visible in the figure.

For the b axis, there is also some curvature at low fields, and the best fits require
a value of g = 0.8. But the calculated H,; is then saturating too fast above 7 T,
its curvature is too strong. For the ¢ axis, above 4 T the calculation even with
g = 0 does not match the experimental H,: it is pointing to an unusual positive
curvature of He,.

So, a model where the coupling is constant with the field fails to explain H,;
along the three directions, specifically along the a axis where the strong curvature
at very low fields (H < 0.2 T) is hard to reproduce, and of course along the b axis.
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Fig. 4.6: A as a function of H for the LF
phase. Inset: enlargement of fields below 1 T.

Fig. 4.5: Hc, of UTe, of the LF phase. The
lines correspond to calculated Hep with A =
1 and different g depending on the axis.

4.3.2 Fit with a variable A.

A solution to reproduce the experimental behaviour of H; is to let A vary with
field.

Taking into account the NMR results [101], we assumed a negligible paramag-
netic limit in the three directions by fixing g = 0. Another assumption is that vf
is not modified by field, or at least not enough to influence H.; more than the
variation of A. The last assumption is that the Q is independent of the field, as its
potential variations would have much less effects than the variation of A.
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For the Fermi velocities, we took those that would give a (ii]%cz as deduced from
the comparison with H;. Thus, we took a v¢ for H|/b close to the value for H||c,
imposing that the difference with the measured value arises from the field depen-
dence of A.

The A(H) obtained are displayed in Figure 4.6. As expected, A increases since
zero field H||b and keep increasing monotonously up to 15 T. For H||c, A is constant
up to 2 T and then slightly increases. For H||a, A is strongly suppressed between
Tse and T — 0 K, by 20%. However, very close to T it is constant, which is
a direct consequence from our choice of matching ((11%3 at constant A with the
values deduced from H,.

This anisotropy of the superconducting coupling, ie a decreases for the field
applied along the easy magnetisation axis and an increase along the perpendicular
axes, corresponds to the one expected for a coupling driven by ferromagnetic
fluctuations as presented for UCoGe in section 1.2.1. Especially for field along the
easy magnetisation axis (H|/a) it is expected that g—f_‘l X MZ% near T., where M,
is the magnetisation along the easy axis. So for a paramagnetic superconductor
like UTe;, at H = 0: g—ﬁ =0.

Thus, this LF phase might arise from ferromagnetic fluctuation as proposed in
the very early studies.

Before discussing the HF phase, it is worth to precise what is the v¢ used in the
model to calculate the H.,. The vi we are adjusting to match the measured initial
slopes of H,, are a bare average Fermi velocity for field along an axis i: vp®®".
These are the average Fermi velocity renormalised by all the interaction except
the interaction driving superconductivity. The effective Fermi velocity controlling
the orbital limit and so ‘z#—sccz (at fixed A) is renormalised by the superconducting

—bare,i

interaction as vt = vﬁT If A is field dependent, this effective Fermi velocity v is
also field dependent. Knowing the different v, we can calculate the Fermi velocity

T i VIV . .
along each i-axis: v, through vp = 5=, where j and k are the axes perpendicular
F

to i axis. The vt for UTe; are displayed in Table 4.2. The anisotropy of the vi (a
larger velocity along the a axis than along the other axes) is in rough agreement
with the transport measurements [32].

However, the v controlling H,; are an average over the Fermi sheets weighted
by the interaction strength and the superconducting order parameter. A compari-
son with the normal state transport, or determinations from quantum oscillations
measurements is not straightforward.
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Vi(H=0) (m/s) & (A) Vi(H=0) (m/s) & (&)
H|a 5400 40 a axis 14400 106
H||b 8600 64 || b axis 5680 42
Hl|c 2044 62 ¢ axis 5130 38

Table 4.2: Table summarising: the values Vi (H = 0) used in the fit for field along each axes and

then the corresponding coherence lengths E}) =0.1 8%. Then it summarises the vi(H = 0)

for each axes and the corresponding &

4.4 ANALYSIS OF ch IN THE HF PHASE.

Theoretical models for the HF phase have proposed a field-induced symmetry
change of the order parameter [59, 60, 126]. The main idea is that for a spin-triplet
superconducting state arising from ferromagnetic fluctuations along the easy mag-
netisation axis, at low fields, the d-vector should be perpendicular to the a axis
(similar to the ferromagnetic superconductors). Thus, a B3, (or more generally
B3y + iByy, state under field) should be favoured at low fields. By contrast, for
high fields along the b axis, a rotation of the d-vector is expected toward a B,
state (or By, +1Ay), to minimise the component of the d-vector along the b axis.
Such a symmetry change would imply a phase transition between the LF and HF
states, which had not been detected until our specific heat measurements. Never-
theless, the rotation of the d-vector cannot explain the positive curvature of H,
observed in the HF phase between 15 T and the metamagnetic transition at 34.8 T.
Moreover, the drastic change of shape of the superconducting transitions between
the LF and HF phases indicates a change of the pairing mechanism between the
two phases as discussed in chapter 3.4.2. These observations show that there is
more than a "simple" rotation of the d-vector between the LF and HF phases. It
is most likely that the superconducting coupling is reinforced in HF due to the
emergence of a new pairing mechanism.

Diverse physical parameters in the HF phase seem to peak at the metamagnetic
transition (A coefficient from p measurements, y extracted from M measurements).
It is most likely that superconductivity in the HF phase arises from the magnetic
fluctuations driving the metamagnetic transition. Today the nature of these fluc-
tuations is still unclear, only antiferomagnetic fluctuations at 0 T have been found
by neutron scattering experiments [28, 73].

The phase diagram H||b is also to be compared to the phase diagram under pres-
sure (Figure 4.7 from ref [20]). Above 0.3 GPa, a second superconducting phase
emerges (SC2). And the H— T phase diagram under pressure shows that this sec-
ond superconducting phase corresponds to the HF phase at ambient pressure [75].
There are two main theoretical proposals for this phase (SC2). The first one is a
B, phase having no component of the d-vector along the b axis, with a pairing
mechanism controlled by local ferromagnetic correlations [126]. This is the most
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natural proposal explaining the transition between the two different phases (LF
and HF) by a rotation of the d-vector imposed by the Zeeman coupling. How-
ever, as explained before, there is more than a rotation of the d-vector between
the LF and HF phases. In this scenario nothing should be changed to determine
A(H) between the LF and HF phases. The resulting A(H) is reported in Figure 4.8
corresponding to the points for g fixed at 0 in both phases. A(H) displays a weak
increase of the pairing strength, approximately 30% between 0 T and H,,, which
is far from the factor 2 observed on C/T at 1.8 K (Figure 3.6).
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Fig. 4.7: Phase diagram under pressure at Fig. 4.8: A(H) for the three axes. The red
zero field of UTey obtained from specific heat  ¢ppsses correspond to A(H) in the HF phase
measurements. From ref [20]. in the two cases g = 0 and g = 2.

4.4.1  Spin-singlet state in the HF phase

The second proposals for the HF phase is a spin-singlet state, induced by an-
tiferromagnetic correlations. Some theoretical models have predicted that they
would become dominant over ferromagnetic fluctuations under pressure [59, 6o,
141]. Having a spin-singlet phase appearing at high fields seems unnatural due
to the paramagnetic limitation. However with the strong coupling effect and the
increase of the pairing strength with the field, the paramagnetic limit can be easily
exceeded. This explains how the spin-singlet state can survive at 34 T with a para-
magnetic limitation. In this scenario determination of A(H) depends on additional
parameters: for a new mechanism we can expect a different O, and the precise
value of g is unknown.

We have taken the same Q as the one in the LF phase, considering that both
pairing mechanisms should have similar characteristics in order to lead to similar
critical temperatures. Using different values of QO (but the same g) changes little
to the following analysis, the physics remains the same. As for g, we have taken
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the free electron value g = 2, the idea being to explore the consequences of a new
mechanism with paramagnetic limitation.

The A(H) obtained is shown in Figure 4.8 (red plain crosses). The fields depen-
dence is larger than in the case of the B;, phase, because of the requirement to
overcome the saturation of H; at fixed A induced by the paramagnetic limitation.
This large increase is also in agreement with the strong increase of C/T observed
in this field range up to H;,. This shows that the spin-singlet scenario for the HF
phase does not lead to unphysical results at this stage.

4.4.2  Reproduction of the HF superconducting transition

However, we can go a step further in the analysis by showing that the spin-singlet
scenario explains the broad width of the HF superconducting transition.

We just saw that the superconducting constant A is field dependant, so the criti-
cal temperature at fixed field depends on the field, throught the orbital and para-
magnetic effects, and on A(H): Tsc = Tsc(H, A(H)). We also saw that the widths of
HF superconducting transitions are much larger than the LF transitions. Thus, an
additional broadening of the superconducting transition may come from a field-
dependent dispersion of A.

In the very likely hypothesis where the field increase of the pairing arises from
the proximity to Hy,, a simple hypothesis is that A is a function of H/H,. Then,
a dispersion of Hy, will translate into a distribution of T, through a distribution
of A, and will lead to an additional mechanism for the broadening of the HF
superconducting transitions. From the calculation of H,; at fixed A used to extract
the field dependence of the pairing, we can determine a function ¢ as:

~( H
e (1)

This allows to determine the effect of the distribution of H,, on the specific heat
anomalies of the HF phase. We can rewrite:

3 H _ Hinmo
i) =2 (45) o

Where Hy, is the centre of the distribution of H;, at the metamagnetic transition
determined from the specific heat measurements and A(H) is displayed in Figure
4.8. From the relation 4.8, we can calculate the effect of a Gaussian distribution
of Hy, on the specific heat anomaly of the superconducting transition at constant
field, using for C/T:

C C

T = [P T T Ha (4.10)

With this equation 4.10 we can calculate C/T and reproduce the specific transitions
measured for the different models (spin-singlet or spin-triplet). In Figure 4.9 are
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shown the calculated transitions at several fields in both case, spin-singlet and
spin-triplet, with a distribution of H;,, of 0.55% (0.19 T). For the spin-singlet pairing
(g = 2), half of the width of the HF transitions can be explained. By contrast, the
spin-triplet case totally fails to reproduce the transitions. This conclusion can be
easily understood by a short calculation.
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Fig. 4.9: HF transitions measured on sample
#3 at 18, 24 and 30 T H||b. The dash-dotted
lines correspond to C/T calculated with a
distribution of Hy, and the width multiplied
by 2 in the case of spin-triplet pairing. The
plain lines are for the spin-singlet case.

Fig. 4.10: C/T at 18.5 T for several angles in
the (b,c) plane. The dash-dotted lines corre-
spond to the HF transitions calculated with
a distribution of Hy, in the spin-singlet sce-
nario.

Even without a full determination of the shape of the anomaly, requiring the
numerical integration of Eq.4.10, we can understand why the broadening is larger
when there is a paramagnetic limitation of H.;. From Eq.4.8, we can derive T,
with respect to H, at fixed H and for H;;, = Hyo. This expresses the sensitivity of
Tsc to Hp, so the broadening of the C/T anomaly due to a distribution of Hy:

0Tsc 0Tsc H 1\ dA
= ) (4.11)
And finally we can compute the temperature derivative of H, from Eq.4.8:
aTSC aTSC <Hm0) ( d)\ )
dl = dHe + == — | | = ) dH2 (4.12)
OH |, " oA |y \ Hm / \dH ¢
Then by combining with Eq.4.11 we obtain:

dT M| O <Hmo) (113
H

dHo OH |,  OHp H

This equation (Eq.4.13) shows that the difference between models for gl]_l:i , does

not arise directly from (&), but rather from %z

. This term becomes larger
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when Hc, at constant A is flat due to the paramagnetic limitation in the case of
spin-singlet pairing. In the case of spin-triplet pairing (ESP state) there is a pure
orbital limitation and aaT—]ff‘ is smaller. So it explains why the spin-singlet pairing
reproduces well the width of the specific heat transitions in the HF phase, while
the spin-triplet pairing fails, because of the sensitivity to a distribution to Hy,.

Within the same scheme, the dispersion of Hy, is found to have a negligible
influence on the LF transition, so that it gives a first explanation for why the two
superconducting phases could be marked by such different specific heat anoma-
lies.

4.4.3 Angle dependence of the HF phase

We can also go a step further in the analysis with the field angle dependence
of C/T to support the spin-singlet scenario. ac specific heat measurements have
been performed on sample #3 up to 18.5 T for several angles in the (b,c) plane.
At fixed field, when H is shifted toward ¢, the HF transitions are shifted to low
temperatures and the jump decreases (Figure 4.10 for H = 18.5 T).

Taking only into account the angular dependence of Hy, [112] as Hyo/ cos(0),
thus A(H cos(0)), and a hypothetical mosaicity of 3° in our crystal, we can roughly
reproduce the huge broadening of the anomaly at finite angles, with the same
dependence of Ts. on Hy,. The dash-dotted lines in Figure 4.10 represent the HF
transitions calculated for each angles.

The Hc, can also be calculated for different angles of the field. In order to do
that, we assumed that the bare average Fermi velocity (see section 4.3.2) for field
with an angle 0 in the (b,c) plane is:

91(0) = \/ (9r(b)cos(0))2 + (v (c)sin ()2 (4.14)

Where Vr(b) and V§(c) are the bare average Fermi velocities for H|/b and Hl||c
respectively.
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Fig. 4.11: H. determined by our specific heat measurements for H||b (red circles) and for field 10°
toward c axis (green squares). Plain lines are Hc, calculated with the strong coupling model and
g = 2 in the HF phase, for different angles of the field. Dashed lines are H¢, calculated with g = 0
in the HF phase.

Figure 4.11 shows the H.; in the HF phase calculated for an angle of the field of
10° and 15° in the (b,c) plane. It shows that we can recover the experimental H;
at 10° in the case of g = 2. If g = 0, the model fails to reproduce the H., measured.
This is one more argument in favour of the spin-singlet scenario in the HF phase.

The same analysis could be done for the LF phase, however the field depen-
dence of A(H) for a given angle in the (b,c) plane have to be taken into account.
This is something actually unknown, thus the model failed to reproduce the H;
in LF phase at 10° and 15°.

4.5 CONCLUSION

The main results from these measurements on UTe, are the requirement of a
tield-dependent pairing strength along all directions of the applied field, and the
presence of two different superconducting phases for H||b with different pairing
mechanisms.

The strong decrease of the pairing strength along the a axis in the LF phase
is reminiscent of the results on UCoGe along its easy magnetisation axis [140].
It seems best compatible with a pairing mechanism involving true ferromagnetic
fluctuations. As said earlier: & = 0 at Tsc (H = 0) is what is expected for param-
agnetic systems like UTe;.
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There are also several theoretical studies exploring other mechanisms leading
also to spin triplet pairing in UTe,, like finite momentum magnetic fluctuations
[77], or only local ferromagnetic correlations within a unit cell [126]. The field
dependence of such mechanisms has not been explored yet. However, the Fermi
surface instability observed at 6 T along the easy magnetisation axis could play a
key role if a Q-dependent pairing is important. Even though ferromagnetic fluc-
tuations are the most plausible mechanism for the LF phase of UTe,, we cannot
exclude that future investigations of these alternative mechanisms could also lead
to satisfying explanations of the C/T measurements presented.

4.5.1 H||b: comparison with other studies
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Fig. 4.12: Top: the phase diagram of UTe;
established with ac susceptibility measure-
ments for H||b. Bottom: temperature depen-
dence of the Knight-shift at different field
H||b. All from ref [69].

High-field NMR measurements coupled to ac susceptibility have been performed
soon after our specific heat measurements, recovering a similar phase diagram as
reported (see Figure 4.12), but identifying the HF phase as a spin-triplet A, + 1By,
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state [69]. This comes from the temperature dependence of the Knight-shift in
the HF phase, showing no detectable decrease across T, which might imply no
paramagnetic limitation (see Figure 4.12). However, according to our model, due

to the field dependence of the pairing strength, these measurements in the HF
phase are all performed at values of % close to 1, where Hfjf(O) is the effective
value of H.,(0) with the value of the pairing strength A(H) at the field H (see
Figure 4.13). At these large field values (with respect to % ), only little change
is expected for the behaviour of the Knight-shift in temperature, whatever the spin-
state. Thus, these NMR results are also in agreement with a spin-singlet pairing

in the HF phase.

HoH (T)
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Fig. 4.14: Phase diagram H||b of UTe, determined by resis-
tivity and AC susceptibility measurements in ref [119].

More recently, a similar phase diagram was also reported from resistivity and ac
susceptibility measurements on the new generation of sample with a T,. around
2 K [119] (Figure 4.14). As explained earlier, thermodynamics imposes that either
there is a fourth transition line in the LF phase (denoted as (III) in Figure 4.15), or
the transition between the LF and HF phase is first order (denoted as (II) in Figure
4.15). This study claims to see the fourth transition line expected in the LF phase,
noted (III) in Figure 4.14. However, these are non-thermodynamic measurements,
and the criterion used to establish the phase diagram can be criticised. Thus, there
is actually no solid proof of the existence of a fourth transition line.

The anomalies observed at the transitions in both of these works revealed also a
broadening of the transition in the HF phase like our specific heat measurements.
This highlights the ubiquitous nature of the broadening, still present on the best
samples available today. This change of the specific heat anomaly is a unique case
showing that this new superconducting phase does not arise from a simple change
of symmetry like in UPt3 or CeRh,As;, or from a rotation of the d-vector: it has to
arise from a new pairing mechanism strongly reinforced on approaching H.,. We
have found support for a paramagnetic limitation of H.; in the HF phase, hence for
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Fig. 4.15: Phase diagram H||b of UTe, from our specific heat measurements. The dashed grey line
annotated (III) corresponds to the hypothetical fourth transition line not detected in our specific
heat measurements.

a spin-singlet superconducting phase, as it can explain a large part of the strong
broadening of the specific heat anomaly in the HF phase, and the behaviour of the
transition when turning away from the b axis in the (b,c) plane.

It is worth to mention a theoretical work proposing an alternate explanation for
the phase diagram of UTe,, without field reinforced pairing [144]. By admitting
the existence of a transition line between a LF and HF superconducting phases,
the "deep" of H¢; at 15 T would be caused by thermal superconducting fluctua-
tions boosted by a spatial distribution of critical temperatures in the sample. This
scenario should now be explored against the present precise determination of the
transition lines, and the change of the specific heat anomaly between the LF and
HF phases.

4.5.2 Transition line between LF and HF phases

An open question is the order of the different transition lines, and the precise
slopes of the lines at the multicritical point at 15 T. As for CeRh,As; [67], in the
case of a direct spin-triplet to spin-singlet transition, a first order transition is
expected. Figure 4.15 shows the final phase diagram of UTe, with H||b, with the
different transition lines labelled. In our specific heat measurements, we did not
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detect any hysteresis effects on the transition line (II). We could imagine that the
temperature is too high to detect an hysteresis. So, ac specific heat measurements
up to 36 T at LNCMI were performed with a dilution fridge on the sample #3.
The measurements were successful and the field sweeps are display in Figure 4.16
only in the field range around the superconducting transition (LF one). A sweep
was performed at 110 mK but as we can see in Figure 4.16, the transition is no
more visible at 250 mK, so the field sweep at 110 mK is not shown in the Figure
4.16. If we plot the corresponding phase diagram (Figure 4.17), we see it could
correspond to a misalignment of 10° toward the c¢ axis of the sample, which is
plausible since the alignment in this measurement was more tricky. In any case,
we did not detect any hysteresis effect at the transition between the two phases.
There are many cases in condensed matter physics, where first order transitions
lead to negligible hysteresis: see ref [42], or the well known example of the *He
melting curve.

Apart from the hysteresis, a first order transition must have latent heat: on
crossing the first order transition by continuous heating, due to latent heat, the
temperature of the sample should remain constant for a short time. But in practice
it is hard to detect such a behaviour, even when the transition appears as a very
high and sharp peak, or a divergence, of the specific heat (See measurements
done on the magnetic compound GdLiF4 in Appendix A.3). In practice it is very
difficult to distinguish a constant temperature due to latent heat or just due to
the strong increase of C/T. In the case of UTe; this experiment was unsuccessful
maybe because of a too small latent heat to be detected.

In CeRhyAs; the same question also remains open: there is no experimental
proof of the first order character of the transition.

Finally the only salient feature is seen in Figure 3.26: there is a slight narrowing
of the specific heat anomaly along the transition line between the LF and HF phase
(line (II) in Figure 4.15) compared to the same anomaly along the H,; line of the LF
phase (line (I)). This slight narrowing leaves open the possibility that the transition
from LF to HF phases could be weakly first order. This point requires, however,
further experimental investigations. If this transition is first order, of course, the
question of the multicritical point is solved. If it is not, it remains an issue to
determine if there is an additional transition line within the LF superconducting
phase, as depicted by the dashed line (IIl) in Figure 4.15. And whether or not
the three transition lines determined in this work join with different slopes, or
if the H; line has no change of slope (only a very strong positive curvature) at
the multicritical point as explain in section 3.4.1. The entrance into the HF phase
along H¢, cannot be done in a mixed singlet-triplet superconducting phase: it
would require, like for the chiral superconducting state [48], a double transition
which is not observed.
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Fig. 4.16: C/T field sweeps performed on
sample #3 in dilution fridge at high fields,
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red points correspond to H||b and blue trian-
gles to a misalignment of 10° toward c axis.
The orange points correspond to measure-

ments done in dilution fridge at high fields.

Theoretical works based on microscopic calculations have predicted that the
interplay between ferromagnetic and antiferromagnetic fluctuations could lead to
competing pairing interactions [59, 141]. This competition could be central both
for the pressure and the field induced phases of UTe,. At ambient pressure, at the
opposite of CeRh,As;, it could lead to a paradoxical spin-singlet phase at high
tields, possibly driven by strong antiferromagnetic correlations on approaching
the metamagnetic transition. Under pressure, this HF phase would become the
highest Ts. phase with the lowering of the metamagnetic field along the b axis,
whereas the pure spin-triplet phase would survive essentially for large enough
fields along the easy a axis. UTe; is probably the first system where two competing
pairing mechanism of similar strength exist that can be tuned by field or pressure.
It is an ideal case to challenge theoretical models and understand which conditions
allow for the emergence of spin-triplet superconductivity.
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MEASUREMENTS ON UCoGe

At days this chapter is written, the measurements and analysis are still in progress,
but the main part of measurements is finished and presented. The dependence
with field of C/T in the normal phase won’t be discussed, and no analysis of H,;
as detailed as for UTe, will be presented.

The problematic on UCoGe is the same as in UTe;. Few thermodynamic stud-
ies have been done, except for a recent study of the angular dependence of C/T
[102], and an older one on the thermal expansion for H||b [103]. Thus, no com-
plete phase diagram along the three axes of the same crystal has been established
with thermodynamic probes. The first aim of this study was to determine the
complete phase diagram, and to probe the superconducting phase to detect if dif-
ferent phases are present like in UPt; or UTe;,. The second aim was to determine
the electronic specific heat field-dependence in the normal phase to connect it to
the field-dependence of the strong-coupling constant.

There are, however, experimental differences with UTe,. First T, is at much
lower temperature (between 500 and 600 mK).Second, there is a much more pro-
nounced anisotropy with the ¢ axis: a small component of field along the c axis is
enough to strongly suppress superconductivity [15]. This was well demonstrated
by NMR measurements [46, 47], and more recently by specific heat measurements
[102]. Thus, the alignment is crucial for UCoGe. Third, the specific heat anomaly
is smaller and much broader. The experimental conditions are therefore much less
favourable overall.

5.1 ZERO FIELD SAMPLE PROPERTIES

The sample measured is a nice platelet of 7.63 mg, with a RRR of 162, a rather
good sample for UCoGe.

Figure 5.1 shows the specific heat at 0 T. The superconducting transition as well
as the ferromagnetic transition were fitted by a model with a Gaussian distribution
of Tsc and T¢ respectively (see chapter 2.1.4). As already known, the ferromagnetic
transition at Tc = 2.77 K and the superconducting one at Tsc = 0.538 K are
very wide, 850 mK and 200 mK of width respectively. It is a common feature of
UCoGe samples. It would be a great step forward to be able to grow samples
with sharper superconducting transitions and/or ferromagnetic transitions. The
transition jump ratio % is equal to 0.78, if C/T above Tj. is consider as . This
low value compared to the BCS ratio, emphasises the weak-coupling regime in
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Fig. 5.1: Specific heat of UCoGe at zero field. inset: enlargement on the superconducting transition
(temperature log scale).

UCoGe and the large residual term at low temperatures certainly originating from
pair-breaking effects.

In the inset of Figure 5.1, we clearly see the residual term vy, at low temperatures.
v+ =~ 0.04 JK?mol ™!, approximately 60% of C/T just above the superconducting
transition, twice larger than the extrapolation from temperatures above 150 mK.
This large residual term is an usual feature on UCoGe. The first suggestion is
this v, comes from impurities. But, it is also believed it comes from self-induced
vortex state. The internal field due to ferromagnetism being larger than H,;, even
at 0 T vortices are already present and the Meissner phase is absent [27]. Thus, the
vortex cores contribution to specific heat induces a residual term. But, considering
the large residual term that we measured, the self-induced vortex state scenario is
less likely than impurities or pair-breaking defects contribution. It highlights again
the necessity of better quality samples and a similar breakthrough as realised as
the last UTe; 2 K samples.

The measurements on UCoGe are more noisy than the ones done on UTe;. In-
deed, the specific heat is smaller than UTe;. Above the superconducting transi-
tion, C/T ~ 0.066 JK 2mol~' for UCoGe, and C/T ~ 0.133 JK2mol~! for UTe,.
The UCoGe sample mass is of the same order as those of UTe; (sample #1 and
#2). It means the total specific heat measured is much lower, so the thermal leak
between the sample and the fridge needs to be weaker. As a consequence the
measurements are more sensitive to parasitic powers. Furthermore, above 5 K the
addenda is of same order as the specific heat of UCoGe. To have order magnitude,
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the addenda represents 6% of the specific heat measured at 1 K, and 42% at 5 K.
Thus, measurements above 5 K are unreliable, and won’t be shown.

The large width of the superconducting transition in addition to more noisy
measurements make it harder to accurately determine the T, the jump and the
width.

5.1.1  Co nuclear contribution

UCoGe H|[b 15T |

—o— (

c/T (JK‘Qmol‘l)

Fig. 5.2: Specific heat of UCoGe (C), with subtraction of the Co nuclear contribution
(Cn)at 15 T H||b.

Co is known for having a huge nuclear contribution to specific heat. This is due to
the large nuclear spin (7/2) of Co?, its high sensitivity to field and its 100% abun-
dance. In comparison, Ge has a spin 9/2, but its sensitivity is 200 times smaller
than Co and its abundance is 7.6%. For NMR measurements it is a boon since it
allows to have good signal. But for specific heat measurements it brings a huge
hyperfine contribution at low temperatures. Thus, it is critical to estimate correctly
the Co contribution in order to subtract it.

To do so, the hyperfine Hamiltonian is determined and the eigenvalues ex-
tracted to calculate the specific heat, see chapter 2.1.5 for more explanation. The
parameters used in the Hamiltonian were taken from NMR measurements in ref
[85]. And the NMR spectrum was calculated and compared to the measurements
to verify the validity of our calculations. It results on a large specific heat contri-
bution as expected, see Figure 5.2 which compares the specific heat measured at
15 T and the nuclear contribution of Co.
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different angle in the (b,c) plane, at 553 mK gle in the (b,c) plane. From ref [102]
(in the superconducting transition).

For H||c at 15 T we had to take into account the precise temperature and field
variation of the Knight shift, since the susceptibility is not linear for H||c [72, 105].
Therefore, we calculated the Knight shift K for each field of our measurements
using NMR and magnetisation data. From ref [85] NMR measurements indicate
K = 0.24 at 3 T, and magnetisation measurements in ref [72] indicate %’st
0.0462 w,T7'/U at 3 T. Then for each field H we have K equals to 0.24 times
(M) determined from ref [72], divided by M |\i_;- Below 1 T, the susceptibility is
almost linear so we can take a constant value of K. In ref [105], K = 0.30 at 1.5
T. We recovered this value with the procedure explained above which confirms
that the K(H) we determined is correct. With this K(H), the nuclear specific heat
was accurately removed for H||c, otherwise it would have been larger than C/T
measured at 15 T.

For the other axes the susceptibility is roughly linear below 15 T, so the Knight-
shift does not evolve with field (or at least its evolution is negligible). So we took
the values at 3 T from ref [85].

Experimentally, the sample need to be aligned precisely in the field. To do so,
we placed the sample on the set-up so as to rotate in the (b,c) or (a,c) plane. Due
to the strong sensitivity to a c-component we could easily align the sample along
the b or a axis. Figure 5.3 shows C/T at 1 T in the superconducting transition
as a function of angle in the (b,c) plane. When the sample is perfectly aligned in
the field, C/T is maximum. We see a strong angle dependence. For comparison,
in UTe; in a range of 3° around the b axis C/T is constant at 12 T. The strong
sensitivity to angle is a known effect in UCoGe, and recently well demonstrated
by specific heat measurements in ref [102]. In this study at 3 T, T is decreased by
17% with an angle of 3° in the (b,c) plane, as shown in Figure 5.4 from ref [102].



5.2 THE CURIE ANOMALY

0.09 T T T

Fig. 5.5: Specific heat at the Curie anomaly
for several field H||c.

0.08

K~2mol )

= 0.07

C/T (

0.06

Fig. 5.7: Specific heat at the Curie anomaly
for H||b.

5.2 THE CURIE ANOMALY

0.08
T
o
&
L 0.07
Z
& ]
3 UCoGe Hlla |
—o— (0T
0.06 F o~ 2T A
—o— 15T ]
1 2 3 4 )

Fig. 5.6: Specific heat at the Curie anomaly
for Hl|a.

0.070 F
T
S
s
"% 0.068 |- §
=
&
) UCoGe H||b
—— 07K
0.066 | 08K
—— 2K
8 10 12 14

Fig. 5.8: Field sweeps in the normal phase be-
tween 9 and 15 T for different temperatures.
Black lines show how the kink temperature
is determined.

The ferromagnetic transition occurs at Tc = 2.77 K. Figure 5.5 shows the measure-
ments for H||c and Figure 5.6 shows for H|la. When field is applied along the easy
magnetisation ¢ axis, T¢ slightly increases and the transition rapidly collapses for
very low fields (< 0.25 T) as expected for the easy magnetisation axis. Along the
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hard a axis, the anomaly is still seen at 15 T with a large broadening and decreas-
ing of the jump, but T¢ remains the same.

For b axis, the behaviour of the Curie anomaly is more complex. T¢ decreases
when field is above 4 T and the width drastically increases (more than for H||a)
reaching 2.1 K at 10 T (see Figure 5.7). Above 10 T the transition is lost. However,
in the field sweeps performed between 0.7 K and 2 K (in the normal phase), a
change of slope is visible. It is shown in Figure 5.8 for several temperatures. If we
consider this kink as T¢, the final phase diagram for H||b is shown in Figure 5.9.
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Fig. 5.9: Phase diagram for H||b of UCoGe, obtained from specific heat measurements. Points for
Tc above 10 T are determined from the field sweeps.

This phase diagram is in agreement with the previous phase diagram estab-
lished by transport measurements [11] and shown in Figure 5.10. The difference
is: in our measurements T¢ joins H¢, at around 12.5 T with an horizontal line,
while in transport measurements the T¢ line seems to join H¢, at around 15 T
with a constant increase. However, the Curie anomaly was very difficult to follow
at high field in these transport measurements, and it is also unclear if the change
of slope of C/T in the field sweeps is really marking Tc.

Anyway, these results show that the Curie anomaly has an influence on C/T
down to Ts.. Thus, a determination of y(H), by assuming that C/T just above T,
is roughly equal to v, and link it to A(H) as done in the previous study ref [140],
may be questionable because of the field behaviour of the Curie anomaly.

Recent NMR measurements have shown a maximum of 1/T; and 1/T, terms
around 12.5 T [56]. It is attributed to a ferromagnetic criticality arising from the
longitudinal fluctuations along the c¢ axis, the ones inducing superconductivity.
Moreover they found T¢ determined from 1/T;T peak has the same behaviour as
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Fig. 5.10: (a) Resistivity measurements for H||b, where the T¢ is seen as broad anomaly. (b) The

corresponding phase diagram. All from ref [11].

in resistivity measurements which are similar except near 12.5 T where we see a
drastic suppression of T¢ in our specific heat measurements.

It is worth to note that the anisotropy of the ferromagnetic fluctuations has an
impact on our measurements. Due to the Co contribution, a second exponential
appears in the heat pulses in field and at low temperatures below ~ 200 mK (see
section 2.2.1). The second exponential is more pronounced for field along the c axis
than the other two axes (see Figure 5.12). Indeed, the ferromagnetic fluctuations
are suppressed for H||c, thus the coupling of the nuclear spin with the electrons is
reduced, so the relaxation time of the second exponential is increased.
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Fig. 5.11: Thermometer resistance during
pulse sequence done at 257 mK for 7 T Hl|c.
The red line corresponds to the fit of the
pulse.
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Fig. 5.12: Relaxation rate T of the second
exponential decay of the pulse at 7 T Hl|c
and a. For H||b no second exponential is ob-
served down to 200 mK, the lowest tempera-
ture we could achieve for H||b. Dashed lines
represent 1/T2 laws.
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5.3 SUPERCONDUCTING PHASE

The superconducting transition, despite its large width, can be followed in field,
up to 15 T for H||b. Along the ¢ and a axes it becomes harder to follow the transi-
tion because it shifts to lower temperatures, and for the a axis the nuclear specific
heat contribution becomes large enough to make it very difficult to distinguish
the superconducting anomaly.

The evolution in field of the transition jump will be discussed in the next section.
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m H|b
e Hla
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0
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00 02 04 06 08 10

Fig. 5.13: Phase diagram of UCoGe by spe-
cific heat measurements. Lines are guides to
the eyes. Inset: enlargement for fields below
3T

Fig. 5.14: specific heat superconducting
transitions for H||la and H|b at 0.5, 1 and
2 T. Curves have been shift for clarity.

The phase diagram is shown in Figure 5.13. We recover the large anisotropy
already found in other studies between the a,b axes and the c axis [11]. H2, and
HIC’2 have the same slopes at Ts. and are identical below 1 T(inset Figure 5.13).
This is also seen with a direct comparison of the specific heat transitions: they are
superposed below 1 T. The comparison is shown in Figure 5.14. Thus near Ts:
HZ, :H'C’Z. The slope at T for the a and b axes is of =53 4 T/K, while along the
¢ axis it is 50 times lower: —1 £ 0.1 T/K.

The slope at T, for H|c is determined with the points above 15 mT, because
below this field, H¢, is vertical due to magnetic domains, as shown in Figure 5.15
(see explanation after in section 5.3.1).

The anisotropy of H,; is strong and similar to that of a quasi 2D material. How-
ever, UCoGe is 3D. Such an anisotropy of H.,, as explained in the introduction,
comes from the sharp suppression of the superconducting coupling when field is
applied H||c (see section 1.2.1).

Away from the region near Tsc, HP, is almost vertical up to 10 T. The S-shape
found in some transport measurements [11] is not recovered, which is in agree-
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Fig. 5.16: Superconducting transitions at
very low fields for H||c.

ment with previous specific heat study [102] and thermal expansion measurement.
But, the near vertical H?, and the positive upturn above 1 T does confirm the field
reinforcement of HY,. The inset of Figure 5.13 emphasises the completely unusual
deviation from linearity with positive curvature close to Tj.

For Hlja we could not follow the superconducting transition above 7 T, due
to experimental limitation, but its upward curvature is similar to that obtain in
resistivity measurements [11].

H¢, is shown in Figure 5.13. It also exhibits a positive curvature as expected
from different measurements [8, 140].

5.3.1 H||c very low fields behaviour

Figure 5.16 shows the superconducting transitions at different very low fields for
H||c. Below 15 mT the transition does not evolve, the T, remains identical. It
results in a vertical HS,, within the error bars, below 15 mT as shown in inset
of Figure 5.15. This behaviour has been seen in URhGe with transport measure-
ments, and is attributed to the internal field: see Figure 5.17 from ref [43]. It was
expected that UCoGe should show the same behaviour. It had never been clearly
observed due to the smaller spontaneous magnetisation compared to URhGe. Re-
sistivity measurements can also be influenced by superconducting filaments near
Tsc inducing a tail to H, thus a vertical H.; could not be detected.

To understand the mechanism, when a field is applied, the domain walls are
moved so that the field inside the sample is equal to zero. When H reaches the
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value where the magnetisation is saturated (M), only one single domain remains.
If u, is the proportion of 1 oriented domains, then:

M= (uy — (T —up))Ms = (2u T —1)Mg (5.1)

The field in the crystal Hsqmple is equal to H + Hgq, where the demagnetisation
tield Hy = —NM (N the demagnetising factor). The total energy of these magnetic
domains is:

Eiot =E+Eq+En (5-2)
Etot = Eo + (—%HdM) + (—poMH) (5.3)
Eiot = Eo+ 5N (2uy — 1)2M2 — poMH (54)

The equilibrium of the system for each value of H is reached when:

aF—tot _
ur 0 (5-5)
(2ur — 1)NM = H (5.6)

We can conclude with eq 5.6 and 5.1 that the applied field H is equal to NM. And
as a consequence, Hygmple = H+ Hy is equal to 0. When H < NMs, Hygmpte = 0.
While when H > NMjs, Hgample = H— NM;. Thus, below M the field seen by the
electrons is constant and not equal to the applied field. Concretely the electrons
experience a magnetic induction B as:

B = Bioc + HoHsampte (5.7)
B = Bioc + po(H + Hq) (5.8)

Where By, is the local induction equal to pyaM; (Clausius Mossotti): as ferro-
magnetism is probably itinerant in UCoGe, the field perceives by the charge car-
riers is the internal field minus the one created by the charge carriers themselves;
for a dipolar field, it is opposed and proportional to the magnetisation, hence
B = Bsample — (—aoMs) = apoMes.

So when H < NMg, B = poacMg; and when H > NMg, B = po(aeMg — NMg + H).
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a ferromagnetic superconductor.
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The behaviour of B is summarised in the schema Figure 5.18. From zero field the
electrons see a constant field until H overpasses NMs. This is why H,; is vertical
at very low fields in URhGe and in UCoGe.

In the case of UCoGe, previous magnetisation measurements determined that
M is reached for a field around 15 mT [107], which is the same order as the field
where H,; is vertical in our specific heat measurements (Figure 5.15).

For H|/b and H||a this effect might not be present. Indeed, for these axes, M; -

H = 0, because M is along the ¢ axis.
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5.3.2  Determination of A(H)

From the H.; established by our specific heat measurements we can determine
the field dependence of the strong-coupling constant A(H). To do this, we used
the same model and procedure as previously for UTe;.

For UCoGe, as emphasized by the relatively small ratio 1%' the weak-coupling
regime is assumed. The value of A(H = 0) is set to 0.58 as in the previous study
[140].

The second assumption is that the normal phase is isotropic: we assumes that
the average Fermi velocities \‘)iF’baTe are equal along each axis i. Therefore, the H,,
anisotropy arises only from the difference in the field dependences of A. This
assumed isotropy is supported by quantum oscillations measurements detecting
small spherical Fermi pocket [13].

The slopes at Tsc of H2, and HEZ/ that are identical below 1 T, are used to
determined v29Te.

As explained just before, for Hl[c, HS, is vertical below 15 mT (= NMs) due to
the magnetic domain. When the field is below 15 mT, the magnetic induction is
constant, so A too. Therefore, to determine A(H||c), HS, has been shift down by 15
mT.

0.66F v T —
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E UCoGe
0.50 o = Hlp ]
t e Hla {
: ) HHC |
0 — 5 — 10 — 15
poH (T)

Fig. 5.19: A(H) determined from H.; established by our specific heat measurements. Dashed lines
are guide to the eyes.

Figure 5.19 shows the field dependence of A for the three axes. As expected, for
Hllc, A is strongly suppressed and $y,,_, < 0.

For H|ja and H||b, A is roughly constant below 1 T, and then increases relatively
slightly compared with H||c.
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For H|/b, A(H) seems to exhibit a maximum near 12.5 T, the field range where
the Curie temperature vanishes. Measurement at higher fields would be necessary
to confirm this maximum.

5.3.3 Width of the transitions H||b
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Fig. 5.20: Superconducting transitions Fig. 5.21: Superconducting transitions
widths AT as function of field along the three H|b at several fields where it becomes na.
axes. Dashed lines are guide to the eyes. In- The curves are shifted between each other
set: enlargement of the low-field region. for clarity.

The transitions widths as function of field are shown in Figure 5.20. Due to the
broad transitions and the large hyperfine contribution, the dispersions of the
widths are higher than for UTe;, especially H||a above 5 T. Nevertheless, we can
discuss the overall trends.

For H||a the transition width is decreasing slightly, and ends up increasing above
5 T even if the error bars becomes large.

For H||c, the width seems roughly constant taking into account the dispersion.

The two points at 250 mT and 300 mT are certainly wrong considering their
smaller values compared to the other points.

For H||b, it is clear that the width decreases above 5 T (the transition becomes
sharper). It is visible on the raw data. Figure 5.21 compares the transitions at
several fields for H|/b, highlighting their narrowing. This effect is already known

from resistivity measurements and also thermal conduction measurements [139].

More recently ac susceptibility measurements have also detected this reduction of
the width [56].

This narrowing of the transition might be related to a change in the mixed state
[139]. In UCoGe above 8 T, the H.; determined by resistivity (R = 0) have been
shown to be lower than the one determined by thermal conduction measurements
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(see Figure 5.22 from [139]). A possible origin is a strong decrease of the vortex
pinning, inducing a large reversible region below Ts. where R remains finite due
to the flux flow despite the bulk superconductivity.

This kind of behaviour is also observed in the HF phase of UTe; [116]. In both
cases, it is rather unexpected, the only known example where this happens being
2D superconductors like high-T. cuprates or organic superconductors.
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Fig. 5.22: Phase diagram H||b from ref [139]. It shows H., determined with thermal conductivity
measurements, and with resistivity measurements according to two criterion which highlight the
transition width dependence in field.

It will be interesting to also measure the resistive transition on the same sample
and compare the H.; obtained from specific heat and resistivity measurements.
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below 500 mT.

54 SUPERCONDUCTING TRANSITION JUMP

The transition jumps at T, as function of field are shown in Figure 5.23. As ex-
pected the jump decreases with field, but for H||b and H||a the decrease is particu-
larly fast which can be considered as an anomalous behaviour. The most remark-
able effect is for H|/b. Figure 5.24 shows the superconducting transition H|/b for
different fields. The jump collapses by 70% above 3 T and then remains roughly
constant up to 15 T. This collapse happens at fields (H < 3 T) where the Curie
temperature Tc does not change, so we can exclude a possible influence of the
ferromagnetic transition on the superconducting one in this field range.

This behaviour is similar to that of UTe, for H||b at high field (Figure 3.26). In
UTe,, near 15 T the LF transition jump has a sudden decrease and then remains
roughly constant up to 20 T. The superconducting transition jump in CeRh;As;
also has sudden change of behaviour at fields close to its multicritical point (Figure
3.28).

In UCoGe, such a change of behaviour at 3 T could also be the signature of
a superconducting phase change. The d-vector is expected to be perpendicular
to ¢ axis at zero field, but when field is applied H|b, the d-vector could rotate
in the (a,b) plane, so as to be perpendicular to the b axis in order to reduce the
Zeeman effect (suppressing the paramagnetic limitation). Figure 5.25 shows the
phase diagram H|/b. The dashed line in the phase diagram represents the field at
which the d-vector could be perpendicular to the applied field when its rotation
is complete. However, the rotation of the d-vector can be expected to begin at very
low fields.
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Fig. 5.25: Phase diagram H||b with the hypothetical two superconducting phases. The dashed line
corresponds to 3 T, when transition jump becomes constant.

Field sweeps were performed between 0 T and 4 T at 300 mK, the lowest tem-
perature we could achieve to measure properly. No anomaly has been detected.
However, it does not mean there no transition in this region. More precise mea-
surements as well as magnetostriction or ultrasound measurements should be
performed at these fields to check if a transition is visible are not. Indeed, from
the Ehrenfest relations, if the transition line is horizontal, no anomaly is expected
in the specific heat.

The same mechanism could be expected for H|a, a rotation of the d-vector in
order to be perpendicular to the a axis. The strong decrease of the jump might
be the sign of such a rotation. However, we could not follow the superconducting
transition above 7 T, so we cannot say if the transition jump will end up being
constant like for H||b.

Jump versus Tsc

When plotted against Ts./Tsc(H = 0), the transitions jumps normalised by the
value at zero field have an unusual behaviour for the three axes, and show a
strong anisotropy. Figure 5.26 compares the transitions jumps normalised against
Tse/Tse(H = 0) in UCoGe and UTe; for H|b. The curves of UCoGe are clearly
shifted compared to UTe, H||b, toward lower Ts./Tsc(H = 0) for H||c and higher
Tse/Tse(H = 0) for H|b and a. We could conclude this anisotropy is a conse-
quence of the critical field anisotropy. However, even if the anisotropy is much less
pronounced in UTe;, we do not recover such an anisotropy of the jump against



5.4 SUPERCONDUCTING TRANSITION JUMP 121

1.0 T T T T

1.0 T T T T P o
= UTey H|b ,4 " 3?@2 gHb
/7 * :
08 | * UCOGC HHQ /./’ 0 08 ,_ €2 HC g-
- # A *  UTey H|ja
m UCoGe H||b .o £ NS el
- x W = - /
= o UCoGe Hllc o  » 8 Fosk 2 H[(ad) P
T 0.6F 0 * 2] 2l S NbSy H L (ab) %
g m .. ﬁ* ”; 5\_§ I * /I
~| , I &~ | ¥ 7
3= 4 * y! S04t e ]
A~ v / . e T
QO 04 r * " - < L 3 pot
< ot - 3 P 4
A /./*. I "/ "
0.2+ # i
0.2} o mERT [ ;ﬁ?
¥ " I ﬁg&»&# 7
S XK 3 -
00 1 1 1 1
0.0 L L L L 0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0 To/Too(H = 0)
Ts‘r:/T@c(H = O)

Fig. 5.27: Specific heat normalised by the
‘ ) value at H = 0 as a function of Ts. nor-
value at H = 0 as a function of Tsc normalised 1.4 11 — 0 for UTes and NbS, from
atH =0. ref [66].

Fig. 5.26: Specific heat jumps normalised by the

Tse/Tsc(H = 0) (see Figure 5.27). In Figure 5.27, the transition jumps of NbS; from
ref [66] are also shown. And again no anisotropy is found.

In fact, the anisotropy of the transition jumps in UCoGe can be explained by a
variation of the coupling. To remember, in a weak coupling regime, A is related to
Tsc at zero field by:

1
Tse ~ Qexp (—)\ — u*) (5.9)

For H||c, the strong-coupling constant A decreases with field. Thus, the T, at zero
tield corresponding to a A at a given field is lower than the Ts. measured at zero
field.

Figure 5.28 shows H,; calculated for different values of A, with the same model
used for UTe; (section 4.2.1), and emphasize the change of T,c(H = 0) depending
of A. So, when we compare the jumps normalised at 0 T to Ts./Tsc(H = 0), this
ratio is too low because T;.(H = 0) should be the one for A(H), so lower than the
one measured. This explains that the curve for H||c in Figure 5.26 points to a jump
of C/T remaining anomalously high for low value of Ts./Tsc(H = 0). The same
demonstration can be done on axes a and b, with an increasing A explaining the
shift to higher T /Tsc(H = 0).

However, for these two axes, the sharp drop of the jump seen for field below 3
T can also influence the anisotropy seen in Figure 5.26.

However, in UTe, the coupling also varies with field, and no such anisotropy
is seen. The difference is: UTe; is in a strong-coupling regime, so the jumps are
enhanced when the strong-coupling constant increases. And when A decreases the
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Fig. 5.28: Critical fields calculated for different A for H||c are depicted as grey lines (increment of
0.015 for A). The same model as UTe; is used for the calculations. The experimental H., established
by specific heat measurements is shown by green circles.

jumps too. So both effects, the decreases of Tsc (H = 0) and the decrease of the
jump with A, compensate each other.

In the case of UCoGe, it is most likely that the coupling is weak, so the effect of
the strong-coupling constant on the jump magnitudes is negligible. That is why
we can see such an anisotropy. This is an indirect support that UCoGe is in a weak
coupling regime .

To go a step further in the analysis, with the H., calculated to extract A(H)
for H||c, we can determine the T at zero field for each A: T!{(H = 0). Then the
specific heat jumps normalised at zero field are plotted against %. The result
are shown in Figure 5.29.

The anisotropy between the ¢ axis and the two other axes vanishes. It confirms
that this anisotropy was induced by the field dependence of the coupling strength
as explained above.

However, we do not recover an unusual behaviour like UTe,. For H||b and H|a
it can be understood by the strong decrease in field of the specific jump below 3
T, which might be due to a rotation of the d-vector.

For H||c, it might comes from the assumption that the Fermi velocity is isotropic.
If this assumption is wrong, and the average Fermi velocity along the ¢ axis is
lower, therefore the initial slope at Ts. would be smaller for H||c and the decrease
of A would be less strong. Hence, the decrease of T!!(H = 0) would also be lower.
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55 CONCLUSION ON UCoGe

One of the main goals for studying again UCoGe was to have a new look at the
phase diagram for H||b after what have been done on UTe,.

In UCoGe the reinforcement of HY, happens without a trace on the specific heat
anomaly. The shapes remain the same: the width progressively narrows probably
due to a change of pinning in the mixed state, and the specific heat jumps remain
constant after a strong initial decrease below 3 T.

The strong contrast between these two systems, UCoGe and UTe;, is most likely
due to the fact that the same pairing mechanism is controlling the pairing over the
whole field range in UCoGe.

This is strongly supported by the recent NMR results [56] which show that at
the field induced quantum critical point (12.5 T), 1/T1T and 1/T,T are enhanced,
but only due to the same Ising fluctuations along the easy ¢ axis (see Figure 5.30).

Beside a possible transition at very low field due to a rotation of the d-vector,
there is probably no transition between different superconducting phases to expect
in UCoGe.
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(c) The field dependence of the spectral densities Gy, (0) and G.(wo) derived from 1/T1T and 1/T,T
for H||b.

From ref [56].
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UTe, quickly drew a lot of attention due to its unique properties and especially
its strong magnetic field resistance. Due to the similarities with the ferromagnetic
superconductors UCoGe and URhGe, the possibility of spin-triplet superconduc-
tivity induced by ferromagnetic fluctuations was quickly proposed.

In this work, UTe; and UCoGe have been investigated by the use of specific
heat measurements at low temperatures and high fields (up to 36 T for UTe;). The
tirst complete thermodynamic phase diagrams have been established for the two
compounds.

We can conclude that UTe, and UCoGe share two main features: a supercon-
ducting pairing mechanism influenced by magnetic field, and possibly a pairing
induced by ferromagnetic fluctuations, at least in the low-field phase for UTe;.

Specific heat measurements on UTe; could show the presence of two phases
when the field is applied along the hard magnetisation axis (b axis), one at low
field below 15 T and the second emerging above 15 T up to the metamagnetic
transition at H,, = 34.7 T. Furthermore, this two phases have different pairing
mechanisms . This change of mechanism is revealed by the drastic change in the
shape of the specific heat transition of HY,. The high-field phase has a supercon-
ducting transition that is ten times broader than the transition in the low-field
phase.

At low fields, the superconducting phase could be induced by ferromagnetic
fluctuations. This is confirmed by the strong curvature of the critical field along the
easy magnetisation (a axis), which reveals a suppression of the pairing strength.
This result is reminiscent of studies on ferromagnetic superconducting compounds,
especially UCoGe.

At high fields, the second phase detected above 15 T could be a spin-singlet
phase induced by antiferromagnetic fluctuations that are enhanced on approach-
ing Hp.

The competition between ferromagnetic and antiferromagnetic fluctuations has
already been suggested in several theoretical studies and has been advanced to
explain the phase diagram under pressure. This phase diagram under pressure is
linked to the one obtained for H||b, so it is not unreasonable to imagine that the
same competition is influenced by the magnetic field.

Without going too far, it can be concluded that the low-field and high-field
phases have different mechanisms, regardless of their actual nature. This makes
UTe, a unique case among superconductors where competing mechanisms in-
fluenced by the magnetic field at ambient pressure. This could make it an ideal
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compound for theoretical models to better understand the conditions for the emer-
gence of spin triplet superconductivity.

UCoGe, on the other hand, shows no change in the pairing mechanism. Our
specific heat measurements confirm the very strong anisotropy of H., due to the
influence of the magnetic field on the ferromagnetic fluctuations that are at the
origin of the superconductivity.

H¢, for H|b appears even more "vertical" in this higher quality sample than
in the previous thermal transport measurements. However, H, remains "smooth"
and does not show any sign of an additional phase transition that would explain
the field reinforcement for H||b.

However, the collapse of the specific heat jump for H||b and H|a at very low
tields could be the sign of a rotation of the d vector. Such a change of symmetry
is expected to minimise the Zeeman effect and to explain the absence of param-
agnetic limitation along the b and a axis. Therefore, a transition in the supercon-
ducting state would be expected, requiring further experiments to detected it and
theoretical studies to evaluate if such a rotation of the d-vector could explain our
observation.



RESUMES EN FRANCAIS

7.1 CHAPITRE: INTRODUCTION ET QUELQUES BASES SUR LA SUPRA-
CONDUCTIVITE

L’avancée majeure de ces 40 dernieres années dans le domaine de la supraconduc-
tivité a été la découverte de plusieurs familles de supraconducteurs non-conventionnels
: les fermions lourds, les composés organiques, les cuprates a haute T, et les pnic-
tides et les hydrides, par ordre chronologique. Tous sont contrdlés par des mé-
canismes d’appariement dominés par des interactions purement électroniques au
lieu de l'interaction électron-phonon classique (BCS), sauf pour dans le cas des hy-
drides. Ces nouveaux mécanismes d’appariement conduisent également a de nou-
veaux états supraconducteurs, avec différents états de spin possibles (spin-singlet
ou spin-triplet). La nature de ces mécanismes d’appariement est aujourd’hui un
sujet d’étude crucial pour une compréhension plus globale de la supraconductiv-
ité.

En 2018, la supraconductivité a été détectée pour la premiére fois dans le com-
posé UTe; entre 1.4 K et 2 K. Rapidement, ce composé a attiré beaucoup d’attention
en raison de ses propriétés uniques et de la possibilité d’étre spin-triplet, un
état d’appariement rare mais trés recherché. La propriété la plus remarquable
est de loin sa forte résilience au champ magnétique. La supraconductivité est dé-
tectée jusqu’a 60 T pour certaines directions de champ dans le cristal. Et pour
des champs magnétiques appliqués le long de 'axe de difficile aimantation, la
supraconductivité est renforcée au dessus de 15 T jusqu’a une transition métam-
agnétique aux alentours de 35 T.

Cependant, avant les mesures présentées dans ce manuscrit, peu de mesures
thermodynamiques ont été effectuées sur UTe;, et aucune preuve de supracon-
ductivité dans le bulk n’a été fournie.

C’est une des raisons qui a motivé ces mesures de chaleur spécifique. L'autre
motivation était d’avoir un angle d’attaque différent pour essayer d’élucider l'origine
du mécanisme d’appariement et la symétrie de la supraconductivité sous champ.
Actuellement, le mécanisme et la symétrie de I'appariement sont encore en débat
avec de nombreuses mesures différentes prétendant a des scénarios opposés, et
peu d’études théoriques reposant sur des calculs microscopiques.

Cette these se concentre principalement sur 1’'étude d’UTe; et de son champ
critique, mais pour présenter ce composé et ses propriétés uniques, le meilleur
point d’entrée sont les supraconducteurs ferromagnétiques et plus particuliere-
ment UCoGe, qui est supraconducteur a 550 mK et ferromagnétique a 2.5 K. Ces
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deux composés partagent des similitudes, notamment en ce qui concerne leurs
champs critiques et le possible mécanisme d’appariement d'UTe,.

Dans ce chapitre, tout d’abord, quelques bases de physiques sur la supraconduc-
tivité sont données, notamment sur les mécanismes a 1’origine du champ critique
H¢y, et sur la symétrie de I'appariement avec une introduction au vecteur d (le
parametre d’ordre des supraconducteurs spin-triplet).

Puis le composé UCoGe est introduit avec un focus sur son mécanisme d’appariement
et son influence sur les H.;. Dans ce composé la supraconductivité est induite
par les fluctuations ferromagnétiques (fluctuations longitudinales selon 1’axe de
facile aimantation). Des mesures de RMN ont montré qu’un petite composante
de champ selon l'axe de facile aimantation (axe c¢) engendre une suppression
rapide des fluctuations, donc une diminution du couplage supraconducteur. Cela
explique I’énorme anisotropie de H, entre 1'axe c et les deux autres axes, ainsi
que la grande sensibilité a 1’alignement dans le champ des échantillons.

Pour finir UTe; est introduit. Tout d’abord ses propriétés dans 1’état normal,
notamment la transition métamagnétique apparaissant a Hy, = 34 T. Il s’agit d'un
saut d’aimantation, aussi détecté dans des mesures de résistivité et des mesures de
chaleur spécifique en champs pulsés. Puis sa phase supraconductrice est présentée
ainsi que les différentes symétries possibles, ainsi que 1’état actuel des recherches
sur ce point. Un focus est fait sur 'axe b de difficile aimantation qui montre un
renforcement de H.; au dessus de 15 T jusqu’a Hy,.

7.2 CHAPITRE: CHALEUR SP]:ZCIFIQUE

Dans ce chapitre sont présentés quelque bases théoriques sur la chaleur spécifique.
Notamment son comportement dans 1'état normal di aux phonons et a la contri-
bution des électrons. L'effet de la supraconductivité est aussi présenté ainsi que la
contribution du spin nucléaire a basse température.

Il existe une multitude de technique pour mesurer la chaleur spécifique. Pour les
mesures présentées seulement deux ont été utilisées. La premiere est appelée tech-
nique "quasi-adiabatique”. Le principe est d’appliquer de petits pulses de chaleur
sur 1’échantillon qui est connecté au frigo par un lien thermique. La réponse en
température de I’échantillon durant I'entiereté de la séquence de pulse est utilisée
pour extraire la chaleur spécifique.

Le montage pour cette technique est aussi présenté notamment pour expliquer
comment la rigidité est obtenue afin d’éviter que le couple entre I'aimantation et
le champ magnétique ne désaligne 1’échantillon durant les mesures.

La deuxieme technique est la calorimétrie ac reposant sur une oscillation im-
posée de la puissance de chauffage. La phase et I'amplitude de l'oscillation de la
température de I’échantillon mesurée permet de déterminer la chaleur spécifique.
L’avantage de cette technique est d’avoir des mesures quasi continu et de pouvoir
effectuer facilement et rapidement des rampes en champ ou en température. Cette
technique a été utilisée pour les mesures a haut champ (> 15 T).
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7.3 CHAPITRE: RESULTATS EXPERIMENTAUX SUR UTE)

Ce chapitre présente les résultats des mesures effectuées sur UTe;.

Le résultat principal est la détection d"une seconde phase supraconductrice au
dessus de 15 T H||b. Elle se caractérise par I'émergence d’une seconde transition
supraconductrice tres large en température (350 mK). Cette seconde transition est
suivie jusqu’a la transition métamagnétique a 34.75 T, ou la supraconductivité
est brusquement supprimée. Le champ critique H., déterminé par cette transi-
tion montre un courbure positive comme dans les mesures de transport précé-
dentes, validant 1'hypothése d'un renforcement de la supraconductivité par le
champ. Cette phase sera appelée HF (High-Field).

La premiere transition supraconductrice quand a elle tres raide (20 mK a 0
T), est suivie de 0 T jusqu’a 18.5 T H|/b. Le H., déterminé par cette transition
s’extrapole jusqu’a 20 T. Cette phase sera appelée par LF (Low-Field).

La grande différence de largeur entre les deux transitions des deux phases
supraconductrices pointe un changement de mécanisme d’appariement entre les
deux phases.

Il existe plusieurs exemples dans le monde des supraconducteurs d’un change-
ment de symétrie de 1'état supraconducteur induit par le champ magnétique.
Cependant un changement de mécanisme induit par le champ magnétique a pres-
sion ambiante comme observé dans UTe; est un cas unique dans le monde des
supraconducteur.

En plus des résultats H||b, les mesures selon les autres axes sont aussi présen-
tées. Un autre résultat important est la confirmation d’une tres forte courbure du
champ critique H||a. cette courbure pourrait étre le signe d'une suppression du
couplage supraconducteur selon cet axe et valider I’hypothése des fluctuations
ferromagnétiques a l'origine de la supraconduction.

Pour finir, les rampes en champ effectuées jusqu’a 36 T mettent en évidence une
chute de la chaleur spécifique a la transition métamagnétique. Ces résultats sont
mis en comparaison avec des mesures d’aimantation et de chaleur spécifique en
champs pulsés d’études antérieures.

7.4 CHAPITRE: ANALYSE DES RESULTATS SUR UTE)

Dans ce chapitre I'analyse des résultats est présentée et discutée.

Les H, obtenues sont analysés a I'aide d’'un modéle de champ critique établie
pour les supraconducteurs propres s-wave. Les champs critiques dans la phase
LF montrent tous un comportement anormal. Pour les décrire correctement il est
nécessaire de faire varier la constante du couplage supraconducteur A avec le
champ. Il en résulte que A diminue pour H||a, et augmente selon les deux autres
axes. Cela serait cohérent avec I'hypothese que la supraconductivité dans la phase
LF est induite par des fluctuations ferromagnétiques, a 1'image du supraconduc-
teur ferromagnétique UCoGe.
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Pour le H; H||b de la phase HF, sans surprise A augmente avec le champ comme
sa courbure positive pouvait le laisser deviner. L’analyse est poussée un peu plus
loin en calculant la transition supraconductrice HF en prenant une dispersion de
Tsc venant d"une dispersion de A & un champ donné, elle méme provoquée par
une dispersion de Hy, a la transition métamagnétique. Avec ce modéle la moitié
de la largeur de la transition supraconductrice peut étre expliquée. Cependant
cela ne fonctionne uniquement pour un couplage spin-singlet, le cas spin-triplet
échouant completement. De plus dans le méme cadre, la dépendance angulaire de
la transition HF peut étre expliquée en prenant en compte une possible mosaicité
du cristal de 3° et la dépendance angulaire de Hy,.

De maniere étonnante nos résultats démontreraient que la phase LF serait spin-
triplet induite par des fluctuations ferromagnétiques, et que la phase HF quand
elle serait spin-singlet. De plus cette phase HF serait liée a H;,, ce qui n’est pas
étonnant en considérant le nombre de grandeurs qui semblent reliées a H,, dans
UTe, (aimantation, coefficient A...).

Ce scénario n’est pas impossible et serait a relier a ce qui est vue sous pres-
sion. En effet, sous pression une seconde phase supraconductrice apparait et des
mesures non publiées a ce jour ont montré que la phase HF et cette deuxieme
phase supraconductrice sous pression sont identiques.

Des calculs microscopique ont montré que cette seconde phase sous pression
serait spin-singlet et induite par des fluctuations antiferromagnétiques. Ces dernieres
ont d’ailleurs été détectées par des mesures de neutrons a pression ambiante et
champ nulle.

Donc des fluctuations ferromagnétiques et antiferromagnétiques pourraient étre
en compétition, a bas champ les fluctuations ferromagnétiques seraient favorisées
induisant une phase supraconductrices spin-triplet (LF). Puis lorsqu'un champ
magnétique est appliqué, les fluctuations antiferromagnétiques prendraient le pas
et induiraient une phase supraconductrice spin-singlet (HF).

Cependant si ce scénario est correct, il est attendue que la transition entre la
phase LF et HF soit du premier ordre. Des mesures en dilution jusqu’a 120 mK
ont donc été effectuées a tres haut champ (jusqu’a 36 T). Malheureusement aucune
hystéresis n’a été détectée, ce qui est possible si la transition est faiblement du
premier ordre.

7.5 CHAPITRE: MESURES SUR UCoGe

Dans ce chapitre les résultats obtenues sur UCoGe sont présentés, sachant que les
mesures sont toujours en cours ainsi que l’analyse au moment de la rédaction.
Les mesures sur UCoGe ont été plus difficile que pour UTe,, car étaient plus
sensibles aux puissances parasites. De plus une énorme contribution nucléaire
due au Co a di étre retirée.
La transition ferromagnétique est observée et correspond a une anomalie a 2.77
K de largeur 853 mK. Elle est suivie en champ jusqu’a 15 T HJja. La hauteur du
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saut a diminué mais T¢ reste identique comme attendue pour 1'axe de difficile
aimantation. Pour H|c 'anomie s’effondre des les petits champs comme attendue
pour l'axe de facile aimantation. Son comportement lorsque H||b n’est pas triviale.
Sa largeur augmente et son saut diminue mais T¢ reste globalement identique.
Cependant au alentour de 10 T, T¢ diminue fortement pour finir par rejoindre
HP, 4 12 T. Dans cette méme gamme de champs, une remonté de C/T a basse
température apparait. Tout cela peut étre mis en regard avec des mesures de RMN
montrant un pique des fluctuations ferromagnétiques vers 12 T. Les fluctuations
ferromagnétiques seraient renforcées par le champ tandis que T, est supprimée.

Pour ce qui est du champ critique, on retrouve la méme tres forte anisotropie
que les études précédentes. Les pentes a Ts. sont identiques selon 1'axe a et b,
et elles sont 50 fois plus élevées que la pente a Ts. selon 'axe c. Cela est la con-
séquence directe de la suppression du couplage des que le champ est appliqué
selon l'axe c.

Lorsque H||b, deux autres effets sur la transition supraconductrice sont intéres-
sants. Premierement, au dessus de 7 T la transition devient plus raide. Cela a déja
été observé dans des mesures de résistivité, conduction thermique et de suscepti-
bilité magnétique.

Le deuxieme effet est la rapide diminution du saut de la transition en dessous
de 3 T. Puis jusqu’a 15 T la hauteur du saut reste constante. Cela rappelle les
dépendances anormales obtenues dans UTe;, ou CeRh;As; lorsque la symétrie
de l'appariement change. Dans UCoGe ce pourrait étre le signe d'une rotation
du vecteur d dans le plan (a,b) afin d’étre perpendiculaire a b pour diminuer
I'effet Zeeman. La méme rotation est attendue selon I’axe a, cependant la transition
n’a pu étre suivie a plus haut champ que 7 T, et seulement un forte diminution
anormale du saut est détectée sur toute la gamme de champ.

Les sauts normalisés a champ nulle tracés en fonction de la Ts. normalisée par la
valeur a champ nulle montrent une trés forte anisotropie entre 1’axe c et les axes a
et b. De plus le comportement est différent de celui des autres supraconducteurs
(s-wave, UTe;, MgB;...). Cela s’explique par l'effet de la variation du couplage
supraconducteur dans le cadre d"un couplage faible.

Cela apporte une preuve supplémentaire d'un couplage faible, supprimé pour
des champs selon 'axe de facile aimantation et renforcé selon les deux autres axes.

7.6 CONCLUSION

UTe; a rapidement attiré 1’attention en raison de ses propriétés uniques et surtout
de sa forte résistance aux champs magnétiques. En raison des similitudes avec les
supraconducteurs ferromagnétiques UCoGe et URhGe, la possibilité d"une supra-
conductivité de spin-triplet induite par des fluctuations ferromagnétiques a rapi-
dement été proposée.

Dans ce travail, UTe; et UCoGe ont été étudiés en utilisant des mesures de
chaleur spécifique a basse température et a des champs élevés (jusqu’a 36 T pour
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UTe;). Les premiers diagrammes de phase thermodynamiques complets ont été
établis pour ces deux composés.

Nous pouvons conclure que UTe; et UCoGe partagent deux caractéristiques
principales: un mécanisme d’appariement supraconducteur influencé par le champ
magnétique, et peut-étre un appariement induit par des fluctuations ferromagné-
tiques, au moins dans la phase a faible champ pour UTe,. Les mesures de chaleur
spécifique sur UTe; ont pu montrer la présence de deux phases lorsque le champ
est appliqué le long de I’axe de difficile aimantation (axe b), I'une a faible champ
en dessous de 15 T et la seconde émergeant au-dessus de 15 T jusqu’a la transi-
tion métamagnétique a Hy, = 34,7 T. De plus, ces deux phases ont des mécan-
ismes d’appariement différents. Ce changement de mécanisme est révélé par le
changement drastique de la forme de la transition de chaleur spécifique de HP,.
La transition supraconductrice de la phase haut champ est dix fois plus large que
celle de la phase bas champ.

A bas champ, la phase supraconductrice pourrait étre induite par des fluctua-
tions ferromagnétiques. Cela est confirmé par la forte courbure du champ critique
le long de I’axe de facile aimantation (axe a), qui révele une suppression de la force
d’appariement. Ce résultat rappelle les études sur les composés supraconducteurs
ferromagnétiques, notamment UCoGe. A haut champ, la deuxieme phase détectée
au-dessus de 15 T pourrait étre une phase spin-singlet induite par des fluctuations
antiferromagnétiques qui seraient renforcées a I'approche de H;,. Cette compéti-
tion entre les fluctuations ferromagnétiques et antiferromagnétiques a déja été
suggérée dans plusieurs études théoriques et dans la littérature pour expliquer
le diagramme de phases sous pression. Ce diagramme de phases sous pression
est lié a celui obtenu pour H||b, il n’est donc pas déraisonnable d'imaginer que la
méme compétition est influencée par le champ magnétique.

Sans aller trop loin, on peut conclure que les phases a bas champ et a haut
champ ont des mécanismes différents, quelle que soit leur réelle nature. Cela fait
d’UTe; un cas unique parmi les supraconducteurs ot des mécanismes concurrents
seraient influencés par le champ magnétique a pression ambiante. Cela pourrait
en faire un composé idéal pour les modeles théoriques visant a mieux comprendre
les conditions d’émergence de la supraconductivité triplet de spin.

UCoGe, en revanche, ne présente aucun changement dans le mécanisme d’appariement.
Nos mesures de chaleur spécifique confirment la tres forte anisotropie de H,
due a l'influence du champ magnétique sur les fluctuations ferromagnétiques a
l'origine de la supraconductivité.

H¢, pour H||b apparait encore plus "vertical” dans cet échantillon de meilleure
qualité que dans les mesures de transport thermique précédentes. Cependant, H.,
reste "lisse" et ne montre aucun signe d’une transition de phase supplémentaire
qui expliquerait le renforcement du champ pour H||b.

Cependant, l'effondrement du saut de chaleur spécifique pour H|/b et H|ja a
des champs faibles pourrait étre le signe d’une rotation du vecteur d. Un tel
changement de symétrie devrait minimiser 1'effet Zeeman et expliquer 1’absence
de limitation paramagnétique le long des axes b et a. Par conséquent, Il faut donc
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s’attendre a une transition dans 1’état supraconducteur, ce qui nécessite des études
théoriques pour évaluer si une telle rotation du vecteur d peut expliquer notre ob-
servation de l'effondrement du saut de chaleur spécifique.
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A.1 SPECIFIC HEAT MEASUREMENTS ON UTe; SAMPLE #2
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Fig. A.1: Specific heat superconducting

transition for H||c on UTe, sample #2.
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A.2 SPECIFIC HEAT MEASUREMENTS ON UTe, SAMPLE #3
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Fig. A.3: Specific heat superconducting transitions (LF and HF) for H||b on UTe, sample #3
measured by ac calorimetry.
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Fig. A.4: Specific heat superconducting
transitions (LF and HF) for H applied 10°
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A.3 SPECIFIC HEAT MEASUREMENTS ON GdLiF4 137

A.3 SPECIFIC HEAT MEASUREMENTS ON GdLiF4

GdLiF, is long time known magnetic compound from the family of (Rare Earth)LiF,.
Despite an extensively used for adiabatic refrigeration, its basic magnetic proper-
ties are still largely unknown. No magnetic ordering has been observed down to
300 mK. Recent magnetisation measurements have detected magnetic transitions
at 230 mK and 150 mK.

To confirm these transitions we did perform specific heat measurements down
to 35 mK. The quasi adiabatic technique was used with the same setup as for UTe,.
Figure A.6 shows the temperature dependence of C/T at zero field. And Figure
A.7 is an enlargement of the temperatures close to the anomalies.We can see three
main anomalies at 200 mK, 140 mK and 20 mK.
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Fig. A.7: Enlargement of the temperature
dependence of the specific heat at zero field
of GALiF4, near the three transitions.

Fig. A.6: Temperature dependence of the
specific heat at zero field of GALiF4.

The transition at 200 mK is split into two peaks because of crystal symmetry
and is believed to be an antiferromagnetic transition. What interests us is: it is a
typical first order transition. The specific heat, especially for the first peak at 205
mK, almost diverge. Thus, when approaching this first peak, the heat pulses were
strongly flattened because of the drastic increase of the specific heat. The 8T of the
heat pulses had to be reduced to few per mile of the temperature, so the pulses
did not crossed the transition.

If we had increased the temperature slowly by heating the sample continuously,
when crossing this transition the temperature would have remained constant for
a short time. However, it would have been impossible to distinguish whether this
constant temperature came from the latent heat of the first order transition or
from the divergence of the specific heat. Therefore, this method to characterise the
order of the transition is useless in practise.
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