nature physics

Article

https://doi.org/10.1038/s41567-024-02493-1

Single-component superconductivityin UTe,
atambient pressure

Received: 19 July 2023

Accepted: 28 March 2024

Published online: 9 May 2024

% Check for updates

Florian Theuss®", Avi Shragai', Gaél Grissonnanche ® >3, lan M. Hayes ®*,
ShantaR. Saha* Yun Suk Eo®*, Alonso Suarez®, Tatsuya Shishidou®5,
Nicholas P. Butch® ¢, Johnpierre Paglione ®*’ & B. J. Ramshaw ® "’

The microscopic mechanism of Cooper pairing in asuperconductor leaves
its fingerprint on the symmetry of the order parameter. UTe, has previously
beeninferred to have amulti-component order parameter, in part due to
the apparent presence of a two-step superconducting transition in some
samples. However, recent experimental observations in newer-generation
samples have raised questions about this interpretation, pointing to the
need for adirect probe of the order parameter symmetry. Here we use
pulse-echo ultrasound to measure the elastic moduli of UTe, in samples that
exhibit both one and two superconducting transitions. We demonstrate the
absence of thermodynamic discontinuities in the shear elastic moduli of
both single- and double-transition samples, providing direct evidence that
UTe, has asingle-component superconducting order parameter. We further
show that superconductivity is highly sensitive to compression strain along
the a and caxes but insensitive to strain along the b axis. This leads us to
suggest a single-component, odd-parity order parameter—specifically the

B,, order parameter—as most compatible with our data.

Definitive determination of the superconducting pairing symmetry has
been accomplished for only a handful of materials, among them the
s-wave Bardeen-Cooper-Schrieffer superconductors and the d-wave
cuprates'. Insome superconductors, suchas Sr,Ru0,, debate over the
pairing symmetry has persisted for decades despite ultra-pure samples
and an arsenal of experimental techniques®*. This is more than an
issue of taxonomy: the pairing symmetry places strong constraints
on the microscopic mechanism of Cooper pairing, and some pairing
symmetries can lead to topological superconducting states’.

The question of pairing symmetryisnowhere more relevantthanin
UTe,, whereinaddition to power laws in thermodynamic quantities®™’,
the most striking evidence for unconventional superconductivity
is an extremely high upper critical field H., compared with the rela-
tively low critical temperature”®. Remarkably, for some field orienta-
tions, the superconductivity re-emerges from a resistive state above

approximately 40 T and persists up to at least 60 T (ref. 11). This high
H_, constrains the spin component of the Cooper pair to be spin-triplet,
which inturn constrains the orbital component of the Cooper pair to
beoddunderinversion (thatis odd parity, suchasap- orf-wave state).
However, there are many possible odd-parity order parameters and
which one—or which pair, if UTe, is atwo-component superconductor
as suggested”’—manifests in UTe, is unknown.

The primary question we address here is regarding the degeneracy
ofthe orbital part of the superconducting order parameter. In addition
to even (s- or d-wave) and odd (p- and f-wave) designations, order
parameters can have multiple components: both conventional s-wave
and high-7.d,._.-wave order parameters are described by a single
complex number, whereas the topological p, + ip, state has two com-
ponents, namely p,and p,. Evidence for atwo-component order param-
eterin UTe,stems from the presence of two distinct superconducting
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Table 1| Proposed order parameters for UTe,

Shear
discontinuity?

Reference
(E, experiment;
T, theory)

Dimensionality Representation

E: NMR*

No E: scanning

SQuID*

B,, No E: ultrasound (this

work)

One component T: DFT*

. 33,334
B,, No E: NMR

E: scanning
SQUID*'

No —
E: uniaxial stress®

E: specific heat’®"

E: microwave
surface

B,A} Ces impedance™

E: specific heat,
Kerr effect’?

E: penetration
depth®

E: NMR*

{Bau At Cus

T: °*He A-phase-like
{B1u Bau} Cas pairing™”’

E: specific heat®

T: phenomenology

Two component +DFT®

{Biu, Bau} Css
T: DFT*®

T: DFT*#

E: specific heat,

{Bau, Bau} onn Kerr effect’®

T: emergent Dy,
symmetry”*

E: STM"

T: pair-Kondo
Yes effect™

T: MFT of Kondo
lattice”'

Proposed odd-parity order parameters for UTe,, sorted by the number of components
(dimensionality), their irreducible representation and whether the proposed order parameter
is based on an experimental observation or a theoretical proposal. Scenarios listed without

a specific representation are compatible with any type of one- or two-component order
parameter. On the basis of symmetry alone, our work strongly constrains the order parameter
to be of the one-component type. Using more quantitative arguments, we suggest a B,,

order parameter. NMR, nuclear magnetic resonance; SQUID, superconducting quantum
interference device; DFT, density functional theory.

transitions in some samples, as well as from the onset of time-reversal
symmetry breaking at T, (refs. 12,13). Combined with evidence for
spin-triplet pairing, these observations have led to several proposed
exotic, multi-component order parameters for UTe, (Table 1). These
multi-component states can have a topological structure that could
explain other experimental observations, such as the chiral surface
states seen in scanning tunnelling microscopy (STM)™ or the anoma-
lous normal component of the conductivity observed in microwave
impedance measurements”®.

Claims of a multi-component order parameter are not without
controversy, however. As the purity of the samples has increased, T,
hasshifted to higher values and the second transition has disappeared
at ambient pressure'. Previous work has suggested that two transi-
tions arise due to inhomogeneity”, but the application of hydrostatic

pressure splits single-T,samples into two-T.samples''’, suggesting that
two superconducting order parameters are, at the very least, nearly
degenerate with one another.

The natural way to distinguish between single-component and
two-component order parametersis to apply strain. Single-component
superconductors have asingle degree of freedom—the superfluid den-
sity—that couples to compression strains, producing a discontinuity
in the compressional elastic moduli at T, (Fig. 1). Single-component
superconductors, however, have no such discontinuity in their shear
modulibecause shear strains preserve volume and thus do not couple
tosuperfluid density. Multi-component superconductors, on the other
hand, have additional degrees of freedom: the relative orientation of
the two order parameters, as well as their relative phase difference.
These additional degrees of freedom couple to shear strains, producing
discontinuities in the shear moduli at 7. By identifying which elastic
modulihave discontinuities at T_, one can determine whether a super-
conductor is multi-component without any microscopic knowledge
of the Fermi surface or the pairing mechanism.

Results

We use a traditional phase-comparison pulse-echo ultrasound tech-
nique to measure the temperature dependence of six elastic moduli
in three different samples of UTe, over a temperature range from
approximately1.3to1.9 K. In particular, we measure all three compres-
sional (that s, c;;, ¢,, and ¢;;) and shear (that is, ¢,,, ¢ssand ¢,,) moduli
in one sample with two superconducting transitions (S3: T.; = 1.64 K,
T.,=1.60K) and in two samples with a single 7. (S1: T.=1.63 K and S2:
T.=1.70 K). Ultrasound data in the normal state of UTe, have been
reported by Ushida et al.?°. Here, we focus on the superconducting
transition. Details of the sample growth and preparation, as well as
the experiment, are given in Methods.

Figure 2 shows the relative changes in four elastic moduli across
T. for the single-transition samples S1 and S2. We observe a single,
sharp (approximately 85 mK wide) discontinuity in the c;; compres-
sional modulus, as expected for all superconducting transitions. We
observe no discontinuities in any of the shear elastic moduli to within
our experimental resolution (a few parts in 10’; see Supplementary
Figs.5and 6 for details).

Figure 3 shows therelative changesin the elastic modulifor sample
S3 with a double superconducting transition (the single-T, data are
reproduced here for comparison). We observe two distinct discontinui-
tiesin c;; separated by approximately 40 mK. Subsequent specific heat
measurements on the same sample show asimilar double peak feature
identified in other double-T.samples™ (specific heat dataare shownin
Supplementary Fig. 7). Notably, we find the sum of the discontinuities
in the double-T, sample to be of a similar size as the discontinuity in
the single-T, sample. Additionally, the behaviour of the shear elastic
moduliis nearly identical to that of the single-T. samples, again with
no discontinuities at 7.

We also measure the two other compressional moduli—c;; and
¢,,—and show them along with c,; in Fig. 4. ¢;; has a discontinuity of
approximately 20 parts per million—roughly afactor of 2 smaller than
the discontinuity in c5;. In contrast, ¢,, has a discontinuity of at most
1part per million—significantly smaller than the other two compres-
sional moduli. Discontinuities in all three compressional moduli are
allowed by symmetry for any superconducting order parameter (see
ref.2 and ‘Landau free energy calculations’ section in Supplementary
Information).

We first analyse the data using only the presence or absence of
discontinuitiesin the elastic moduli. This analysisis based on symmetry
arguments alone andisindependent of the size of the discontinuities.
We then perform a quantitative analysis of the discontinuities using
Ehrenfest relations. Finally, we combine all of our observations to
speculate on which particular superconducting order parameter is
most consistent with our data.
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Fig.1| Theinfluence of strain on one- and two-component superconductors.
a, Anillustration of how two representative order parameters—single-
component s-wave and two-component p, + ip,—respond to both compression
and shear strain. Both gaps respond under compression (whether increasing

or decreasing in magnitude depends on microscopic details). Only the two-
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component gap, however, couples to shear strain—here weillustrate the phase
mode (seeref. 2 for more details). b, The expected changes in elastic moduli
across T.for one- and two-component order parameters. All superconductors
have a discontinuity in their compressional moduliacross T, but only two-
component superconductors have discontinuities in their shear moduli.
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Fig.2|Relative change in elastic moduli through T for single-T,UTe,. The
compressional elastic modulus c5; shows a sharp discontinuity—as expected for
all superconductors—of approximately 40 parts per million at T... In contrast, the
shear elastic moduli c,,, ¢ssand ¢, show only changesin slope at T, consistent

with a single-component superconducting order parameter. Arrows mark the
superconducting transition for all shear moduli. Ac;/c;is defined as
(ci(T) = ¢i(Ty)) /ci(To), where Ty is the highest temperature shown.

Symmetry of the superconducting order parameter

The presence or absence of a discontinuity in each elastic modulus
constrains the symmetry of the superconducting order parameter.
Roughly speaking, only strains that couple linearly to a degree of
freedom associated with the superconducting order parameter show
discontinuities at T.. We illustrate this with a couple of examples; a
morerigorous derivationis givenin‘Landau free energy calculations’
in Supplementary Information.

Discontinuities in elastic moduli arise when there is coupling
betweenstrainand superconductivity thatislinearinstrainand quad-
raticinthe order parameter. For asingle-component superconducting
order parameter, this only occurs for compression strains”.
Asingle-component order parameter canbe writtenas i = n,e, where
noisthe magnitude of the gap (which may depend on momentum) and
¢isthesuperconducting phase. The lowest-order coupling to astrain
€;is eyn*n = e,-jng, where the asterisk denotes complex conjugation.
This couplingisallowed only if¢; preserves the symmetry of the lattice;
that s, it is only allowed for compression strains and not for shear

strains (which break the lattice symmetry). Since r]é isproportional to
the superfluid density, the physical interpretation of the resulting
discontinuity at T.is that compression strain couples to the superfluid
density, whichturnsonat 7. and provides anew degree of freedomthat
softens the lattice.

In contrast to single-component order parameters,
multi-component order parameters can have discontinuities in
shear elasticmoduli. Thisis because there are more degrees of freedom
associated with a multi-component order parameter than with a
single-component order parameter. Writing a two-component order
parameter as ij = {no €%, no, %}, there are now several possible
couplings at lowest order. Taking the well-known p, + ip, state
in tetragonal crystals as an example, one possible coupling is
€x9/10.5,M0,p, €O (@p, — Py, )- This is the so-called phase mode of the
order parameter, as it couples €, shear strain to the relative phase of
the two components (Fig.1). This produces adiscontinuity in the associ-
ated elastic modulus c4. The relative phase is anew degree of freedom
that is only present in a multi-component order parameter, as strain
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Fig.3|Relative change in elastic moduli through T for double-T,UTe,.

The compressional elastic modulus c;; shows two distinct discontinuities at T,
consistent with the two peaks we find in the specific heat of the same sample.
The shear moduli, on the other hand, show no discontinuities and behave nearly
identically to the shear moduli of the single-T. sample. Single-(double-)transition

1.4
T(K)

samples are shown with empty (filled) symbols. Empty (filled) arrows mark the
superconducting transition for all shear moduli for single-(double-)transition
samples. Ac;/c;is defined as in Fig. 2, and curves have been offset vertically

for clarity.
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Fig. 4 | Relative change in compressional elastic moduli through T.. The compressional elastic moduli as functions of temperature through T.. c;;and ¢, were
measured on asingle-T.sample, and c,, was measured on the double-7,sample. Both ¢;; and c;; show clearly resolvable discontinuities at 7., whereas c,, shows a barely

resolvable discontinuity. Ac;/c;is defined as in Fig. 2.

cannot couple to the absolute phase of a single-component order
parameter (suchaterm would break gauge symmetry). Similar expres-
sions exist for orthorhombic crystals (see ‘Landau free energy calcula-
tions’ sectionin Supplementary Information for details), but the main
conclusionisindependent of the crystal structure: shear elastic moduli
only exhibitdiscontinuities at 7. for multi-component superconducting
order parameters.

The absence of a discontinuity in any shear elastic modulus
in the single-transition samples (S1 and S2) rules out essentially
all two-component order parameters in UTe,. While there are no
natural two-component order parameters in UTe, because the
crystal structure is orthorhombic, many nearly or accidentally
degenerate order parameters have been proposed to explain the
presence of the two nearly degenerate 7.s, time reversal symmetry
breaking and chiral surface states (Table 1). One proposal is the
onset of first a B,, state followed by a B, state at the second, lower T
(refs.12,13,22-24). This proposal predicts the usual discontinuities
in compressional moduli at the first (higher) T, followed by a dis-
continuity in the compressional moduli and the c,, shear modulus
at the lower T.. In fact, the product of any two odd-parity (that is
p-or f-wave) states or any two even-parity (thatiss- or d-wave) states
in D,, predicts a discontinuity in either c,,, 55 OF C¢s, NONe of which
we observe. This strongly constrains the superconducting order
parameter of UTe, to be of the single-component type. Finally, we
note that our data are fully consistent with any single-component
order parameter, including even-parity states such as s-wave
and d-wave.

The similar absence of discontinuities in the shear elastic moduli
of the two-transition sample (S3) rules out the multi-component
explanation for the second superconducting transition. We find that
the single discontinuity in c5; in single-T. samples is approximately
the same size as the sum of the two discontinuities found in double-T,
samples. This suggests that, below the second transition, all electrons
in UTe, are in the same thermodynamic state, rather than double-T,
samples having two separate superconducting mechanisms. This
suggestsacommon origin for the two superconducting transitions,
perhaps splitby local strains'” or magneticimpurities®. Why this usu-
ally manifests as only two sharp 7.’s (as we also observe in our data),
rather than as multiple 7.'s or as a broad transition, remains an open
question. It also leaves unresolved the issue of why even single-T,
samples become double-T, samples under hydrostatic pressure,
leaving open the possibility of a multi-component order parameter
under pressure.

Coupling of compression strains to superconductivity

The smallness of the discontinuity in ¢,, compared with the other two
compressional moduliindicates that the superconductivity in UTe,
is insensitive to strain along the b axis (¢,,). This observation is made
quantitative through Ehrenfest relations, which relate discontinuities
in the elastic moduli, 8¢y, to the discontinuity in the specific heat, AC.
The Ehrenfest relations are

@
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Fig. 5| Influence of compression strains on the crystal structure and Fermi
surface of UTe,. a, The crystal structure of UTe,. Highlighted are tellurium chains
along the b axis and chains that run along the a axis consisting of c-axis-oriented
uranium dimers. b, The geometry of the Fermi surface, modelled after quantum

oscillation measurements, which is dominated by the chains shownina®. The
Fermisurfaceis coloured according toits uranium (yellow) and tellurium (grey)
content. ¢, The superconducting gaps (blue lines) for three possible odd-parity
order parametersatk,=0.

where d—Tfis the derivative takenat zero applied stress. Using the specific
heat meésured onsample S3 (Supplementary Figs. 7 and 8) and the

data shownin Fig. 4, we calculate :TC = 0.23 £0.02 K per % strain,

€xx

% _ 0.07+0.02K per %strainand ji = 0.34 £ 0.02K per %strain.

deyy [

These values are roughly consistent with those measured in uniaxial
strain experiments® (see Supplementary Table 2 for a quantitative
comparison).

These Ehrenfest relations indicate that the superconductivity of
UTe, is substantially more sensitive to strains along the aand caxes than
itis to strain along the b axis. This observation is perhaps surprising
given the relatively quasi-two-dimensional nature of the Fermi surface
measured by quantum oscillations in UTe, (refs. 27,28). This Fermi
surface consists of two sets of quasi-one-dimensional sheets running
along the a and b axes that hybridize to form one electron and one
hole pocket (Fig. 5). Thus, if any direction is to be weakly coupled to
superconductivity, one might expect it to be the caxis. Thisargument
is unchanged by the possible existence of an additional small pocket
of Fermi surface reported by Broyles et al.”, as it is roughly isotropic
and thus does not single out any particular direction.

Looking at the crystal structure in Fig. 5, however, it is clear that
the a and b axes are very different: chains of c-axis-coupled uranium
dimersrunalongthe a axis, whereas chains of telluriumrun along the b
axis (the other telluriumsite, Te(1), participates muchless in the Fermi
surfacethanthe Te(2) chains; Supplementary Figs. 9 and10). Thus, €,
and €,, modulate the inter- and intra-dimer coupling of the uranium
dimers, respectively, whereas €,, only modulates the weak inter-chain
couplingof the uranium chains. €,,does, however, modulate the spac-
ingbetweentelluriumatomsin the tellurium chains thatrun along the
baxis. Our observation of the relative insensitivity of 7. to ¢, therefore

suggests that the superconducting pairing is more sensitive to the
uranium-uranium distances thanto the tellurium-tellurium distances.

Proposed single-component superconducting order
parameter
Thermaltransport®, specific heat”” and penetration depth® all suggest
the presence of point nodesin the superconducting gap of UTe,. B,,, B,,
and B,, order parameters all have point nodes intheir superconducting
gaps, but these nodes lie along different directions in momentum space
and thus intersect different portions of the Fermi surface (or may not
intersect the Fermi surface at all if it is quasi-2D).

Weuse our observation of relatively weak coupling between ¢, and
T.to motivate a particular orientation of the point nodes in UTe, and
tosuggest one particular single-component order parameter. Figure 5
shows atight binding model of the Fermi surface of UTe, as determined
by quantum oscillations, colour-coded by the relative uranium 6d and
tellurium 5p content (both bands have substantial uranium 5fcharacter
that contributes to their heavy masses but not to their geometry). Our
results suggest that the superconducting gapis either weak or absent
on the tellurium-dominant electron Fermi surface. Only the B,, order
parameter has nodes that lie along the k, direction, producing anode
inthe gap on the tellurium-dominant surface and a gap maximum on
the uranium-dominant surface. We note that a reported small pocket
with a light mass does not qualitatively affect this argument®, as it is
largely isotropic in shape and thus will not respond differently to €,,
ande,, strain.

Discussion

Our discovery of a single-component order parameter places strong
constraints on possible explanations for other experimental obser-
vations. First, a single-component order parameter cannot break
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time reversal symmetry. This suggests that the interpretation of time
reversal symmetry breaking at 7. as seen by polar Kerr effect meas-
urements'>?, along with the chiral surface states seen in STM™ and
microwave surface impedance measurements”, needs to be revisited.

The search for multi-component superconductors continues: they
areofboth fundamental and practicalinterest, since amulti-component
order parameter is a straightforward route to topological supercon-
ductivity. We find that, while UTe, may have an odd-parity, spin-triplet
order parameter, it seems that the most likely order parameter to
condense at T is of the single-component B,, representation: either
Py or f,2-wave superconductivity. Definitive determination of the
orientation of the nodes in the superconducting gap would confirm
this scenario.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-024-02493-1.
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Methods

Sample growth and preparation

Single crystals of UTe, were grown by the chemical vapour transport
method as described in refs. 7,42. Samples with one T, (two T.'s) were
grown in a two-zone tube furnace with temperatures of 950 °C and
860 °C (1,060 °C and 1,000 °C) at the hot and cold end, respectively.

Specimens were aligned to better than 1° using their magnetic
anisotropy (performed in a Quantum Design MPMS) and X-ray dif*-
fraction (performedinaLaue backscattering system) measurements.
Sampleswere then polished to produce two parallel faces normal to the
(100), (010) and (001) directions, depending on the mode geometry
(Extended Data Table1).

Thin-film ZnO piezoelectric transducers were sputtered from
aZnO target in an atmosphere of oxygen and argon. Both shear and
longitudinal responses are presentin each transducer—the shear axis
was aligned with either (100), (010) or (001), again depending on the
particular mode geometry. Three crystals were measured in total (see
Extended Data Table1for details). The shear responsein our deposited
transducers was achieved by mounting the sample on the farend of the
sputtering sample stage, maximizing the distance between the sample
and the ZnO target. The position of the sample stage was fixed during
the entire deposition process (that is, rotation was disabled on the
sample stage). The resulting polarization direction of the generated
sound wave is then parallel to the shortest line drawn between the
sample and the target—this orientation was verified using the absolute
speed of sound and the moduli obtained using resonant ultrasound
spectroscopy®.

Pulse-echo ultrasound measurements

Measurements were performed in an Oxford Instruments Heliox *He
refrigerator. We used a traditional phase-comparison pulse-echo ultra-
sound method to measure the change in elastic moduli relative to the
highest temperature T,; thatis, we measured Ac/c = (¢(T ) — c(Ty)) /c(Tp)
Shortbursts (typically -50 ns) of radiofrequency signals, with the car-
rier frequency between 500 MHz and 2.5 GHz, were generated with a
Tektronix TSG 4106A RF generator modulated by a Tektronix AFG 31052
arbitrary function generator, amplified by a Mini-Circuits ZHL-42W+
power amplifier, and transmitted to the transducer. The signal was
detected with the same transducer, amplified with a Mini-Circuits
7ZX60-3018G-S+ amplifier and recorded on a Tektronix MSO64 oscil-
loscope. The detection amplifier wasisolated from the power amplifier
using Mini-Circuits ZFSWA2-63DR+ switches, timed with the same
Tektronix AFG 31052 arbitrary function generator.

Both shear and compressional sound are generated by our trans-
ducers—these signals are separated in the time domain owing to the
different speeds of propagation and identified as shear or compres-
sion using the known elastic moduli of UTe, (ref. 43). Extended Data
Fig. 1shows a raw pulse-echo signal from a transducer sputtered on
sample S3 with sound propagating along the [010] direction with a
shear polarization axis along [100], thus measuring c,, and ¢, simul-
taneously. Echoes correspondingto the different elastic modes can be
clearlyidentified as shear (vertical dashed red lines) and compression
(vertical dashed blue lines).

The phase of each echo was analysed using a software lock-in, and
the relative change in phase between two echoes was converted to
therelative change in speed of sound as a function of temperature. In
Extended Data Fig. 2, we compare the temperature dependence of c;;
of samples S1and S3 obtained with different transducers.

Data availability

Data that support the plots within this paper and other find-
ings of this study are available via GitHub at https://github.com/
CHiLL-Ramshaw/manuscripts-supporting_data/tree/0292ab9b15b6
0af93341e64b759507e4e59eb7cd/2024_Single Component_Super-
conductivity_in_UTe2_at_Ambient_Pressure (ref. 44) and from the

corresponding author upon reasonable request. Source data are
provided with this paper.
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Extended Data Fig.1| Raw Pulse-Echo Signal. The raw signal from a sputtered
ZnO shear transducer on sample S3 with sound propagation along the [010]

and polarization along the [100] directions. The transducer exhibits both a
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Extended DataFig. 2| Comparison of different transducers. Shown are Acy;/c;;  However, for the datainred, the shear component of the transducer was

forsingle T, (S1, left) and two T (S3, right) samples. For each sample we compare polarized along [100] (additionally measuring cs;), whereas for the datain blue,
the relative change in elastic modulus between measurements obtained withtwo  the shear componentof the transducer was polarized along [010] (additionally
different transducers. Both transducers excited sound along the [001] direction. measuringc,,).
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Extended Data Table 1| Pulse-echo ultrasound sample configurations

#T. Sample k i ¢ f(MHz) d(pm) c(GPa)

u
[100] cs5 1261 330417 5145
S1  [001] [010] ey 1434 330+£17 2743
1 [001] cs3 2260 330+£17 91411
[100] ¢ 823 920446 81+38
520 000 fo10] e 1250 920446 2843
[100] cs5 1348 550428 5245
[001] [010] ey 1352  550+£28 2843
2 S3 [001] ¢33 1348 550 +£28 88+9
org) D001 e 1362 20015 303
[010] ¢ 1362 290415 141+15

Listed are the transducer configurations for all the measurements in this manuscript. Samples are sorted by the number of superconducting phase transitions (first column). Additional
information given is the propagation k and the polarization @ of the sound pulse excited in the sample, as well as the measured elastic modulus. Also shown is the frequency at which each
measurement is performed. We also provide the thicknesses d of the measured samples and the resulting absolute values of the elastic moduli obtained from the separation of echoes at
room temperature. Uncertainties represent a 5% uncertainty in the thickness.
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