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One of the main developments in unconventional superconductivity in the past two
decades has been the discovery that most unconventional superconductors form

phase diagrams that also contain other strongly correlated states. Many systems of
interest are therefore close to more than one instability, and tuning between the
resultant ordered phases is the subject of intense research’. In recent years, uniaxial
pressure applied using piezoelectric-based devices has beenshowntobe a
particularly versatile new method of tuning®?, leading to experiments that have
advanced our understanding of the fascinating unconventional superconductor
Sr,Ru0Q, (refs. *°). Here we map out its phase diagram using high-precision
measurements of the elastocaloric effect in what we believe to be the first such study
including both the normal and the superconducting states. We observe astrong
entropy quench on entering the superconducting state, in excellent agreement with a
model calculation for pairing at the Van Hove point, and obtain a quantitative
estimate of the entropy change associated with entry to a magnetic state that is
observed in proximity to the superconductivity. The phase diagram s intriguing both
for its similarity to those seen in other families of unconventional superconductors
and for extra features unique, so far, to Sr,RuO,.

To establish the phase diagram of an unconventional superconductor,
itis necessary to have both an effective means of tuning it and meth-
ods to investigate the resultant changes to its physical properties. In
most of the systems studied so far, tuning methods such as chemical
composition, magnetic field, electric field, hydrostatic and epitaxial
pressure have beenused. Each hasitsadvantages and drawbacks, which
ultimately determine the methods used to study the resultant phases
andtheirinterplay. Anideal method of study is one that has sensitivity
toseveral phases simultaneously, andin particular to their boundaries.
Inmagnetically tuned systems, the magnetocaloric effect has proved to
be of particular utility. Under adiabatic conditions, the rate of change
of the sample temperature with applied magnetic field H provides
directinformation on the heat capacity C,;and entropy S, through the
well-known relationship
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which has been used to good effect to establish the H-T phase dia-
grams of, for example, URu,Si, (ref. °) and Sr;Ru,0; (ref. ). As a tuning
parameter, magnetic field brings advantages in terms of directionality

and the ability to change symmetry, but also has the clear disadvan-
tage that sufficiently high fields usually destroy, rather than promote,
superconductivity. Uniaxial pressure brings the same advantage in
terms of ‘selective symmetry breaking’ and does not automatically
compete with superconductivity. In systems with a strong elastic
response, the elastocaloric effect is a direct analogue of the magne-
tocaloric effect:
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inwhich C,isthe specific heat at constant straingand g—i isthestrain
derivative of the entropy at constant temperature. In theTspecial case
of an isotropic volume strain Ae = AV/V, then —%% measures the
famous Griineisen parameter I originally introduced in 1908 (ref.'?)
and extensively studied in, for example, heavy fermion materials™, but
ageneralized version of the Griineisen parameter can also be defined
for any combination of strain tensor components. If the relevant strain
tunes the material through a quantum phase transition, the appropri-
ate generalized Griineisen parameter is an excellent tool with which
to classify that transition'*%,
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Fig.1|Response of the elastocaloric effect as afunction of strain.a-d, The
magnitude of the measured a.c. temperature against strain ,q, at different
average sampletemperatures, measured at1,513 Hzand an excitation
amplitude {3 between 2.9 x 10°and 3.5 x 10°%. The strain at which the Van
Hovesingularity is traversed £,05 =-0.44% isindicated in panel a. The sign
change of AT at £)¢% corresponds to amaximum in the entropy. In panel ¢, data
areshown for downsweeps and upsweeps at arate of approximately 1% per

hour. e, Colour map of the elastocaloric effect. Notice the pronounced entropy

Although used widely in association with materials with large elastic
responses, to the extent thatithasbeen proposed for cooling technolo-
gies'®”, direct measurement of the elastocaloric effect has been much
less widely used in the field of unconventional superconductivity or
correlated electron physics, partly because the expected signal size
is much smaller. Here we build on recent work using a.c. methods to
perform high-resolution measurements of AT/Acin Fe-based supercon-
ductors®?° to study the elastocaloric effect in Sr,Ru0,. As described in
detail in Methods, we superimpose a small oscillatory component on
the background steady strain and lock into the oscillatory component
ofthe thermal response, which directly measures AT/A¢. We achieve the
extremely high temperature measurement precision of approximately
2 puK (vHz) ™" and use it to map out the phase diagram between 1K and
8K, for applied compressive strains along the [100] crystal axis of up
t0 &0o = —0.7%, performing checks to ensure that we are close to the adi-
abaticlimit for which Equation (2) applies. Our dataallow us to determine
I'00, the Griineisen parameter for uniaxial stress applied along [100].

Sampleraw dataforisothermal strain sweepsat 8 K, 6 K,4 Kand 2K
areshowninFig.1a-d. Much can be learned from a qualitative inspec-
tionof the results. At 8 K, the dataare seen to show the profile expected
forasysteminwhichapeakinentropyis studied under quasi-adiabatic
conditions: the derivative changes sign at &,5, = —0.44%, in line with
previous estimates for the strain at which a Van Hove singularity is
traversed at a so-called Lifshitz transition®2%,

Whenthe temperature hasbeenloweredto 6 K, the signal at the Van
Hove strain )¢ remains similar, buta pronounced extradipis seenin
the signal ataround &4, = —0.6%. By 4 K, this dip has moved to slightly
lower absolute strain and becomes stronger. The signal at 2 K looks
similar to those at 4 Kand 6 K at high strain but is very different in the
region between —0.2% and -0.6% strain. Instead of a maximum of
entropy at the Van Hove strain, there is now a minimum, along with a
sharpstepintheelastocaloric signal at £,5, = -0.23%. Remarkably, this
large change in the entropic properties is the result of the onset of
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quenchat T,, at which the entropy changes from being maximal at £)o5 for T> T,
toformingaminimumat 7< 7..The solid red circles are the superconducting
transition temperatures determined from measurements of the heat
capacity®. Theyellow star indicates the magnetic phase transition
temperature obtained from pSR data®, which agrees with the phase boundary
identified by the dark blue contrast seen for €,,, between-0.6% and -0.7% in
theelastocaloriceffect. See Extended DataFigs.1,2 and 3 for further data.

superconductivity, as demonstrated by constructing the empirical
phase diagram shownin Fig.le frominterpolating the results of strain
sweeps from 71 different temperatures, as described in Methods.

The high resolution of our experiments allows the straightforward
identification of several key features from inspection of the raw data
in Fig. 1e. First, above T, the strain at which the elastocaloric signal
changes sign is nearly independent of temperature. This is the intui-
tive expectation for the elastocaloric signal of traversing a Van Hove
singularity, which is expected to be independent of temperature in
this temperature range because it is set by an underlying feature in
the band structure and therefore determined by much higher energy
scales. Within experimental uncertainty, it coincides with the maximum
value of T.and the strain at which the Van Hove singularity is observed
tobe crossed in photoemission experiments®. Second, the dispersion
with strain of the dip seen for &,o, values of less than —0.6% (Fig. 1b-d)
is reminiscent of that of a phase boundary. Third, the entropic signal
of entering the superconducting state is extremely pronounced. The
maximum in entropy as a function of strain at the Van Hove singular-
ity is quenched, turning into a minimum below 7. Away from the Van
Hove point, the elastocaloric effect changes sign and almost reverses
its magnitude near 7. No signature of a second transition within the
superconducting state? is resolved.

To frame amore in-depth analysis of our data, we turn to the behav-
iour of therelevant Griineisen parameter [, = - T herd convertingthe
raw datato absolute units using the procedure described in Methods.
In systems governed by a single energy scale, such as Fermi liquids,
I'is independent of temperature. As a result, Griineisen scaling is
expected with curves at all temperatures collapsing onto each other
and deviations fromthis scaling indicating proximity to critical points
or phase transitions'", We show this scaling in Fig. 2a for temperatures
greater than the maximum superconducting transition temperature
of 3.5K. Itis seen to be excellent for —0.3% < £,o, < 0. Between —0.3%
and -0.55%, the departure from scaling is of the kind qualitatively
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Fig.2|Griineisenscaling. a, Experimental data converted to absolute units
using atemperature-independent and strain-independent scale factor
determined at 6 Kusing the procedure described in Methods. b, Theoretical
calculations of T' oy in the temperature range 7> 4 K using asimple single-band,
two-dimensional model. The sign change at €,y = -0.44% can clearly be
attributed to crossing the Van Hove point. A Griineisen scaling collapse is

expected for proximity to a quantum phase transition, in this case, the
Lifshitz transition at €,, = —0.44%. For strains between -0.6% and -0.7%,
the Griineisen scaling is also poorly obeyed, supporting the hypoth-
esisthat the featurein this region (now a peak rather thanadip because
of the sign convention of the Griineisen parameter) marks a phase
transition.

As a complement to the experimental data, we have calculated
the expected behaviour of the Griineisen parameter as a function of
[100] strain using a two-dimensional tight-binding model for the rel-
evant y band derived from a combination of de Haas-van Alphen and
angle-resolved photoemission experiments on unstrained Sr,RuO,
(ref.?*). Full details are given in Methods and Supplementary Information.
Theresultsare shownin Fig. 2b for the same range of temperatures
as those in Fig. 2a. The qualitative agreement at strains |&,oo| < £}05]
is distinctive, especially given the simplicity of the model. The shape
of the curves, the strain range over which the Griineisen scaling is
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Fig.3|Elastocaloriceffect.a, Experimental data converted to absolute units
using the procedure describedinthe captiontoFig.2.b, Theoretical
calculations with afullgap at the Van Hove point of 7T, in the temperature
range1K < T<3.7 Kusingasimplesingle-band, two-dimensional model. The
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observed for small strains £,y > -0.2% inboth panels. The extra peak at large
strains for £, around -0.65% in panel ais attributed to magnetism that is not
captured by the theory of panel b. A more realistic model including the full

three-dimensional dispersion of Sr,Ru0, (Supplementary Information) gives
essentially the same theoretical results.

obeyed and even the zero crossing near zero strain (a consequence of
the initial splitting of the zero-field Van Hove singularity owing to the
Poisson effect) are all seeninboth experiment and theory. By contrast,
below 8 K, the behaviour for strains beyond £}¢5 is considerably dif-
ferent, emphasizing that the experimental dataare picking up a phase
transition not predicted by the tight-binding model. In isolation, the
elastocaloric data give no microscopic information on the nature of
the high-strain phase, but a point established in a recent muon spin
relaxation measurement (marked by the yellow star in Fig. 1e) shows
that it is magnetic, and probably a finite-Q state?. Establishing the
boundary of this new phase is one of our key findings.

Next, we turn our attention to lower temperatures. In Fig. 3a, we show
elastocaloric data at a range of temperatures between 3.7 Kand 1 K. At
3.7 K, thesampleis non-superconducting across the entire strain range,
whereas at1K, itis superconducting for £,,, between —0.55% and 0. The
behaviour at intermediate temperatures is prominent. After following
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discontinuitiesin panel bidentify the phase transition between the metallic
and superconducting phases; these singularities are broadenedin the

experimental datain panela. The extra peakatlarge strains for £, around
-0.65%is attributed to magnetism.



the expected normal state behaviour atlow strains, the signal abruptly
reverses in sign owing to the entropy quench discussed above. On the
high-strainside, the departure from the superconducting state becomes
harder todistinguish and the signalincreases rapidly in the region where
superconducting and magnetic order approach each other.

Because thereis, to our knowledge, no precedentin the literature of
measurement of the elastocaloric signal on entry to the superconduct-
ing state, we constructed an illustrative model to frame the discus-
sion of Fig. 3a. In Fig. 3b, we show the elastocaloric response obtained
in a simple calculation: the density of states of the empirically con-
strained tight-binding model is combined with a strain-independent
and k-independent pairing potential Vto calculate the transition tem-
perature of ahypothetical weak-coupled Bardeen-Cooper-Schrieffer
superconductor that is fully gapped at the Van Hove points (see Sup-
plementary Information). We do not claim that this model gives a full
description of the superconductivity of Sr,RuO, and certainly do not
expect it to accurately predict T.(g,00) across the entire strain range,
butit usefully highlights some of the key features of the experimental
data. It demonstrates that the pronounced signal sign reversal that is
sovisually prominentinFig.3afor-0.35% < &,o, < —0.1% on entry to the
superconducting state canbe understood within a very simple model
of superconductivity. Consistent with the trend seen in the data, the
large entropy at the Van Hove singularity arising from the enhanced
density of states is strongly quenched on entering the superconduct-
ing state. By contrast, asecond model calculation shows that our data
cannot bereproduced by superconducting states with nodes at the Van
Hove points (see Supplementary Information). Our dataare therefore
consistent only with superconducting order parameters that give a
substantial gap in the vicinity of the Van Hove singularity. Nodal lines
or points away from the Van Hove point are, of course, still possible.

Arguably as interesting as what the model successfully describes is
what it does not. The theory-experiment comparison in Fig. 3 again
highlights the notable qualitative difference in the experimental data
onthelow-stain and high-strainsides of £]35". The models used to con-
struct Figs. 2band 3b do notinclude provision for amagnetic phase at
high strain and predict a high degree of symmetry of both the normal
state and the superconducting state signals around £}, The pro-
nounced asymmetry in the data shows that the magnetic state exists
and suggests that it affects the superconductivity.

Itis possible to go further than qualitative statements and to extract
the strain dependence of the entropy, using the analysis procedure
described in Methods. Sample results at 4.5K, 5.5K, 6.5Kand 7.5K are
shown in Fig. 4. After peaking at the Van Hove strain, the entropy
decreases as the strain is increased, with a more sudden decrease for
-0.61% < &40 < —0.68%, whose magnitude increases with decreasing
temperature. At afirst-order phase transition, the entropy shows a dis-
continuity, whereas we observe instead arapid decrease of finite width.
However, our experiment involves a small straininhomogeneity, whose
effects are clearly seen in Fig. 3 in the broadening of the signal as the
superconducting state is entered. The strain width of the entropy
decreaseinFig.4 issimilar,sothe data probably indicate that theintrin-
sic decrease is discontinuous. The raw elastocaloric data highlight the
qualitative difference between the signature of apeaking entropy (seen
at £,¢%) and the signature seen on entering the magnetic phase, which
isapeaknotintheentropybutin-(3S/0¢);. Overall, althoughwe cannot
beabsolutely certain, we believe that our datasupportafirst-order tran-
sition into the magnetic phase. Taking the peak in I';, as the transition
pointidentifiesit with the dark blueridge in Fig. 1e. We canalso quantify
the change of entropy. The decrease in S/T at 4.5 K is approximately
3 mJ) mol™K?, 8% of the electronic entropy of the unstrained material
and more than10% of the extrapolated background value at £, = —0.63%.
Theabsolute valueis similar tothat seen onentry to the low-temperature
phaseinSr;Ru,0, (ref. ) but the signis opposite. In Sr,Ru0,, the entropy
is lower in the magnetic phase than in the adjacent metal, in line with
conventional expectation for a Fermi surface gapping transition.

18%*03
T T T T T T T T T T T T
a - | 75K
, ]
by 150
L -
£
g o B
= |
[%5)
-150
b
c’?n‘ ]
¥ 150
1
S
5 o 8
£ ay
~
5 ]
-150
Cc
(ﬁ" 4
x 150
IB 4
£ g
g 0 £
~
& ]
-150
d

150

l—“I 00

S/T (mJ mol! K2

-150

€100 (%)

Fig.4|Strain dependence of the entropy. a-d, Integrating the ' o, data using
theiterative procedure described in Methods yields the strain-dependent
entropy, plotted as S/T (black line) and directly compared with the measured
00 (blueline). The peakinT o, and corresponding rapid decrease of /T
indicates the magnetic transitionat4.5K,5.5Kand 6.5 K (b-d), whereas no
decreaseis visibleat7.5K (a). The dotted red lines in the entropy traces are
extrapolations of the background S/Tfrom -0.55% to a lower cut-off consistent
withthe varying onset of the magnetic transition (-0.58%, -0.59%,-0.60% and
-0.61%for4.5K,5.5K,6.5Kand 7.5K, respectively).

Independent of microscopic detail, the phase diagram determined
by our measurements shows a strong and previously unappreci-
ated experimental similarity between the tuned phase diagram of
Sr,Ru0, and those of many cuprate, pnictide, organic and heavy
fermion superconductors® 28, in which superconductivity appears
in the vicinity of a magnetic phase that is driven towards zero tem-
perature by an external tuning parameter. This is especially timely
given the recent evidence for an even-parity order parameter in
Sr,RuO, (ref. ), in common with those thought to exist in most of
the above-mentioned materials. Our experiments also highlight the
utility of the a.c. elastocaloric effect in the general study of uncon-
ventional superconductivity and correlated electron physics. As we
have shown, the elastocaloric effect enables rapid and comprehen-
sive phase diagram mapping and provides high-resolution datasets
against which the quantitative predictions of theory canbe tested. In
the uniaxial pressure apparatus that we have developed®?, its com-
bination with other experiments should be fairly straightforward,
offering simultaneous access to spectroscopic and thermodynamic
information from the same sample.
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Methods

Sample preparation and experimental setup

High-quality single crystals of Sr,RuO, were grown by a floating-zone
method®. Special care was taken to select the sample from aregion with
the highest 7. and the absence of a signal from ‘3-K phase’ inclusions,
indicating the highest quality Sr,RuO,. The sample was aligned along
the[100] crystallographic direction by Laue X-ray diffraction and nee-
dles were wire sawed and polished using diamond-impregnated sheets
with different grain sizes down to 1 pm to obtain parallel surfaces and
toreduce the surface roughness. Ahome-made Au/AuFe (0.07%) ther-
mocouple (25 umwire diameter) served asathermometer to measure
the a.c. temperature changes. It was independently calibrated using
proceduresoutlinedinref. * and attached to the centre of the sample
using silver epoxy (Dupont 6838), soldered to twisted copper wires that
were thermally anchored on the thermometry stage. The assembly was
subsequently glued in the jaws of auniaxial pressure cell using Stycast
2850FT epoxy with Catalyst 23LV. Special care was taken to minimize
thetilt of the sample and to ensure aforce transmission along the long
axisof needle. The sample temperature was measured using calibrated
resistive low-temperature sensors. The present experimental setup
with the same sample was used in a previous heat capacity study®**,
Schematic diagrams of the experimental setup are shownin Extended
DataFig.4a,b.

Measurement of the elastocaloric effect

The elastocaloric effect was measured by an a.c. modulation method®.
The uniaxial pressure apparatus was mounted to the cold plate of a
dilutionrefrigerator (Oxford Instruments). To achieve the large strains
needed to tune Sr,RuQ, in the desired range, large d.c. voltages had
to be applied on both inner and outer piezoactuators of the uniaxial
pressure apparatus. A home-made high-voltage amplifier was used to
drive the outer piezoactuators. The a.c.-modulated strain was achieved
by superimposing an a.c. voltage on top of a d.c. voltage on the inner
piezoactuator. To amplify the coupled a.c. and d.c. voltages, a com-
mercial high-voltage amplifier was used (TEGAM 2350, bandwidth
d.c.to 2 MHz). The extremely low noise level of 20 pV (vHz) ' on the
thermocouplereadout, corresponding to 5.1 pK (vHz)™, 2.1 uK (vHz)*
and 1.7 pK (vHz)"at 1K, 4 Kand 8 K, respectively, was obtained by the
use of a high-frequency low-temperature transformer (CMR-Direct),
operating at a gain of 300, mounted on the 1-K pot of the dilution
refrigerator. Its output was read by an EG&G 7265 lock-in amplifier. We
show the configuration of the electronic setup for the ultra-low-noise
measurement of the temperature oscillations in Extended Data Fig. 4c.

Determination of the applied uniaxial strainin the sample

Strain is the change of the length of a sample Al=[- [, divided by
its length [,. The strain apparatus used in this study has a capacitor
to measure the displacement Ad obtained by applying a voltage to
the piezoelectric actuators (PEAs). However, the measured Ad is not
the change inthe sample length. Alcan be obtained by the change of the
capacitor displacement Adtimes a transfer efficiency e, whichis defined
by the properties of Stycast layers between the sample and the jaws of
the strain apparatus®. Therefore, we find for the strain in the sample:

_Al _exAd
L Ly

(3)

In the case of Sr,RuQ, in the current setup, a transfer efficiency
e=0.78 could be estimated on the basis of the known position of the
maximum in T, for an applied stress along [100] at 0.7 GPa (ref. ?°) and
the Young’s modulus E, =160 GPa at 4 K (ref. *3).

Toobtainthelarge strains needed to investigate the phase diagram
of Sr,Ru0,, theinner and outer PEAs of the strain apparatus are used. To
measure the elastocaloric effect, afurther smalla.c. voltage isimposed

onthed.c.voltage applied ontheinner PEA. The oscillation amplitude
d.,.canbe measured using the capacitor mountedin parallel to the sam-
ple and the strain amplitude is then obtained following Equation (3):

ex dexc

Ae= lo

“)

In our case, the displacement amplitude d,,. is between 5 nm and
10 nm, in comparison with a sample length of approximately 2 mm.
Strain is a tensor quantity, so a formal definition of €4, as used in the

. . -> e o . ->
main text is £,99= €;00*€*€100, in Which é,9¢= (1,0,0).

Adiabaticity of the measurement

Curves of AT against frequency at 0.5% compression are shown in
Extended Data Fig. 5 on a double-logarithmic representation. One
can easily identify the lower cut-off frequency, between 100 Hz and
300 Hz. In the high-frequency range, this is not possible because
the data start to scatter strongly above a few kilohertz before the
upper cut-off frequency is reached. The enhanced noise is related
to vibrations of thermocouple wires. Between 1K and 8 K, we do
not observe a notable change in the upper frequency boundary.
This implies that the upper cut-off frequency is at least larger than
10 kHz. Here we chose a measuring frequency f=1,513 Hz, which
corresponds to AT on the plateau of the frequency response. The
phaseresponseisaround zero for all temperatures between1K and
8Katf=1,513 Hz.

Estimation of the elastocaloric signal size
In principle, the absolute value of the elastocaloric effect can be
obtained directly. However, owing to the smallness of the signal and
uncertainties arising from sample configuration and material proper-
ties, it is more reliable to calibrate the elastocaloric effect AT, /A¢, as
described in the following.

Theelastocaloric effect canbe described as an adiabatic temperature
change AT,,as afunction of strain &:

s (%) "
Ase = Cop0,\ 08 7,00,
HereC, ,, ,,istheheatcapacity atconstantstrainand Sis the entropy.

The relevant elastocaloric Griineisen parameter I in our experiment
isrelated to entropy through

(35/08) 5, 0,
- CE 0y,0
0,0

@S/0)7,6,0,  1(0T
: T I
S,0y,0;

T T(05/0T) 6,00, N O

Please note that, throughout this section, e refers to €. At very low
strainsonthe order of —0.1% at temperatures above the superconduct-
ing transition, one can treat the system as being a Fermi liquid whose
parametersare afunction of strain. Inthis case, the specific heat to the
second order in strainis given by

C(e, T)=y(L+ey/y+eXy,/y) T+pT? )

Here we further assumed that the phonon heat capacity in our case
has anegligible strain dependence. This is justified by both the small
strain limit considered and the fact that the phonon contribution
is much smaller than the electronic heat capacity at the relevant
temperatures in the first place. It directly follows that entropy S
isgiven by

T C(e,T)
T

S, T)= dT=(y+ye+pe) T+ %ﬁTZ’ 8
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Inthislimit, the elastocaloric Griineisen parameter I'canbe expressed as

_ +2pe)T
= Y rE+re £ T+ BT 9)
and
(c’)S/as)T,(,y,gZ = (W2 T (10)

Furthermore, one can consider the second derivative of entropy
with respect to strain

2 0 (05 __| 2[00,
de? ~|oe e ; oe\ oT
7,050, ,0y,0, 7,000, £,0y,0, ;

in which we made use of the appropriate Maxwell relationship in the
last step. Giventhatinthe range considered here thermodynamic vari-
ables are well behaved, it follows that

[a_z S] _ 6(60]
og? oy o7\ o 0301

in which stress € and strain o are related by means of the compliance
matrix s through € = so¢. Hence

92 0
[?5} = [aTSH]
T,0y,0, £,0y,0,

with s;; being the 11 entry of s and the inverse of the Young’s modulus.
Combining Equations (10) and (13) therefore yields

0
2y,T=- (75{11}
g or £,0,0;

s, determined from resonant ultrasound experiments using methods
described in ref. ** is shown in Extended Data Fig. 6a, together with a
fit of the form

(11)

0y,0;

(12)

£,0y,0,

(13)

(14)

511:511,0"'511,27-2 (15)

L Su2

givings; ,=1.526 x107 GPa'K*andy, = e =0.0039 GPaK™2.
1 1,0
Theelastocaloric Griineisen parameter is therefore fully determined
except for y,, permitting us to calibrate our measured data by means

of an overall amplitude factor I' = al™*,

S11,2

1 W+21,8T
a (y+yg+ye)T+pT>

l—meas =

(16)

¥, Band s;;, are constrained by independent experiments, with a and
y:being the only independent parameters.

In Extended Data Fig. 6b, we show I™** for temperatures between
5.5Kand 6.5 K and small strains for up to —0.1%, for which the above
approximations are valid. The surface shown is afit of the functional
form of Equation (16). The fitgivesa=2.90and y,= 6,797 ) m 2 K.

Numerical calculation of the entropy
Here we describe the numerical scheme for the calculation of entropy
showninFig. 4.

Our starting pointis

17)

Simple rearrangement gives

@S/0ex), =C.T. (18)

With the knowledge of the entropy at zero strain, S(¢ = 0, ), one can
integrate this partial differential to give

sen=f e T) e Nde+SE=0,7) 19)

I'(e, T) isknown from the experiments, whereas C, (e, T) is, at this
stage, unknown. However, it is related to S(g, T) through

0S
Exx (8 T) (a T]

Wetherefore use aniterative scheme with the following steps. First,
setC(o)(sXX, T)=C(0, T). Thisis the zero-strain specific heat, known
with very high accuracy for Sr,RuO,. Second, calculate S © (Exer T)
using Equation (19) andC‘O) (€, T) forallavailable T. Third, calculate
C. (&5, T)bY mterpolatmg SO (e, T) asafunction of Tand evaluat-
ing Equation (20). Finally, calculate S© (¢, T) using C“) (€., T) and
Equation (19), aniteration of the second step.

After a few iterations, no notable changes in S (¢, T) are observed.
This is not least due to the fact that, although C.  doesvary overall,
these variations are at most a few tens of per cent, enabling an effective
convergence of the above scheme. The data shown in the main text
correspond to S@.

(20)

Exx

XX’

Theoretical analysis

The theoretical analysis of the elastocaloric effect is on the basis of a
quasiparticle description of Sr,RuO,. We use a strain-dependent qua-
siparticle dispersion ,(¢,s) and determine the electronic contribution
to the entropy of the system from

Se1= ZkB Y. [ logf, +A-f)logA-£)].

fiisthe Fermi distribution function with the above dispersion. The
factor 2referstothe electronspinand the sumgoes over the momenta
in the first Brillouin zone. The elastocaloric coefficient follows from
the temperature and strain derivatives of the entropy. We use the fol-
lowing tight-binding parameterization for the y-band of the system
as determined from angle-resolved photoemission experiments*:

&="2tcos(k.ay) - 2tycos(kyay) - 4t’cos(kxax)cos(kyay) -u,

witht,=t,=t,=0.119 eV, t'= 0.392¢,and u = 1.48¢,. To describe the
strain dependence of g(€,5), we assume a linear dependence of the
hopping elements with respect to the interatomic distance. The pro-
portionality factor is chosen to reproduce the strain value at which
the Van Hove singularity is reached. In the superconducting state,
we use the Bogoliubov quasiparticle dispersion g, > /g2 + A with
superconducting gap A. The strain dependence is dominated by the
electronic spectrum near the Van Hove point. In our theory, we con-
sider a pairing state that is fully gapped at the Van Hove momentum.
The strain dependence of the superconducting gap amplitude and
of the transition temperature follow from the solution of the gap
equation at fixed pairing interaction. For details, see the Supplemen-
tary Information.
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Extended DataFig.1|Response of the elastocaloric effect as afunction of strain (further data: low temperatures). AT(g,o,) recorded at1,513 Hzwith an
excitation amplitude 555 between 2.9 x10°and 3.5 x 10 during strain sweeps at ten different temperatures from1K to 2.8 K.
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Extended DataFig.2|Response of the elastocaloric effect as afunction of strain (further data: high temperatures). AT(¢,,,) recorded at1,513 Hzwith an
excitation amplitude 555 between 2.9 x10°and 3.5 x 10 during strain sweeps at ten different temperatures from3 K to 8 K.
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Extended DataFig. 3| Comparison of the colour maps of the elastocaloric effect taken at different frequencies. Data taken at 613 Hz (a) and at 1,513 Hz (b).
Thedatawererecorded with an excitationamplitude €53 between 2.9 x 10 and 3.5 x10°°.
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Extended DataFig. 4 |Schematic diagrams ofthe experimental setup.

a, Auniaxial strain cell with inner and outer piezoelectric actuators (PEAs). To
vary the tuning strain on the sample, the outer PEAs were driven between
-350Vand 250 V.Theinner PEA was kept constant at 185V and the amplitude of
thea.c. voltage tostudy theelastocaloric effect wasbetween 0.25Vand 0.5 V.
b, Adetailed view of the mounted sample and the shielded capacitor plates,
indicated by the dashed black box. The applied strain was determined by
measuring the displacement of a capacitor mounted in parallel to the sample.
¢, The configuration of the electronic setup for the ultra-low-noise

measurement of the temperature oscillations. The solid yellow lines represent
thethermocouple, the dotted red lines the twisted copper wires and the dotted
blacklines twisted NbTiwires. The thermocouple wires are soldered to twisted
copper wires, which were thermally anchored on the thermometry stage. From
there, twisted superconducting wires, to reduce the inputimpedance, are
connected totheinput of ashielded low-temperature transformer, whichis
thermally anchored onthe1-K pot of the dilution refrigerator. Finally, the
voltageis measured atroom temperature using alock-inamplifier.
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Extended DataFig.5|Frequency response of the thermocouple.
Elastocaloric effect under 0.5% compressionat1K and 8 K plotted againsta
logarithmic frequency scale. The applied strain oscillationis Ac =3.45x107°.
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Extended DataFig. 6 | Datafrom aresonantultrasound experiment and
result of the calibration procedure of the Griineisen parameter. a, s;; asa
function of temperature determined inindependent resonantultrasound
measurements together withafit of the form shownin Equation (15).
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b, Measured Griineisen parameter compared with the calibration function.
Thespheres correspond to the dataand the surface to Equation (16) with the

parameters mentioned in the text.
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