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A key question regarding the unconventional superconductivity of
Sr2RuO4 remains whether the order parameter is single- or two-
component. Under a hypothesis of two-component superconductivity,
uniaxial pressure is expected to lift their degeneracy, resulting in a
split transition. The most direct and fundamental probe of a split
transition is heat capacity. Here, we report measurement of heat ca-
pacity of samples subject to large and highly homogeneous uniaxial
pressure. We place an upper limit on the heat-capacity signature of
any second transition of a few per cent of that of the primary super-
conducting transition. The normalized jump in heat capacity, AC/C,
grows smoothly as a function of uniaxial pressure, favouring order
parameters which are allowed to maximize in the same part of the
Brillouin zone as the well-studied van Hove singularity. Thanks to the
high precision of our measurements, these findings place stringent
constraints on theories of the superconductivity of SroRuO4.

btaining a full understanding of the superconductivity of
SraRuQy is a core challenge for condensed matter physics.
Since soon after its discovery over a quarter of a century ago
(1), the superconducting order parameter of SroRuO4 has been
known to be unconventional (2, 3), and to condense from a
well-understood and fairly simple quasi-two-dimensional Fermi
liquid metallic state (4-7). Given the profound advances in
theoretical techniques in recent decades a full understanding
of its superconductivity is an important, and attainable, chal-
lenge for the field. The form of the wave-vector dependent
susceptibility of SraRuO4 leads to the prediction of a rich
superconducting phase diagram in weak-coupling calculations
which aim to perform a bias-free estimate of the condensation
energies of different order parameters. A notable feature of the
results is how close a number of different odd- and even-parity
solutions are seen to be in energy (8-10). On the one hand
this emphasizes the potential of SroRuO4 as a test-bed mate-
rial on which to refine the predictive capabilities of modern
theories of unconventional superconductivity (11). On the
other hand, realising this potential will likely first require a
conclusive experimental determination of which of the many
possible order parameters wins out in the real material. This
is a particularly exciting stage of the quest to complete this
empirical determination, for reasons that we will now outline.
For over twenty years, the large majority of attention was
paid to odd-parity order parameter candidates for SraRuQO4
(12), because of nuclear magnetic resonance (NMR) measure-
ments of spin susceptibility in the superconducting state that
seemed to be inconsistent with any even-parity order param-
eter (13). However, thanks to the discovery of a systematic
error in the original NMR measurements (14, 15), that situa-
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tion has now been more or less completely reversed. Taking
into account the most recent measurements of the magnetic
field dependence of the spin susceptibility (16), it seems clear
that the order parameter must be even parity or at least
dominated by an even parity component. The spin suscepti-
bility results would be most easily describable in terms of a
single-component, likely d-wave, order parameter, but recent
thermodynamic evidence from ultrasound experiments is most
straightforwardly interpreted in terms an order parameter with
two degenerate components (17, 18). Such order parameters
do not of necessity break time-reversal symmetry, but they can,
if the two degenerate have the appropriate phase relationship.
In the context it is significant that long-standing muon-spin
relaxation (uSR) (19, 20) and magneto-optic Kerr rotation
measurements (21) have indicated time-reversal symmetry
breaking in the superconducting state.

To investigate any order parameter with two degenerate
components, whether or not it breaks time-reversal symmetry,
uniaxial pressure is a powerful probe because it can split the
degeneracy, creating a split superconducting phase transition
(22). In a significant experimental advance, the muon-spin
relaxation experiments have recently been extended to high
uniaxial pressures (23). In line with naive expectation, the tem-
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perature at which time-reversal symmetry is broken (TrrsB)
splits from the main superconducting transition (7¢), with
Trrsp remaining nearly pressure-independent while 7. in-
creases under the application of the pressure. However, there
has been a long-standing question about whether the Kerr
and muon signals correspond to bulk thermodynamic transi-
tions, so it is highly desirable to compare the new muon-spin
relaxation data with those from a bulk thermodynamic probe.
In this context, it is natural to look at heat capacity, be-
cause it has an intrinsic sensitivity to transitions within the
superconducting state, as is well known from work on UPtg
(24, 25).

Experiment

Both for the above reasons and to give the now widely ap-
plied uniaxial pressure measurements a solid thermodynamic
foundation, we have developed a high-frequency ac technique
for measuring heat capacity in a uniaxial pressure cell. Full
technical details are given in (26); here we summarise the
governing relationship of the measurement:

P
wTle

Cac =

F(w), (1]

where Ty, is the measured amplitude of the temperature os-
cillation in response to an oscillatory heat input, P is the
power associated with that heat input, and w is the angular
frequency. F(w) is the frequency response curve that character-
izes the thermalization of the sample, and depends on the time
constants, thermal conductances and heat capacities of the
system. In the very high frequency version of the technique
that we employ to restrict the probed volume to the most
homogeneously strained central portion of the sample, the
probed volume depends on the sample’s thermal conductivity.
The quantity P/(wTqc) is therefore closely related, but not
identical, to the intrinsic heat capacity of the sample. This
is not a major restriction because the sensitivity of the mea-
surement to phase transitions is hardly affected, and robust
analysis of important quantities such as the ratio of the heat
capacity jump to the normal state heat capacity can still be
carried out. However, to emphasize that these are not fully
calibrated measurements of the full sample heat capacity, we
begin by showing unprocessed experimental data.

Results

In Figs. 14 and 1B we display raw data for P/(wT,.) as a
function of temperature for strains below and above that at
which T, of SreRuQ4 is maximized. A background signal
exists, but this can straightforwardly be identified by the ap-
plication of a magnetic field of 0.1 T at zero applied pressure
(dotted black line in Fig. 1A4). Data toward lower temperatures
can be found in the Supporting Information, Heat Capacity
Measurements in the Temperature Range between 0.5 and 4 K.
That it is essentially independent of the strain in the sample is
demonstrated by how closely it is followed at all temperatures
above Tt, for all strains (Figs. 14 and 1B). The heat capacity
anomaly associated with superconductivity is clearly visible in
the raw data, and identifying 7% from the leading edge of the
anomaly allows its strain dependence to be plotted in Fig. 1C.
It is seen to be in excellent agreement with previous determi-
nations based on magnetic susceptibility (27, 28); the current
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Fig. 1. (A) Experimental heat capacity data for strains between zero and €, =
0.57% and (B) for e, > 0.57%. P is the applied heater power and T, . the
temperature oscillation amplitude in response; for further explanation, see the main
text. The dashed line in panel (A) is a measurement at o H. = 0.1 Tand e, = 0.
(C) The transition temperatures as a function of strain for three different samples,
extracted from the leading edges of the superconducting anomalies, based on data
taken at similar frequencies (3.5 kHz for sample S2 and 3.9 kHz for samples S3,
S4). The solid points are based on the midpoints (50%) of the leading edge, and the
shading represents the breadth of the transition from the 20% to 80% levels.

data fully confirm that it is a bulk phenomenon. Although we
refer to (26) for the details of all the experimental steps neces-
sary to obtain data of the quality shown in Fig. 1, we note in
passing that the required specifications were demanding, and
in particular that low temperature amplification was employed
to reduce the voltage noise on the thermocouple reading used
to determine The to less than 20 pVHz /2.

It was also possible to study the magnetic field dependence
of the heat capacity anomaly with high precision, as is demon-
strated in Figs. 24 and B for unstrained and T.-maximized
samples respectively. We note that in Fig. 2 P/(wTg.) is nor-
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Fig. 2. (A)Experimental heat capacity data for magnetic fields po H between zero and
60mTatey, = 0and (B) 0 < puoH < 1T for 0.57% [panel (b)]. For explanation
of the choice of plotted y-axis quantity see main text. (C) Critical fields as a function
of temperature for sample S3 under zero strain and at its peak T, and for samples
S2 and S4 at their peak values of T+.

malized by the Seebeck coefficient since the thermocouple is
not calibrated in field. This does not have any influence on the
position of the anomaly. The anomaly remains well-resolved
over wide ranges of field, enabling the critical field curves to be
deduced with confidence. Again, these are in good agreement
with results previously obtained from magnetic susceptibility
(28), and in particular confirm the slightly surprising observa-
tion that the shape of the critical field curves changes from
the standard ‘convex’ curvature in unstrained material to a
concave curvature when strained to the maximum 7,.. The
heat capacity measurements confirm that this is a bulk effect,
and the data invite further theoretical attention.

As stated above, one of the naive expectations for two-
component superconducting order parameters subject to uni-
axial pressure is transition splitting. Heat capacity is a much
more direct probe of such splitting than resistivity or magnetic
susceptibility, because transitions in the superconducting state
are not shorted or screened by the onset of the higher tem-
perature superconducting phase. It is therefore particularly
significant that there is no convincing qualitative evidence for
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Fig. 3. (A) Experimental heat capacity data for sample S4 for thirty-six different strains
between e, = 0 and (B) e, = 0.57%. For explanation of the choice of plotted
y-axis quantity see main text.

such a splitting in our data, either as a function of strain or
of magnetic field. We have checked this carefully with two
further measurements. Firstly, we have carefully tracked the
evolution of the leading edge of the anomaly with strain by
sweeping the temperature through the transition at thirty-
six distinct fixed strains, with the results displayed in Fig. 3.
There is some transition broadening at intermediate strains,
which can be understood because we have approximately 10%
strain inhomogeneity across the probed portion of the sample,
which broadens the observed transitions for the values of €,
for which dT./des. is large. We show all the actual data so
that the readers can judge for themselves whether there is
any clear evidence for splitting beyond this broadening; in our
judgement there is none.

The second check that we have performed is explicitly in-
formed by the findings reported in (23), in which muon-spin
relaxation data indicate that the onset of time reversal symme-
try breaking at Trrsp occurs in the range 1.2 — 1.5 K for all
strains lower than that at which 7, is maximized. By multiple
averaging of data from the temperature range of interest, we
reduced the r.m.s. voltage noise on the thermocouple signal
to 0.5 pV, giving a detection limit for a sharp secondary tran-
sition of only 0.3% of the size of the primary one or, more
realistically, a detection limit of 5% for a secondary transition
of similar width to the that of the primary one (see Supporting
Information, Experimental Limits for full details). Even the
weaker 5% limit has strong implications for the underlying
physics of SraRuQy4, as we discuss below.

Before moving on to that discussion, we present our strain-
dependent data after one step of processing, in order to gain
further physical insight. Our measurement is not absolute,
for the reasons described above, but it is possible to extract
the ratio of the superconducting heat capacity to that in the
normal state using a procedure (described in the Supporting
Information, Heat Capacity Jump) that gives an accurate
estimate of the normalized heat-capacity jump at T, (Acs/cn,
where c¢s and ¢,, are the heat capacities in the superconducting
and normal states respectively) and is subject to error only at
the level of tens of per cent for 0.77, < T < T.. The result of
applying this analysis to data from a representative sample of
Sr2RuOy is shown in Fig. 4. Importantly, Acs/c, is seen to
grow as the uniaxial pressure increases the superconducting
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Fig. 4. Superconducting state heat capacity normalized to the normal-state value,
showing the evolution of the anomaly height Ac, /¢,, with T,. Data for the relative
anomaly height are accurate, while the data below 7' are subject to small systematic
errors described in the Supporting Information, Heat Capacity Jump (see also main
text).

transition temperature. The significance of this observation is
the following. There is now good evidence from calculations
(28-30) and direct spectroscopic measurement (31) that the
microscopic process that maximizes 7T, in SraRuQOy4 is tuning
the Fermi level through a van Hove singularity, creating a
pronounced maximum in the density of states. Within the two-
dimensional Brillouin zone, the density of states is maximized
near the zone boundary at the M point, so for any order
parameter for which the gap has a symmetry-imposed zero at
this point, Acs/c, would naively be expected to fall, even as
T. was maximized. We observe the reverse effect, so our data
are consistent with order parameters whose gap is allowed by
symmetry to be maximal in this region of the Brillouin zone.

Discussion

We close by discussing the relationship between our results and
those obtained from other experiments, and the significance
of our findings for the development of theory. The ultrasound
measurements of (17, 18) probe another thermodynamic quan-
tity, so one would expect consistency between the conclusions
drawn there and the current findings. That is the case: the
discontinuities observed in ultrasound velocity are consistent
with transition splitting for pressure applied along the [110]
direction, but no discontinuity was resolved in [100] modes. If
the relevant physics is dominated by effects that are linear in
strain couplings, the lack of splitting seen here as a function of
[100] pressure is not in contradiction with those experiments.
Future heat capacity work with pressure applied along [110]
is desirable; in (18) the splitting T, — Trrsp is estimated to
grow at a rate of at least 2 K/%-strain. In principle this could
be resolved using our techniques.

In contrast to the ultrasound experiments, uSR does ob-
serve a split between the onset of spontaneous magnetism
at Trrsp and that of superconductivity at 7. in samples
subject to [100] uniaxial pressure (23). One possibility for
the apparent discrepancy between the two experiments is the
inability of ultrasound measurements performed at MHz to
resolve an attenuation discontinuity against the very large
background attenuation seen in the [100] channel. This consid-
eration would be particularly relevant if the thermodynamic
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signature associated with the muon signal were very small.
Our measurements confirm empirically that the latter is true:
no heat capacity anomaly is observed at Trrsp within conser-
vative detection limits of 5% of the size of the anomaly at T.
However, that does not remove the key challenge of reconciling
such a small second anomaly with a TRSB state, for reasons
we now outline.

The possible pairing states of the unstrained system can be
naturally grouped into three categories: i) E-pairing, which
is two-component and allows, alternatively, for time-reversal
breaking E-pairing, such as d.. £ idy., for Bag-nematic E-
pairing ds. £ dy., or for Big-nematic E-pairing dy. or dy, ii)
two accidentally degenerate single component pairing states,
such as d + ig or d + is, and iii) single component pairing
such as the d,2_,2 state. While none of these states naturally
accounts for all observations, our results offer strong evidence
against some and give guidance which future experiments will
allow to further discriminate between the remaining options
for superconducting order.

A key finding of the uSR experiment is that the strain
dependence of Trrsp is much weaker than that of T.. If
we accept that odd parity order parameters are ruled out
by the recent spin susceptibility experiments, the only even-
parity state with a symmetry-protected degeneracy at T,
i.e. the only even-parity candidate for non-accidental TRS
breaking at 7. in unstrained SroRuQOg, is E4-pairing of the
form dx. + idy. (32, 33). However, to leading order in strain,
in Ginzburg-Landau theory such a state obeys the relationship
that when the transition is split under uniaxial pressure, the
ratio of the heat capacity anomaly jumps at the two transitions
is inversely proportional to the strain dependences of the
transition temperatures (for the derivation see the Supporting
Information, Heat Capacity Anomaly with E4 or E, Pairing
under Strain). For SraRuOy, this would imply a larger heat
capacity anomaly at Trrsp than at T., in sharp contrast to
our observations.

In Ref. (23), it was argued that the discrepancy between
heat capacity ratios and 7. slopes could be explained by higher-
order terms that dominate the leading order terms in the
Ginzburg-Landau expansion even at relatively low strains.
Here, we argue that although this is a reasonable hypothesis
in the vicinity of the Lifshitz transition, where the evolution of
the electronic structure is clearly nonlinear in strain, it appears
less likely at low strains, and therefore that the absence of
a resolvable second heat capacity anomaly makes TRSB E-
pairing d,. * idy. order unlikely. The same is true for Bag-
nematic F-pairing with the additional problem that it does
not account for time-reversal symmetry breaking.

For even parity superconductivity to be consistent with
both the heat capacity and pSR it would need to involve
some special tuning to yield the required exceptionally small
heat capacity anomaly at Trrsp. That naturally invites
examination of states in which the degeneracy of the two
components at T¢ is accidental, and this relationship does not
hold. A recently-proposed d + ig state (34) has the attractive
feature that it predicts a pattern of ultrasound anomalies that
is in agreement with experiment. However, the limit we place
here on the size of the anomaly at Trrsp is hard to reproduce
(as the authors of (34) discuss). The problem of predicting
a heat capacity anomaly at Trrsp that is too large to be
consistent with our experiments is even more pronounced for
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theories involving other accidentally degenerate combinations
of even parity states such as d +is (35), because unlike for the
proposed d + ig state, the s component does not have a node
in the same place as the d component. Intriguingly, a different
postulate of a mixed parity order parameter with majority
even and minority odd components (36) solves the problem
of the lack of heat capacity anomaly at Trrsp in a rather
natural way. However, the predictions of that theory do not
match the pattern of ultrasound anomalies and the theory is
also strongly constrained by the newest NMR results (16).

Another possible avenue is worthy of consideration. The
microscopic mechanism causing enhanced muon spin relaxation
remains uncertain — scanned magnetic probe experiments do
not resolve fields on the scale indicated by the muon spin
relaxation — and so it in principle remains possible that the
1SR results indicate some other transition in SroRuO4 that
is not related to the superconductivity. If the uSR data are
neglected, then there are also several further possibilities. One
is that transition splitting exists, but is much smaller under
(100) than (110) uniaxial pressure, even as the van Hove
singularity is approached. Notice this option is to leading
order in strain not allowed for Bag-nematic E-pairing or TRSB
superconductivity in the E-representation. Another possibility
is a B14 nematic superconductor in the E-representation that
yields a discontinuity of the elastic constants without split
transitions or TRSB (17) (see also Supporting Information,
Heat Capacity Anomaly with Eg or E, Pairing under Strain).
Such a state should be detectable via in-plane anisotropies
below T¢, similar to the recently observed behavior in doped
Bigseg (37*39)

A third possibility consistent with these heat capacity re-
sults considered in isolation is that the order parameter is
single component at zero strain. However, this would require
re-interpretation of both the recent SR and ultrasound results;
see Ref. (40) for a discussion.

Conclusion

In summary, our comprehensive, high-resolution measurements
of the heat capacity of SraRuQ4 as a function of strain, temper-
ature and magnetic field confirm that previous susceptibility
measurements were probing a bulk rather than a surface phe-
nomenon. We do not resolve any signs of transition splitting
of two order parameter components. Analysis of the data in
comparison with recent findings from other thermodynamic
and spectroscopic measurements places strong constraints on
the search for a full theoretical explanation of its order pa-
rameter. Our results further guide that search by highlighting
the importance of order parameters that can be maximal at
the location of the van Hove singularity, and point to areas in
which further experimental work is desirable.

Materials and Methods

High-quality single-crystal SroRuO4 samples were grown in a float-
ing zone furnace (Canon Machinery) using techniques refined over
many years to those described recently in (41). They were aligned
using a bespoke Laue x-ray camera, and cut using a wire saw into
thin bars with whose long axis aligned with the [100] direction of
the crystal. For the best results these bars were polished using
home-made apparatus based on diamond impregnated paper with
a minimum grit size of 1 pm. The bar was then mounted within
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the jaws of a uniaxial pressure rig using Stycast 2850FT epoxy
(Henkel Loctide). A resistive thin film resistor chip (State of the
Art, Inc.) as heater and a calibrated Au-AuFe(0.07%) thermocouple
were fixed to opposite sides of the sample using Dupont 6838 silver
epoxy. Special care was taken when epoxying to the pressure cell
to minimize tilt and ensure as homogeneous a strain field as pos-
sible. The uniaxial pressure apparatus was mounted on a dilution
refrigerator, with thermal coupling to the mixing chamber via a
high purity silver wire. The data shown in the paper were acquired
between 500 mK and 4.2 K, with operation above 1.5 K achieved
by circulating a small fraction of the mixture. The thermocouple
was spot-welded in-house and its calibration fixed by reference to
that of a calibrated RuOg thermometer. The extremely low noise
level of 20 pVHz /2 on the thermocouple readout was achieved
by the combination of a low temperature transformer (CMR direct)
mounted on the 1 K pot of the dilution refrigerator, operating at
a gain of 300, and an EG&G 7265 lock-in amplifier. A Keithley
6221 low-noise current source was used to drive the heater. The
piezo-electric actuators were driven at up to 400 V using a bespoke
high-voltage amplifier. In a setup of this kind, the significance of
heat leaks to the environment is gauged by the lower cut-off fre-
quency of set-up response curves. By taking data at frequencies an
order of magnitude higher than that lower cut-off, we ensure that
the effect of such leaks makes a negligible contribution to our data.
For further details on the technique see (26).
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