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Ultrasound evidence for a two-component
superconducting order parameter in Sr,RuO,

S. Benhabib'", C. Lupien

Z.Q. Mao®45, Y. Maeno®*¢, A. Georges

The quasi-two-dimensional metal Sr,RuQ, is one of the best
characterized unconventional superconductors, yet the
nature of its superconducting order parameter is still under
debate’=. This information is crucial to determine the pairing
mechanism of Cooper pairs. Here we use ultrasound velocity
to probe the superconducting state of Sr,RuO,. This thermo-
dynamic probe is sensitive to the symmetry of the material,
and therefore, it can help in identifying the symmetry of the
superconducting order parameter*®. Indeed, we observe a
sharp jump in the shear elastic constant c,, as the tempera-
ture is increased across the superconducting transition. This
directly implies that the superconducting order parameter is
of a two-component nature. On the basis of symmetry argu-
ments and given the other known properties of Sr,RuO, (refs.
6-8), we discuss which states are compatible with this require-
ment and propose that the two-component order parameter
{d,.; d .} is the most likely candidate.

In conventional superconductors, the pairing mechanism origi-
nates in the interaction of electrons with phonons, and the result-
ing superconducting order parameter has s-wave symmetry. As
per the Fermi statistic, the orbital symmetric state of two electrons
must combine with an antisymmetric spin-singlet part. In contrast,
in superfluid *He (where ferromagnetic spin fluctuations are the
mechanism responsible for pairing), the resulting spin states are in
the triplet state. In this case, the orbital part of two *He atoms has
p-wave symmetry’. For 25years, the superconductivity of Sr,RuO,
has been viewed as an electronic analogue of superfluid *He (refs.
1-%). The initial report of the temperature-independent spin sus-
ceptibility through the superconducting temperature T, (ref. )
and the indication of time-reversal symmetry breaking'"'* pointed
to a spin-triplet, chiral, p-wave order parameter. However, several
experiments have contradicted this scenario'’, for example, the lack
of edge currents', the Pauli-limiting critical field"” and the absence
of a cusp in the dependence of T, on uniaxial strain'®. Importantly,
the evidence of line nodes in the gap from specific heat'’, ultrasound
attenuation'® and thermal conductivity®'’ is not compatible with a
chiral p-wave order parameter because it has no symmetry-imposed
node for a two-dimensional Fermi surface. Recently, measurements
of the NMR Knight shift were carefully revisited, and a clear drop in
the spin susceptibility below T. was detected’, pointing to an order
parameter with even parity. As a result, the chiral p-wave order
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parameter is excluded and the nature of the superconducting state
in Sr,RuO, is now a wide open question.

Sound velocity is a powerful thermodynamic probe for the order
parameter. For propagation along high-symmetry directions of the

crystal, the sound velocity is v, = %, where p is the density of

the material and c; are the elastic constants in the Voigt notation
defined as the second derivative of the free energy F with respect to
the strain u;. Within the framework of the Landau-Ginzburg theory
of phase transitions, the observation of a discontinuity in the elastic
constant at the superconducting transition is a consequence of the
symmetry-allowed coupling term between the order parameter A
and strain u, which takes the form A]A|*u, where 4 is the coupling
constant®. As part of the free energy, this coupling term is invariant
under all the operations of the point group, meaning that it belongs
to the A, representation. Table 1 lists the irreducible strains cor-
responding to the point group D,, for the tetragonal symmetry of
Sr,RuO, (see the corresponding product table in Supplementary
Section 6). If the superconducting order parameter has one compo-
nent, then |A]* belongs to the Alg representation. Consequently, the
strain variable u can only belong to the A, representation; therefore,
it corresponds to a longitudinal sound wave. A jump in the longitu-
dinal elastic constant is observed at T. in many superconductors and
is directly related to the jump in the specific heat at T, and the strain
dependence of T, via the Ehrenfest relation®. If an unusual jump in
the elastic constant associated with a shear mode (B,, or B,, repre-
sentation) is detected at T, then it necessarily implies that the super-
conducting order parameter has more than one component***'.

On the basis of these symmetry arguments that are further
developed in this paper, we have performed the measurements
of longitudinal and transverse sound velocities in Sr,RuO, across
the superconducting transition down to 40mK. The initial mea-
surements® have been confirmed only recently using a different
spectrometer (Supplementary Section 2) and by a complementary
technique®.

Table 2 lists the different acoustic modes along with the direc-
tions of sound propagation and polarization of the transducer. The
value of the sound velocity is obtained from the echo spacing at a low
temperature (T=4K) and can be converted to elastic constants using
p=5.95gcm™. These values are in good agreement with the resonant
ultrasound spectroscopy measurements®~*. Figure 1a,b shows the
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Table 1| Irreducible representations I of the D,,, point group in
terms of the components of wavevector k and the strain tensor
u;. a and b are constants

r Basis function Strain component  Elastic constant
Ay, a(k; + k) + bk? U+ Uy, U, (en+ /2, €33
Ay kok, (k2 - k2) None None

By, kf - kf Uy, = Uy, (Cn=-C2)/2

By, k.k, U, Cep

E, ko kK, Uygr Uy, Caq

Table 2 | Definition of the different sound modes measured at
T=4K

Elastic constant k p Sound velocity  Value
(kms™) (GPa)
Cn [100] [100] 6.28 233
Cas [100] [001] 341 68.2
Gz [100] [010] 33 64.3
(cn-Cp)/2 [110] [170] 2.94 51

k and p denote the propagation and polarization directions, respectively. Sound velocities were
obtained at a low temperature using echo spacing.

temperature dependence of the sound velocity for the longitudinal
mode ¢, and the transverse mode (c,,-c,,)/2, respectively. The red
circles (open squares) correspond to measurements in the supercon-
ducting (normal) state. Figure 1c,d shows the difference between the
superconducting and normal states for the two modes. A disconti-
nuity is expected at T, for the longitudinal mode c,. We estimate the
magnitude of this drop to be Ac,,/c,, ~#2 ppm. This rough estimation is
based on the Ehrenfest relation that links the jump in the sound veloc-
ity with the jump in the specific heat and the strain dependence of
T. (Supplementary Section 3). This small discontinuity at T, is, there-
fore, hidden by the strong softening in the longitudinal constant in the
superconducting state (approximately 80 ppm between T, and T=0).
Similar, but even stronger, softening is observed for the transverse
mode of (¢, —¢,,)/2 below T, (Fig. 1b). These results are qualitatively
in agreement with previous measurements’*, but the absolute value
of their elastic constants differs from ours, although more recent mea-
surements have clarified this situation.

Figure 2a shows the temperature dependence of the sound veloc-
ity for the transverse mode cg. The measurements in the supercon-
ducting state (H=0; red circles) display a sharp discontinuity at the
superconducting transition. The difference in the shear sound veloc-
ity between the normal and superconducting states (Fig. 2b) shows a
small but clear jump at T, of a magnitude of approximately 0.2 ppm,
which is ten times larger than our experimental resolution. The excep-
tional sensitivity of our experiment is due to the very small attenuation
of the ¢, mode'®, which enabled us to detect up to approximately 60
echoes (Supplementary Fig. 1) and to perform a fit on all of them.

Note that if there is any mixing of acoustic modes in the mea-
surement, the small jump in ¢, can easily be swamped by the huge
softening of the other modes. In a second experiment, using a dif-
ferent spectrometer, we were able to again detect the sharp drop
below T, in Sr,RuO,, but with some contamination from the other
modes (Supplementary Fig. 2). In the data shown in Fig. 2b, the
complete lack of any temperature dependence below 1.3K down to
0.04K is evidence against such contamination.

This is the key finding of our study: we observe a sharp discon-
tinuity at T, in the sound velocity for the transverse mode cg. This
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Fig. 1| Relative change in the sound velocity of Sr,RuO, through T_.

a,b, Temperature dependence of the sound velocity for the longitudinal mode
of ¢, measured at f=83 MHz (a) and the transverse mode of (¢, - ¢;,)/2
measured at f=21.5MHz (b). Data for the normal state (open squares) are
obtained by applying a magnetic field H of 1.5 T in the plane, which is larger
than the upper critical field H,. Data for the superconducting state (red
circles) are measured without any applied field. ¢, Difference between the
superconducting (SC) and normal (N) states for the ¢, mode. d, Difference
between the superconducting and normal states for the (c,,-c,)/2 mode.

immediately provides good evidence that the superconducting order
parameter must be of a two-component nature, consistent only with
the E, singlet representation, E, triplet representation or an acciden-
tally degenerate combination of two one-dimensional representations.

A discontinuity in the sound velocity in the ¢, mode at T, of
approximately 10 ppm was recently detected in Sr,RuO, by resonant
ultrasound spectroscopy performed at frequency f~2 MHz (ref. »*).
The difference in the magnitude of the jump may come from a
finite-frequency effect on the dynamics of the order parameter.
The consequence is a decrease in the amplitude of the anomaly as
the frequency increases (Supplementary Section 4 and ref. *). Note
that a rough estimation of the magnitude of the ¢, drop using the
Ehrenfest relation is about 2 ppm (Supplementary Section 3).

Now, we discuss the Landau theory describing the strain-
order parameter coupling. Sr,RuO, displays D,, symmetry, and
only the irreducible representation, E, of the point group is
multi-dimensional. In this representation, the superconducting
order parameter is a two-component complex variable (4,, 4;). If
the order parameter has E, symmetry, (4,, A;) transforms into (x, y);
if the order parameter has E, symmetry, it transforms into (xz, yz).
For both cases, the Landau-Ginzburg free energy describing A and
uniform strain u is given by

F=F4,+F,+Fs_,. (1)

The superconducting part, expanded to the fourth order, is

3

Fs = a|asP +[4sP) + A (4P + 4s) +5

[(43)%43 + c.c]
04 121412
+ B314a1"|4p[".
Here a=0 at the superconducting transition, f are constants, and
c.c. implies complex conjugation. The relevant elastic energy of the
uniform strain is
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Fig. 2 | Jump in the c,, shear modulus at T_. a, Relative change in the sound
velocity for the transverse mode ¢, measured at f=169 MHz. Data for

the normal state (open squares) are obtained by applying a field of 1.5T in
the plane. Data for the superconducting state (red circles) are measured
without any applied field. b, Difference between the superconducting and
normal states for the c,, mode. A clear, discontinuous jump is observed

at T.. The error bars are estimated from the constant-voltage noise on the
echoes measured by using the phase comparator.

1 1
F, = 5611 (M,Zcx + uiy) + ottty + 2C66u§}, + Ecssuﬁz + c13(thex
+ uyy)”zzv

where ¢ denote elastic constants in the Voigt notation. The
cross-coupling term is

Fy_y = [al(uxx + u,vy) + aZl’lzz} (|AA|2 + |AB|2)
2 2
Fas (e — tyy)(|Aa]" — [48[%)
+a4uxy(A:AB + C.C.).

Here, a are coupling constants. The analysis of the above free
energy is standard, and it is described in detail in Supplementary
Section 7. Similar expressions for the chiral p-wave state have been
calculated by other groups*>*'. Here we quote the main results.

For convenience, we define ¢, = (c,, +¢,)/2 and ¢, = (¢, — ¢,,)/2.
The latter is the orthorhombic elastic constant associated with the
shear mode u,.—u,, while ¢ is the elastic constant of the mono-
clinic shear u,,. Our aim is to calculate the jumps in the shear elastic
constants defined by 6c = ¢(T.) — ¢(T.).

The term F,_, renormalizes the fourth-order coefficients
[}? — f; with

ﬁ :ﬂo 1 a_§+af533+(x§c,«,72alazc13
1 1 2 |co CAC33—Cly ’

Br =P — o/ (4css),
By = P — a3/ (4ces) + 203 /co.
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For the stability of the system, we need 3, > 0 and 44, + 5, + ,> 0.
Within these ranges, the following three superconducting phases
are possible.

Case (1): time-reversal-symmetry-broken superconductor. In
the region f,> (0, f;), we get the time-reversal-symmetry-broken
state with (4,, Ay) =A,(1, +i). In this phase, there is no spontaneous
shear strain and the tetragonal symmetry is preserved. The shear
moduli jumps are

Bcge = e (2a)
4P, + ai/ces’
—2a?
Sco = % (2b)

By — By +2a3/co
Case (2): nematic-monoclinic superconductor. In the region
B, < (0, —p,), we get a nematic solution, namely, (4,, Ag) =4,(1, 1),
which breaks the tetragonal symmetry by making the two in-plane
diagonal directions inequivalent. It is accompanied by a spontane-
ous monoclinic strain, that is, u,,# 0. The shear moduli jumps are

5C65 = _ai/z 2 ’ (33.)
4By + By + B + ai/(2¢s)
92
5o 25 (3b)

Bl — By +2a% /o

Case (3): nematic-orthorhombic superconductor. In the region
B3> (0, |B,]), we also get a nematic solution, namely, (4,, ;) =4,(0,
1) or equivalently A,(1, 0), which also breaks the tetragonal symme-
try by making the two in-plane crystallographic axes inequivalent.
It is accompanied by spontaneous orthorhombic strain such that
u,,— t,, #0. The shear moduli jumps are

—a3/2
B+ Py + i/ (2c66)

5666 = (421)

2
—a3

RRTIES )

560

Thus, in all the three states, the two shear elastic constants, ¢, and
Co» jump at T.. In our data, there is a clear jump in c,. However, a
jump in ¢, could not be resolved, most likely because of the strong
temperature dependence of ¢,(T) below the transition.

The observed jump in ¢y at T, implies that the superconducting
order parameter of Sr,RuO, has a two-component characteristic.
Now, we discuss the various implications of this new constraint in
the context of the other known properties of Sr,RuO,.

(1) Discrete symmetry breaking: in a two-component scenario,
the U(1)-symmetry-breaking superconducting transition is neces-
sarily accompanied by simultaneous discrete symmetry breaking.
For case (1), this discrete symmetry involves time reversal leading
to spontaneous magnetization that can be detected in muon spin
relaxation (pSR) measurements. For example, a non-zero pSR signal
below T has indeed been reported'’, but its origin and implications
are currently under investigation®. For cases (2) and (3), the broken
symmetry is tetragonal D, leading to monoclinic or orthorhombic
distortion in the tetragonal unit cell, respectively. In principle, it can
be detected through X-ray diffraction, but no such distortion has
been reported yet.

(2) Response to uniaxial pressure: T, as a function of the B,, shear
strain u,, — u,, is expected to increase linearly. However, experimen-
tally, T, increases quadratically with the uniaxial strain €, along
[100], and therefore, the cusp at zero strain has not been observed.
Note that due to the Poisson effect, €y, is a combination of u,,—u

P4
and the in-plane A,  longitudinal strain u,,+u,,. This implies that
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at the quadratic order in €, there is B,, perturbation that should
lead to the splitting of the superconducting transition if the order
parameter is of the (1, i) or (1, 1) type (Supplementary Section 8).
However, for (1, 0), one expects a single transition, with enhanced T..
Since specific heat measurements detect no splitting of the super-
conducting transition under the application of strain (at least along
the [100] direction)®, the behaviour of Sr,RuO, under uniaxial
pressure argues in favour of the (1, 0) order parameter. (Here we
assume that the strain-independent transition observed recently by
zero-field uSR* is not related to the superconducting state.)

(3) Spin-wave-vector content of Cooper pairs: the drop in the
Knight shift below T, is strongly suggestive of an even-parity order
parameter””. Assuming only intraband pairing, for singlets, the
lowest harmonic is a d-wave solution, that is, (4,, 4,)=A4,(k.k,,
k,k.,). For triplets, to be consistent with recent NMR as well as polar-
ized neutron scattering data®, the lowest-harmonic, triplet order
parameter is the p-wave solution (44, 4p) = Aok (dx, d,).

(4) Line nodes: experimentally, thermal conductivity measure-
ments show that the gap has vertical line nodes®. Whether the
gap can also have horizontal line nodes is a quantitative question
(Supplementary Section 5). Recent data from quasiparticle interfer-
ence experiments can be interpreted in terms of vertical line nodes
along the diagonal™, as that in the d,>_,» state. Data regarding the
variation in specific heat as a function of the angle of an in-plane
magnetic field relative to the crystal have been interpreted either in
terms of vertical line nodes of the k k, type** (that is, rotated by 45°
compared with the d,>_,» state) or the horizontal line nodes™. All
the states that we discuss within the E, and E, representations neces-
sarily have horizontal line nodes. In the singlet sector (E,), the states
(1,0) and (1, 1), which break tetragonal symmetry, also have vertical
line nodes (respectively in the [100] and [110] directions). However,
the state (1, i), which breaks time-reversal symmetry, typically does
not have vertical line nodes, unless the pairing leads to a Bogoliubov
Fermi surface®. In the triplet sector (E,), the p-wave solutions do
not have vertical line nodes. To have triplet solutions that are consis-
tent with the vertical line nodes, one needs to consider a higher har-
monic f-wave solution, namely, (44,4p) = Aok, (k> — k;)(d,(7 dy).

(5) Accidental degeneracy: until now, we only considered the
two-dimensional irreducible representation E. In principle, one can
also get two-dimensional A if two one-dimensional representations
become accidentally degenerate. The advantage of such a scenario
is that it allows the possibility of having a finite jump in ¢, while
having no jump in c,. Thus, the (s+ d)-wave solution, (4,, 4;)=(1,
k.k,), will have the same free energy structure as that in equation
(1), except for a;=0. However, such a state is not guaranteed to have
line nodes. Vertical line nodes are present for accidental degen-
eracy of higher-order harmonics such as the (d+ g)-wave solution
(Ap,43) = (K — kj)(l, Kk, ).

If we combine the following arguments, namely, (1) the supercon-
ducting order parameter has two components; (2) the gap has verti-
cal line nodes (from thermal conductivity®); (3) the order parameter
has even parity (from NMR’); and (4) uniaxial strain does not split
the superconducting transition (from specific heat under strain®);
and if we disregard the evidence of time-reversal symmetry break-
ing'"'>*, then the only possible candidate is the (1, 0) state in the E,
representation, namely, the nematic state k.k, (or kk,), with both
horizontal and vertical line nodes. The onset of this nematic state is
accompanied by an orthorhombic distortion in the lattice, as well as
the formation of nematic domains. These structural changes should
be detectable by X-ray diffraction measurements.
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Methods

Samples. Our experiments were carried out on two oriented pieces cut from a
single high-quality crystal of Sr,RuO, grown by the travelling-solvent floating-zone
technique™. T is defined as the peak of the magnetic susceptibility and is 1.4 K.
The samples were polished to 1 pm roughness, with two opposite faces whose
parallelism was estimated to be better than 1.5 pm mm-. The alignment of the
polished faces relative to the crystal axes was determined by using the Laue
back-reflection method and it was off-axis by less than 0.5° for the measurements
shown in the main text. One sample was aligned with the polished face
perpendicular to (100) and the other sample was perpendicular to (110).

Ultrasound measurements. The measurements were performed with a pulse-echo
technique using two home-built spectrometers and commercial LINbO, transducers.
Most of the measurements were performed in a dilution refrigerator in Toronto* (by
C.L. and C.P. in the Taillefer lab), with the transducer bonded to the crystals with a
thin layer of an optical coupling compound (Dow Corning 20-057).

The amplitude and phase were measured using a phase comparator between
a reference signal and the signal from the sample. The outputs of the phase
comparator, in-phase I and quadrature Q, give the amplitude of the signal
A = /I? + Q* and phase ¢ =arctan(Q/I).

The ¢, mode was later re-investigated in a separate experiment—performed in
Toulouse—using another spectrometer, in a *He refrigerator with the transducer
bonded to the crystals with AngstromBond glue (AB9110). In this case, the
amplitude of the signal was measured using a logarithmic amplifier. The phase was
measured using a phase comparator, but with a limiting amplifier at the input, to
have perfect decoupling between the phase and amplitude of the signal.

In the reflective configuration (using only one transducer), the sound wave
propagates forward along the sample and is reflected by the parallel, opposite
face; further, it hits the same transducer again. Supplementary Figure 1 shows an
example of the amplitude of the signal for the ¢, mode measured in Toronto. Each
forward-and-back travel of the sound wave corresponds to one echo; up to 60
echoes were detected. The variation in the sound velocity is given by
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where @ =2nfand fis the frequency of the measurement. Since the phase is linearly
increasing with time f, we can perform a linear fit to the phase of different echoes
versus time. By using all the echoes in a weighted fit, the noise is reduced; further,
the sensitivity of the measurement is close to 0.02 ppm.

Data availability
All data that support the findings of this study are available from the corresponding
authors on request.
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