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1. ECHO PATTERN
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FIG. S1: Echo pattern for the transverse sound mode
cgg measured in Toronto, in the superconducting state
(H = 0), corresponding to the data shown in Fig. 2a
(red circles). The frequency was f = 169 MHz and the
temperature 7' = 40 mK. The sample length was
4.0 mm and 58 echoes were recorded.

2. REPRODUCIBILITY

Fig. S2 shows data taken in Toulouse for the trans-
verse mode cgg in the superconducting state, at H = 0
(red dots). The same sample was used but the faces
were re-polished and a different bonding agent was used
to attach the transducer. As for the Toronto data [1], we
again observe a precipitous drop immediately below T,
but we now also see a gradual decrease, apparent below
~ 1.3 K, not present in the Toronto data (Fig. 2). We
attribute this, and the somewhat larger total change in
ce6 (1.0 ppm vs 0.2 ppm), to a slight contribution com-
ing from other modes mixed in. Indeed, in the Toulouse
experiment, the echo pattern was not as clean as in the
Toronto experiment (Fig. S1). This may be due to ring-
ing of the transducer, a spurious effect that leads to a
non-zero background of the echo amplitude. Moreover,
we saw the mixing of another acoustic mode in the echo
pattern, whose sound velocity was close to the cgg mode.
This could be the ¢4y mode, for example, if the polar-
ization of the transducer was not exactly aligned in the
RuOs plane. This effect could explain the softening be-
low T, but not the discontinuity since no discontinuity is
expected in the shear ¢4y mode at T, by symmetry. As
shown in Fig. S2, a softening alone, such as seen in the
(c11 —c12)/2 mode (Fig. 1d), yields a much more gradual
decrease below T, than that seen in our cgg data.



0 M
Sr,RuO, fix 0.0
£ e
o & e
S -100} A
1] DD
o { 105

[
o (c,c)?2 110
-300 F ® Ce
0.5 1.0 1.5
T (K)

FIG. S2: Relative change in sound velocity for the
transverse mode cgg, measured in Toulouse at a
frequency f =201 MHz, at H = 0 (red dots, right axis).
The open blue diamonds (left axis) show the
corresponding data for the mode (¢1; — ¢12)/2 (from
Fig. 1d). The drop in cgs below T, is much more abrupt
than the softening seen in (¢17 — ¢12)/2, for example.

3. EHRENFEST RELATION

The Ehrenfest relation is a general and thermodynamic
relation that links the jump of the sound velocity with
the jump of the specific heat and the strain dependence
of T, [2],

Acpm AC’p<1 8Tc>(1 8Tc) (1)
Com T. \vsOuy, Vg OUp,

where C), is the heat capacity jump (by mass) between
the normal and the superconducting states. ws is the
sound velocity of the ¢,,, mode and wu, is the strain,
both using the Voigt notation.

First we estimate the jump in ¢q;. Since we don’t know
experimentally the strain dependence of T, along [100] in
the linear regime, we will rely on the hydrostatic pressure
effect on T, [3]. In order to use equation 1 to evaluate

Acq1, we need to estimate g:; . The effect of pressure on

T. can be decompose as the effect of u; (i = 1...6) on T,

o1, 0T, Ou;
OP — Ou; OP
where each deformation w; could contribute differently.

Unfortunately, we don’t readily have access to each gf“

individually. Nevertheless, we can estimate the contribu-
tion of u; as,

8Tc o 1 8TC 8’[1,1

6P o w1 8u1 8P
where w; is the weight of the u; contribution. If all three
normal deformations (i = 1,2,3) have an equal effect,

_ 1
wl—g.

Using this weighted contribution we can write an esti-
mation of the effect of u; on T¢,

oT.  IT. (8u1>1

o, Yop \ap (2)

We are only missing the last term, say how wu; is affected
by an hydrostatic pressure. To express that, we need to
use Hooke’s law,

g; = cijuj

and remember that an hydrostatic pressure applies an
isotropic strain,

o1=09=03=P o4 =05 =0 = 0.
Let’s rewrite Hooke’s law for this case as,

Pn; = ciju;

where 7n; are the component of the vector (1,1,1,0,0,0).
Inverting this equation and taking the derivative with
respect to P, we can explicitly write,

8’U,i 1
P [c ]ij nj

For a tetragonal system we get,

€33 — C13
€33 — C13
Ou; _ 1 c11 + c12 — 2¢13
oP (011 + 612) C33 — 20%3 0
0
0

Usually, diagonal elastic constants are larger then off-
diagonals one. If one neglect c¢i3 in front of ¢1; and ¢33,
we get a simplified estimation for the jump on cq1,

ACH - _ACNS ﬂaTc (C ‘e ) 2
C11 - TC Vs oP H 12

Using 294— 0.1 J K~2 kg™* [4], v = 6 km 57!, Gs—
0.2 K GPa™! [3], c;1 = 230 GPa, c;2 = 130 GPa and
wy = %, we get,

This estimate depends significantly on the value of %7}}.

Next, to estimate the jump in the shear modulus

cge we need to deduce the value of gfg. We rely on
the dependence of T, on strain along [110], €(11¢), that
has been reported in [5]. A strain €19y = u implies

Upy = Uyy = Ugy = Uyy = 4/2. From the definition

8TC - 6Tc 8u1
66(110) Ouy 36(110)

6TC 8UQ
Ouz O¢(110)

8TC 8u6
Oug 86(110) ’




where U1 = Ugg, Uz = Uyy and Us = Ugy + Uy, We get

oT, T, O,
8U6 B 86(110) 8u1 '

3)

Hicks et al. have found (9T./0¢n10)) = 10 K [5],
while in the above we estimated (07T./0u1) =~ 1/3(c11 +
¢12)(0T./OP) = 24 K. This implies (0T, /0ug) = —14 K.
Furthermore the transverse acoustic sound velocity cor-
responding to the Byg shear is vgs = 3.3 km/s. Thus, we

estimate
Acgs _ (_ACys\ 1 (T’
C66 o TC ’UgG 8u6

= 1.8 ppm. (4)

This estimate depends significantly on the previous esti-
mation of the jump in ¢;; and on the dependence of T,
on strain along [110].

4. FINITE FREQUENCY EFFECT

The estimated jump is about an order of magnitude
larger than the measured jump Acgg/ce6 =~ 0.2 ppm in
our experiments. One reason for this difference can be
due to the fact that an elastic constant determination
from ultrasound velocity is not a pure thermodynamic
measurement, and it involves effects due to finite fre-
quency w of the sound wave. Below we look at how finite
frequency affects the mean field jump of cgg in the super-
conducting phase (A4, Ap) = Ap(1,0).

To model the ultrasound experiment we consider a per-
turbation in the form of a transverse acoustic wave de-
scribed by the atomic displacement u(r,t) = ugexp[i(k -
r — wt)], with up = uo(1,0,0) and k = (0, %,0). Such a
perturbation triggers only the cgs mode, with ug, (r,t) =
Oy (r,t), while the remaining strains are zero.

The above acoustic fluctuation will lead to fluctua-
tions of the superconducting order parameters. We write
Aq = Ag + dA(I‘,L‘), and Ap = dBl(I‘,t) + ide(r,t),
where d 4 is a complex function, and (dp1,dp2) are real
functions. Our goal is to expand the free energy to
quadratic order in the fluctuations. We get

Fﬂuc = /dl‘ [ZAgd%l + 2066(8yum)2 + a4A0(8yum)d31] 3
(5)

where | = B2 + B3 + a3 /(2ce6), and the renormalized 3;’s
are given later in equation (26). Thus, to quadratic or-
der the displacement fluctuation couples only to dp1 (r, ).
From Newton’s law the equation of motion for the dis-
placement is pd?u/0t? = —§Fyye/du, where p is the den-
sity. This gives

0%uy

P = A0yt + asBodydp, (6)

For superconducting fluctuation we postulate a damped
dynamics given by 790dp1 /0t = —0Fguc./d0dp1, where 7
is a microscopic timescale [6]. This gives

O0dp1
05

= 7(1/2)A%d31 - a4A08yum. (7)
Solving the above two equations we get

2 A2
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From the above the frequency dependence of the jump in
cee can be read off as

Re03/(2D)
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5066 =

where 71 = 279/A2. The above result is to be compared
with the jump measured in a purely thermodynamic mea-
surement (see equation (44)). Thus, at finite frequency
the jump reduces by a factor 1/(1 + w?r?) [6], where T
formally diverges at T, in the thermodynamic limit. In
our experiment, we used sound frequency f = w/(27) =
200 MHz, from which we estimate 71 ~ 2 ns. Note
that such effect has also been observed in Lag_,Sr, CuQy,
where the jump of the longitudinal elastic constant ¢y
at T, has been measured at different frequencies [7]. In
this case, the estimated 71 ~ 1 ns, i.e. the same order of
magnitude as in SraRuQy.

5. THERMAL CONDUCTIVITY

The results of Ref. [8] reveal that SroRuOg4has vertical
line nodes, i.e. lines of zeros that are parallel to the
c-axis. All aspects of the data are consistent with a d-
wave state, with vertical line nodes either along the a-axis
or along the diagonal. The thermal conductivity study
cannot distinguish between these two variations. Now
the (1,0) state we proposed goes as Ag(kgk., kyk.), so
in addition to have vertical line nodes (at k, = 0 or k
= 0), it also has horizontal line node (k, = 0). The
latter line will introduce extra a — ¢ anisotropy in the
thermal conductivity. It is difficult to say whether this
extra anisotropy is quantitatively compatible or not with
the data of Ref. [8].



6. PRODUCT TABLE FOR THE D4, POINT
GROUP

F Alg AQQ Blg BQg
Alg Alg AQQ Blg BQQ
Aoy [A2g|Aig|Bag |Big
Blg B]g BQQ Alg AQQ
B2g B2g Blg A2g Aly g

Eg Eg Eg Eg Eg A19+A29+B19+B29
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TABLE I: Product table for the Dy point group.

7. DETAILS OF THE THEORETICAL
COMPUTATIONS

The unit cell of SroRuOy is tetragonal with Dgj, sym-
metry. The only irreducible representation of this group
which has dimensionality more than one is the two-
dimensional representation E. In this representation
the superconducting order parameter is a two-component
(A4, Ap) complex variable. At this point there are two
distinct possibilities based on inversion symmetry of the
unit cell. (i) First, the order parameter is odd under par-
ity transformation. In this case the FE irreducible rep-
resentation is relevant and (A4, Ap), transform as (z,y)
under point group operations. (ii) The second possibil-
ity is that the order parameter is even under parity. In
this case the F, irreducible representation is relevant and
(A4, Ap), transform as (zz,yz).

Beyond the even/odd classification it is difficult to
make definite statements about the orbital and spin con-
tents of the Cooper pairs since the system is multi-
orbital (and multi-band) and also spin-orbit coupling is
strong. It is a priori not clear whether the pairing is best
viewed in spin and orbital basis, or in the Bloch diago-
nal band basis, where the bands are doubly degenerate
(pseudospin). In case the pairing is essentially intraband,
then overall antisymmetry of the wavefunction will im-
pose that in case (i) the Cooper pairs are singlets in pseu-
dospin basis, and in case (ii) they are pseudospin triplets
(the pseudospin content will be described by a d vec-
tor). If interband pairing is important, then pseudospin
singlet-triplet mixing is possible. Similar considerations
will hold if the problem is analyzed in orbital and spin
basis.

The form of the Landau-Ginzburg free energy describ-
ing the transition is the same for the above two possibil-
ities. The order parameter dependence to fourth order is
given by

Fa=a(A3As+ARAR) + 7 (A4 AL + ApAp)°

83

3

(A%)?A% +he) + BIALAAAL AR, (10)

The elastic energy associated with the relevant strains is

1
_ 2 2 2
F, = 5011 (um + uyy) + 12Uz Uyy + 2c66uzy

1
+ 50331@,2 + c13 (Uacac + Uyy) Uzz, (11)

where ¢’s are the elastic constants. The symmetry al-
lowed terms to linear order in strain are

Fa—u = o1 (g + uyy) + agu..] (A% As + ABAB)
+ as(Uze — uyy) (A4 A4 — ABAR)
+ aatgy (A3 A + ABA ). (12)

The overall free energy of the system is
F=Fn+F,+ Fa_y. (13)

We define u1 = ugq + uyy (strain describing changes to
basal plane area of the unit cell), us = u,, (strain related
to c-axis length changes), ug = Uy — Uy, (orthorhombic
shear) and w4 = ugy (monoclinic shear). We also define
ca = (11 + ¢c12)/2 and ¢o = (c11 — ¢12)/2. It is con-
venient to rewrite the part of the free energy involving
the longitudinal strains in a diagonal form by means of
a unitary transformation as

1
(Fu)long = 50Au§ + 50331@ + crauug

1 1
= §D1’U% + §D2’U§. (14)

In the above

1
Dio= 3 [CA +oc33 = \/(CA — c33)? + 4c3, (15)

are the eigenvalues of the 2 Xx 2 matrix
((ca,c13), (c13,¢33)), and (v1,v2) are the longitudi-
nal eigenmodes given by

V1 = e1uy + egus, Vg = —e2U] + e1U2, (16)
with e = Clg/N, €y = (Dl — CA)/.N'7 N = [C%g + (Dl —
ca)?]Y/2. Also, the couplings (v, az) need to be trans-
formed as (a1, @2) — (r1,72) with

71 = e1qq + eao, ro = —es0 + e10. (17)

The two complex valued order parameters can be writ-
ten as (Aa,Ap) = A(cos, e sinf). The total free en-
ergy now has the form



At 1 1 1
F(A,@,'y,vl,vg, U3,U4) = CLA2 —+ [45(1) + SiIl2 20 (ﬂg COSs 2"}/ + ﬂg)] T =+ §D1’U% + §D2U§ + §COU§ + 2066“421
+ (r1vg + rovg) A? + azuzA? cos 20 + agus A? sin 20 cos 7. (18)
[
As usual, we take a = /(T — T.), and the remain- In terms of the renormalized fourth order coefficients

ing parameters are T-independent. The above free en-
ergy is to be minimized with respect to the variables
(A, 0,7, v1,v2,u3,uq). This results in the following equa-
tions.

2A [a + 28] A% + (B9 /2) A? sin® 20 cos 2v
+ (ﬁ?())/Q)A2 sin? 20 + ryvy + rovs + azus cos 20
+ ayuy sin 20 cosy] = 0, (19)

A [A?sin 46 (B3 cos 2y + 39) /2 — 2a3us sin 20
+ 2ayuy cos 26 cosy] = 0, (20)

(BSAQ sin 26 cos y + aquy) A?sin20siny =0, (21)

oF
Z~ —_D A = 22
90; 11 + 71 0, (22)
oF
=D A = 2
90, 2U2 + T2 0, (23)
F
a— = cous + azA?cos20 = 0, (24)
8U3

OF
—— = deggug + agA?sin 26 cosy = 0. (25)
811,4

7.1. Phase diagram

From Egs. (22) - (25) we get
v1 =11A%/Dy, vy =1A%/Ds,
usz = azA%cos20/co,
uy = ayA? sin 20 cos v/ (4cgs).

This leads to a renormalization of the fourth order coef-
ficients 8Y — 3; with

B1 =Y = (r7/D1 +13/Ds +a3/co) /2,  (26a)
B2 = B3 — i/ (4ces), (26b)
B3 = B9 — ai/(4ces) + 20 [co. (26¢)
Note, the combination
2 2
-2
r2/Dy + 12/ Dy = C1CB T 0204 T S0ty oy

2
CAC33 — 013

Egs. (19), (20) and (21) can be rewritten as

1 1
2A |a+ 261 A% + §ﬁ2A2 sin? 26 cos 27y + 553A2 sin? 26

—0, (28)
(B2 cos 2y + fB3) At sin 20 cos 20 = 0, (29)
B2 A% sin? 20 sin 2y = 0. (30)

For the stability of the system we need 81 > 0, and
481 £ B2 + B3 > 0. Within this range the following three
superconducting phases are possible.

(1) In the region B2 > (0,03) we get A = Ay
[2a/(4B1 — B2 + B)]'? , 6 = 6o = m/4 and v
Yo = £m/2. Thus, (A, Ap) = Ag(1,+i), and it is the
time reversal symmetry broken chiral state. The phase
transition is accompanied by finite longitudinal strains
) = —rA2/D; and v§ = —ryA3/Ds, while the shear
strains are zero. Thus, the tetragonal symmetry is pre-
served.

(2) In the region B2 < (0,—f83) we get A = Ag
[—2a/(4B1 + Ba + B3)]'/? , 6 = 0y = m/4 and v = 7
(0,7). Thus, (Aa,Ap) = Ag(1l,£1), and it is a phase
that preserves time reversal symmetry. As in case (1),
the phase transition is accompanied by finite longitudi-

nal strains v = —r;A2/D; and v§ = —ryA2/D,. But,
unlike in case (1), now the transition is accompanied by a
spontaneous monoclinic distortion u§ = —a4A2/(4cgs).

Thus the state breaks the tetragonal symmetry sponta-
neously. On the other hand, there is no spontaneous
orthorhombic distortion, i.e., u3 = 0.

(3) In the region 83 > (0,|B2|) we get A = Ay =
[—a/(281)]Y% , 0 = 6y = (0,7/2) and v = o, where
v = 0 for B2 < 0 and 79 = 7/2 for B2 > 0. Note, v
is a meaningful variable only if  is non-zero (say, in the
presence of external strain, or if nonzero fluctuations of ¢
are relevant. Thus, (A4, Ap) = Ag(0,1) or equivalently
Ap(1,0), and it is a phase that preserves time reversal
symmetry as well. The spontaneous strains generated in
this phase are v = —r1A2/Dy, v) = —ryA2/Ds, ud =
—a3A%/co, and u§ = 0. Thus, this state also breaks
tetragonal symmetry spontaneously and the transition is
accompanied by finite orthorhombic distortion.



7.2. Jumps in elastic constants in the phase
(AA7 AB) = AO(L i’L)

(a) In order calculate the jump in cg¢ we consider a
finite external monoclinic stress o4 such that Eqn (25) is
replaced by

oF

—— = 4degguy + A% sin 20 cosy = oy, (31)
6U4

while all the other Eqns from minimizing F' remain the
same as before. From Eqn (21) we get

3A2 sin 26 cos v + aquyg = 0.

Using the above two eqns we deduce that uy = 04/(4ces—
a2/B9). On the other hand in the metallic phase (A = 0)
we would have obtained uy = 04/(4cgs). Thus, the jump
in cgg is given by

—Oé2 —Oé2
Scep = —2% = 4 . 32
00 489 4By + aF/ces (82)

(b) To calculate the jump in ¢o we consider a finite
external orthorhombic stress o such that Eq. (24) is re-
placed by

— = cousz + Oé3A2 cos 20 = o3, (33)
8u3

while the remaining equations are unchanged. From
Eq. (21) we deduce that v = 7/2, and that uy = 0.
Putting this back in Eq. (20) we get

720&3’[1,3
A2 cos 20 = . 34
5B o
From the above two equations we get us = o3/[co —
202 /(B9 — B9)]. This implies that the jump is
—2a2 —2a2
Sco = -3 23 (35)

BY =By B2—PBs+2a3/co’

(¢) To calculate the jump in D; we consider an external

longitudinal stress o; that couples to vi. Eq. (22) is
modified to
F
%:Dlvl +7’1A2:O'1. (36)

From Eq. (21) we get that v = 7/2 and from Eq. (20)
we get that § = 7/4. These also imply that (us,us) =
0. Using these values in Eq. (19) we get A*(T.) =
—2r1v1/[48Y — B9 + BY — 2r2/Ds)]. Here T implies ap-
proaching T, from below, and for which a = 0. using this
in the above equation we deduce that the jump in D; is

6Dy = —2r7 /(487 — B9 + B§ — 2r3/Ds)
= —2r2/(4B, — Bo + B3+ 2r2/Dy).  (37)

(d) From a very similar calculation we get that the
jump in Dy is

5Dy = —2r3 /(487 — B3 + B3 — 2r/ D)
= —27‘%/(461 —62+Bg+2T3/D2). (38)
From the relations

cpA = B%Dl + eng, C33 = 6§D1 + 6%D27 (39)

we can calculate dca = e30D; + €39Dy, and Sczz =
e36D1 + €20 D>.

7.3. Jumps in elastic constants in the phase
(Aa,A) = Ao(1,£1)

(a) To calculate the jump in cg¢ we consider a fi-
nite external monoclinic stress o4 such that Eq. (25) is
replaced by Eq. (31). From Eq. (20) we deduce that
0 = w/4, from Eq. (21) v = 0, and from Eq. (24)
uz = 0. Using these values in Eq. (19) we get A%(T.") =
—20quy [[48Y + BY + B9 — 2r2 /Dy — 2r2/Dy). Using this
in Eq. (31) we get

—a?/2
47 + B3 + B3 — 2r}/ Dy = 2r3/ Dy
—03/2

= B Ba kB + a2/ (2ees)” (40)

(b) To calculate the jump in ¢o we consider a finite
external orthorhombic stress o3 such that Eq. (24) is re-
placed by Eq. (33). From Eq. (21) we get v = 0, while
Eq. (20) gives

A?sin 20 [A% cos 26 (B9 + B3 — af/(2¢e6) — 2a3us] = 0.

Since A # 0, and sin20 # 0, we get A%cos20 =
—2azuz/(188| — BY + a2 /(2ce6)). Using this in Eq. (33)
we get the jump to be

5666 =

B —2a§ - —201%
83| — B3 + a3/ (2ce6)  [Ba2| — B3+ 204%/00('
41

560

(¢) To calculate the jump in D; we consider an exter-
nal longitudinal stress o that couples to v. Eq. (22) is
modified to Eq. (36). From Eq. (20) we deduce that
0 = w/4, from Eq. (21) v = 0, and from Eq. (24)
ug = 0. Using these values in Eq. (19) we get A%(T.") =
—2T11}1/[4ﬁ? + ,88 + 639 — QT%/DQ — ai/(2666)]- Thus, the
jump is

6Dy = —2r7 /(487 + B3 + B3 — 2r3 /Dy — af/(2ces))

= —2r7/(4B1 + B2 + B3 + 2r1/ D). (42)

(d) A similar calculation gives

0Dg = =213 /(487 + B3 + B3 — 2r} /D1 — o/ (2¢66))

= —2r3/(4B1 + B2 + B3 + 215/ Dy). (43)

As before, the jumps (dca, dcs3) can be evaluated using
Eq.(39).



7.4. Jumps in elastic constants in the phase
(Aa,Ap) = Ao(1,0) or Ap(0,1)

(a) To calculate the jump in cgs we consider a finite
external monoclinic stress o4 such that Eq. (25) is re-
placed by Eq. (31). Note, a priori, Eq. (21) has three
possible solutions. It is simple to check that the solu-
tion BIAZsin20cosy + asus = 0 leads to unphysical
solution. Then, either (i) # = 0, which also leads to
v =m7/2, or (ii) y = 0 and 6 # 0. A bit of algebra
shows that the solution (ii) has lower free energy, and
therefore is the correct choice. From Eq. (20) we get
A%sin20 = —2a4u4/(B89 + B + 2a3/co). This, along
with Eq. (31) implies that the jump is

—al/2 B —al/2
B9+ B +2a%/co B2+ B3+ aF/(2ce6)

(b) To calculate the jump in c¢o we consider a finite
external orthorhombic stress o3 such that Eq. (24) is re-
placed by Eq. (33). From Eq. (25) we get § = 0, while
Eq. (25) gives uqy = 0. From Eq. (19) we conclude that
Az(Tci) = *O[gUg/(Qﬂ? B 7/.%/Dl - T%/DQ) ThUS, the
jump is

5066 = (44)

5 —oj —o3 (45)
co = = .
O 7280 —12/Dy —r3/Ds 2B + a2/co
(¢) A similar calculation gives the jump
2 2
6Dy = L = L—. (46
! 28Y —r3/Dy —ai/co 281 +7ri/Dy (46)
(d) Likewise, the jump in D5 is given by
_p2 2
5D, 2 2 (47)

- 280 —r?/Dy — a3/co - 281 +713/Ds’

As before, the jumps (dca, dcsz) can be evaluated using
Eq.(39).

8. EFFECT OF UNIAXIAL STRAIN AT
QUADRATIC ORDER ON T,

In this section we study the effect of uniaxial strain
€(100) along the (1,0,0) direction and how it modifies Tt
at order 6?100) within the scenario of a two-component
order parameter belonging to the E irreducible represen-
tation.

We consider the external uniaxial stress o,, = o,
which couples to the strain u,, = (u; +us3)/2. Following
the notation of the last Section, u1 = (uze + Uyy) is the
in-plane A;, longitudinal strain, and us = (ugs — Uyy) 1S
the in-plane By, shear strain. To simplify the discussion
we ignore the elastic constant c¢;3 in Eq. (11), and write
the elastic free energy of the above two in-plane modes
as

1 1 o
Fu,plane = icAu% + §COU§ - 5(1141 + Ug)

As defined in the last Section, c4 = (¢11 + ¢12)/2 and
co = (c11 + c12)/2. Minimizing Fy piane We get u; =
0/(2ca) and us = o/(2¢co) For SraRuOy the relevant
elastic constants are ¢1; = 233 GPa and ¢p = 51 GPa [1],
which implies c4 = 3.5¢o. Using this estimate we get

4 14
U = —€ , U3 = —€ . 48
1= 5€ao0) 3= 7 €(100) (48)
In other words, the uniaxial strain is not a pure B,
shear, but has a non-negligible A;, component.
The coupling of the superconducting variables to
quadratic order in the strains (u1,us) can be written as

1
Fa_y = 5()\1110% + Aa3u3) (A5 A4 + AL AR)
+ )\13U1U3(AZAA - A*BAB) (49)

In the above, the first line describes an A, perturbation
proportional to 6(2100), and the second line describes a By,
perturbation also proportional to 6?100). To simplify the
discussion we take A1 = A3z = A3 = —A, with A > 0.
Note, taking a negative A\ leads to decrease in T, as a
function of 6%100)7 which is opposite to what is observed.
For convenience we define

p = Augug = (56/81)Aef1g0)- (50)

Then, A(u? 4+ u%)/2 ~ 2p. Since linear strain variation of
T. has not been observed, we can ignore Fa_,. Writing
F = Fa+ Fa_,2 we get

F(A,0,7) = (a — 2p — pcos 20) A?
A4
+ [4B1 + sin® 20 (B2 cos 2y + B3] e (51)

We take a = a'(T — T?), where T is the transition tem-
perature in the absence of external strain. The above
free energy is to be minimized with respect to (A, 6,7).

To be concrete we first assume that §; are such that
the ground state is the (A4, Ap) = Ag(1, i) phase. In
this case one can show that there are two split transitions
at temperatures (T,1,T.2). Lowering T the system first
undergoes the U(1) symmetry breaking superconducting
transition at

T =T° +3(p/d). (52)

For T,y > T > T, the B;, component of the 6%100)
perturbation stabilizes the (1,0) state characterized by
6 = 0. The second transition, where time reversal sym-
metry is broken, occurs at

Teo = T2 + (2= n)(p/d), (53)

where n =451 /(B2 — 83) — 1 > 0. Below Tio the phase is
characterized by 6 # 0 and v = /2.

Thus, both the increase of the superconducting transi-
tion (T,; —T?) and the split between the two transitions
(T.1 — Tw2) are of comparable magnitudes if we assume



that the ground state is the (1, +4) phase. Analogously,
the same is true also if we assume that the ground state is
the (1,£1) phase. On the other hand, if the ground state
is the (1,0) [or equivalently the (0, 1)] phase, then there
is a single transition at the enhanced temperature T;.

Experimentally, only the 7. enhancement proportional
to 6?100) has been reported [5], but the splitting between
the two transitions has not been seen in thermodynamic

measurements. This observation is consistent with the
(1,0) phase.
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