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Effects of strain in multiorbital superconductors: The case of Sr,RuQ,
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Uniaxial-strain experiments have become a powerful tool to unveil the character of unconventional phases of
electronic matter. Here, we propose a combination of the superconducting fitness analysis and density functional
theory calculations to dissect the effects of strain in complex multiorbital quantum materials from a microscopic
perspective. We apply this framework to the superconducting state of Sr,RuO, and argue that the recently
proposed orbitally antisymmetric spin triplet order parameter candidate has unique signatures under strain which
are in agreement with recent observations. In particular, we can account for the asymmetric splitting of the critical
temperatures for compressive strain along the (100) direction and the reduction of the critical temperature for
compressive strain along the (001) and (110) directions with a single free parameter.

DOI: 10.1103/PhysRevResearch.4.023060

I. INTRODUCTION

The recent development of strain devices suitable for a
variety of experimental probes has opened a new direction of
investigation of complex quantum materials [1]. The appli-
cation of uniaxial strain along different directions allows for
the selective reduction of spatial symmetries, which is key to
uncovering the character of the underlying phases of matter
in a variety of magnetic and superconducting materials [2-6].
Strain can tune material parameters such as orbital occupation
[7], Fermi surface geometry [8], and topological properties
[9]. Given the complexity of most of the functional materials
available today, a clear understanding of the effects of strain
from a microscopic perspective is highly desirable.

Here, we take as an example Sr,RuQ,, a material whose
superconducting order parameter has been the focus of de-
bate for more than 25 years [10]. This system was recently
investigated by thermodynamic [11,12], transport [13], angle-
resolved photoemission spectroscopy (ARPES) [14], nuclear
magnetic resonance (NMR) [15], and muon spin relaxation
(uSR) [16] experiments under strain, giving us important
hints on the nature of the superconducting state in this ma-
terial.

The best contenders for the superconducting state of
SroRuQy are chiral order parameters [17-20]. Chiral super-
conductivity is supported by several experimental probes:
Polar Kerr rotation experiments reveal time-reversal sym-
metry breaking (TRSB) at the superconducting critical
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temperature 7, [21], ultrasound attenuation experiments in-
dicate a two-component order parameter [22-24], and the
study of junctions suggest the presence of superconducting
domains [25,26]. Also, recent £#SR measurements under com-
pressive strain along the (100) direction show a clear splitting
between the superconducting critical temperature 7, and the
temperature below which TRSB is observed (Ttrsg) [16]. A
splitting is expected for a chiral superconductor, but some of
the features observed experimentally cannot be accounted for
by a simple phenomenological Ginzburg-Landau theory. First,
the transition seems to be rather asymmetric concerning the
evolution of the two temperatures: 7; is strongly enhanced,
while Ttrsp remains almost unchanged up to uniaxial strains
of about 1% [16]. Second, the evolution of T, is strongly
nonlinear, and there is no observable cusp of T, around zero
strain [11]. In addition, recent experiments indicate that com-
pressive strain along the (001) direction causes a reduction
of T. [27]. This behavior is in contradiction with the ex-
pected enhancement based on a weak-coupling scenario with
an increased density of states (DOS) given the proximity to
the van Hove singularity. Furthermore, experiments under
compressive strain along the (110) direction indicate a mild
suppression of the critical temperature [28].

The original proposal of a chiral superconducting state for
Sr,RuOy4 suggested a p-wave triplet state with d-vector along
the z-direction [17]. This state is hard to reconcile with new
NMR experiments [15]: The reduction of the Knight shift for
in-plane fields is expected only for singlet or triplet states
with an in-plane d-vector. Furthermore, the standard chiral
p-wave state has difficulties accounting for thermodynamic
[29] and transport [30] experiments indicating the presence of
gap nodes. In this context, some of us recently proposed a new
order parameter candidate: An even-parity pseudospin-singlet
chiral superconducting state with horizontal line nodes [31].
In the microscopic orbital basis, this superconducting state
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in the E, channel is an s-wave orbital-antisymmetric spin
triplet (OAST), which can be stabilized by local interactions
in the presence of a large effective Hund coupling and realistic
three-dimensional spin-orbit coupling [31].

Here, we investigate the effects of strain on a local order
parameter with E, symmetry. We conclude that the concept of
superconducting fitness [32-35] in conjunction with density
functional theory (DFT) calculations can clarify the origin of
the unusual features of the evolution of 7. and Ttrsg under
strain along different directions in a consistent manner. For
that, we use the evolution of the normal state band structure
from DFT and a single free parameter. Our analysis stems
from a microscopic perspective and captures qualitatively new
effects beyond a naive Ginzburg-Landau construction. In par-
ticular, we discuss the microscopic origin of the asymmetry of
T. and Ttrsp under strain along the (100) direction, and how
strain along the (001) direction reduces T, even though the
DOS is enhanced. Moreover, we discuss the behavior of the
transition temperatures under strain along the (110) direction.

II. THEORETICAL DESCRIPTION

The simplest form of superconducting fitness measures
was introduced in the context of two-orbital models [34].
To apply this framework to the analysis of strain effects
in SrpRuOy4, we need to simplify the standard three-orbital
model based on the d,;, d,., and d;, orbitals. Given the re-
cently acknowledged importance of the k, direction [31], we
consider projections of the three-orbital model into the k&,
and kyk, planes (from now on we refer to these planes as
XZ and YZ, respectively). In these planes, only two Fermi
surfaces are present: The y band, composed mostly of d,,
orbitals, and the B band, composed primarily of d,. and d,,
orbitals, as shown in Fig. 1. In particular, in the X Z (Y Z) plane
the Fermi surfaces are primarily formed by d.. (d,;) and d,,
orbitals. We are then able to construct effective two-orbital
models for the electronic structure along these planes. Note
that the models in the XZ and Y Z planes are not the same, the
first is a model for d; and d,, orbitals, while the second is a
model for d,; and d,, orbitals. Note also that the density of
states and its change under strain are higher in these planes,
compared to other planes containing the k, axis. Further-
more, the order parameter of interest here has gap maxima
in these planes and gap minima along the diagonals [31,35],
suggesting that the XZ and YZ planes are indeed the most
important for superconductivity in this scenario. Considering
both planes together, we believe our approach captures the
essential physics of the three-orbital three-dimensional model
for SroRuOy.

The reduced models along the XZ and YZ planes have
Dy, point group symmetry, within which we find only one-
dimensional irreducible representations (irreps). At first sight,
it seems that we have lost the discussion about the splitting
of the degenerate superconducting transitions in E, for the
complete model with Dy;, symmetry. Here, the reduced models
along the XZ and YZ planes should be seen as degenerate.
Their inequivalence under strain is a manifestation of the
symmetry breaking.

For concreteness, here we consider the XZ plane, domi-
nated by the d,; and d,, orbitals. Projecting into this subspace,
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FIG. 1. Fermi surfaces indicating the orbital distribution for un-
strained Sr,RuQ, in the k, = 0 plane. The color red (blue, green)
encodes the orbital d, (d,., d,;) content as low (bright) or high (dark)
color in each Fermi surface sheet. The data are obtained by com-
bining the ab initio-derived tight-binding Hamiltonian with a local
correlation-enhanced effective spin-orbit coupling term (A = 0.2 eV)
[51].

we obtain the following effective two-orbital Hamiltonian:

Ho? = WK ()W, (1)
Kk
: . To_ .7 T T + .
in the basis ¥, = (Ck,sz’ cl’(qm, Chayt Choxyl ), with

3
B2 k) = ) B (&) 2, © 6, 0]
a,b=0

where the ﬁgb (k) are real even functions of momentum labeled
by indexes (a, b),, with a and b corresponding to %, and 6y,
the Pauli matrices encoding the orbital and the spin degrees
of freedom, respectively (6y and 7, are identity matrices), and
p = {XZ,YZ} corresponds to the plane. There are, in princi-
ple, 16 functions labeled as (a, b)xz, but in the presence of
time-reversal and inversion symmetries these are constrained
to only six: (0, 0)xz, (3, 0)xz, and (2, 1)x7 in A, the first two
associated with intraorbital hopping and the last with atomic
spin-orbit coupling (SOC); (2,2)xz in By, and (2, 3)xz in
By, both associated with momentum-dependent SOC; and
(1,0)xz in B3, associated with interorbital hopping. Analo-
gously, we parametrize the local gap matrices in the orbital
basis as

A*% = dy t, ® 63 (i62), A3)

where dj is the order parameter amplitude. A similar construc-
tion holds for the Y Z plane. The derivation of the terms in the
normal state Hamiltonian, labeled as (a, b),,, and order param-
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eters, labeled as [a, b],, are given in detail in the Supplemental
Material (SM) [36], which also includes Refs. [37-50].

From here on, we focus on the even parity OAST order
parameter proposed in Ref. [31]. This is a two-component
order parameter with E, symmetry, which reconciles sev-
eral experimental observations. In the complete description
of Sr,RuQy, as a three-dimensional three-orbital model (see
details in the SM [36]), the order parameter is dominated by
the basis matrices {[5, 3], [6, 3]}. Once we project the com-
plete model into the XZ or YZ planes, we identify the order
parameters as follows:

[5,3] = [2,3lyz, “

[6,3] = [2,3]xz. ®

The Gell-Mann matrices As and A¢ are 3 x 3 antisymmetric
matrices carrying information about the orbital combination
in the superconducting order parameter. Once projected onto
the two-orbital models, both components of the order pa-
rameter are associated with the Pauli matrix 7,, the only
antisymmetric 2 x 2 matrix. Note that for [5,3] and [2, 3]y,
the pairing is between dy, and d,, orbitals, whereas for [6,3]
and [2, 3]xz the pairing is between d,. and d,, orbitals. The
quantitative analysis below is done within the two-orbital
models, and we use the correspondences above to connect
the results to the original three-orbital problem with Dy,
symmetry.

Within the standard weak-coupling assumptions, the super-
conducting critical temperature for a two-orbital system under
strain can be written as [34]

L 4 oc _ L
Lo~ = 2exp[( 20| ())ao} ©

where y is the Euler constant, wc¢ is a characteristic energy
cutoff, |v| is the magnitude of the attractive interaction in
the symmetry channel of interest (the last two assumed to be
strain independent). The superconducting fitness functions are
written as

1 .
a(s) = 52 D Nal0, )11 Fx(Kra, )| s, (7)

and

Fe(Kpa, 9)|)?
o= ZN © )<H C((kia)i)” >FS’ ®

where g(k) = €,(k) — €,(k) is the energy difference between
the two bands. The index a corresponds to the distinct Fermi

surfaces with DOS N, (0, s) at the Fermi level for strain s, and
(...)rs, indicates the average over the respective Fermi sur-
face. ||M||* = Tr[MM] is the Frobenius norm of the matrix
M. The superconducting fitness matrices are defined as

Fyc(k, 5)(i6y) = Hy(k, s)A(k) + AKH;(—Kk,s), (9)

where _ ﬁo(k 5) = [Ho(k, 5) — hoo(K, $)80 ® 20l/Ih(k, 5),
with Ak, s)|* = Z(a )£(0.0) |hap(K, $)2, is the normalized
normal state Hamiltonian and A(k) = A(k)/dy is the
normalized gap matrix. The index C (A) in FC(A)(k, s)
corresponds to the (anti)commutator nature of this quantity. A
finite £, (k, s) corresponds to the weight of intraband pairing,
guaranteeing a robust weak coupling instability. Conversely, a
finite Fo(K, ) corresponds to the weight of interband pairing,
which is detrimental to the superconducting instability and
reduces the critical temperature.

III. RESULTS AND DISCUSSION

For small strain, we can determine the evolution of the
superconducting fitness functions using the evolution of the
hopping amplitudes and the total DOS evaluated by DFT cal-
culations (see SM [36] for quantitative estimates). Given the
proximity of the two Fermi surfaces at the XZ and Y Z planes,
we assume that the superconducting fitness functions for each

Fermi surface are going to be approximately the same. We
define

(1Ea G, )II7) = (1Ea K, OI)(1 + Fis + Fas?),  (10)
for a representative Fermi vector and the total density of states
N(0,5) = N(0, 0)(1 + Nis + Nas®). (11)

The coefficients F; > and N;, are summarized in Table I for
compressive strain along different directions.

To get a simpler form for the evolution of the critical
temperature with strain, we use the relation ||Fy(k)|> +
[|Fe(K)||> = 4 and write

a(s) ~ a(0)(1 + Nyis 4+ Nos>)(1 + Fis + Fas?), (12)

8(s) ~ 8(0)(1 + Nis + Nas?)[1 — A(Fis + Fas®)],  (13)

where A = (||F4(0)]*/¢*)gsa/ (|| Fc(0)] */¢*gsa» with an im-
plicit k dependence. For the [2, 3]yz/yz order parameters,
we estimate A ~ 107, (see quantitative discussion in the
SM [36]). The small value of A allows us to neglect the
dependence of §(s) on strain through the Fj, coefficients.
Furthermore, within the assumption that 1 > 2|v|§(0), we

TABLE 1. Coefficients for the evaluation of the evolution of the critical temperature as a function of strain for the {[5, 3], [6, 3]} order
parameter inferred from the analysis of the two-orbital models along the XZ and Y Z planes. N; and N,: Coefficients determining the evolution
of the density of states at the Fermi energy. F; and F,: Coefficients determining the evolution of HFA(k, 5)|%, as in Eq. (10), obtained by
selecting a representative kr = 2.67 to be between the 8 and y Fermi surfaces. Note that compressive strain correspond to negative values.

Direction SC Component N;(%s)~! Ny (%s)~? Fi(%s)™! F,(%s)™?
(100) [5,3] —0.0928 +0.4143 +0.0333 —0.0125

[6,3] +0.2536 +0.0797 —0.0091 —0.0042
(001) {[5, 3], [6, 31} —0.0503 +0.0072 +0.0589 —0.0024
(110) {15, 3], [6, 3]} +0.0296 +0.0074 +0.0129 —0.0004
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FIG. 2. Evolution of 7. and Ttrsg under compressive uniaxial
strain along the (100), (001), and (110) directions for the order pa-
rameter {[5, 3], [6, 3]}, (a) with g = 5.8 and (b) setting F; = F, =0
for g = 5. The horizontal dotted line is a guide to the eye correspond-
ing to the unstrained critical temperature. The black and red (blue)
circles at s = —0.5% (s = —0.2%) correspond to the experimental
value for strain along the (100) and (001) ({110)) directions obtained
from Refs. [12,27] ([28]), respectively. We took the Young’s modulus
along the (001) direction to be approximately 200 GPa. For both
plots we set the representative kr = 2.67 to be between the § and
y Fermi surfaces.

take 6(s) =~ §(0), such that the dependence of the critical tem-
perature on strain is carried only by the fitness function a(s).
Within these considerations, the closed form equation for the
evolution of T, can be cast as

T.(s) _a(0)
7.0) P [g<l a(s))}’ (1

where g = [1/(2|v]) 4+ 8(0)]/«(0), the only free parameter
in this analysis, is chosen such that our results are in good
agreement with the experimentally observed value of T (s =
—0.5%) ~ 2.9K for strain along the (100) direction [12]. Our
results for strain along different directions are summarized
in Fig. 2. Note that for strain along the (100) direction, the
transition temperatures for [2, 3]xz and [2, 3]y evolve differ-
ently, indicating the splitting of the two originally degenerate
components {[5, 3], [6, 3]} in E,. We associate the higher tem-
perature with 7; and the lower temperature with Trrsp. As
expected, for strain along the (001) direction 7, and Ttrsp are
the same as there is no symmetry breaking. Finally, for strain
along the (110) direction there is symmetry breaking, but its
effect cannot be captured by our approach. Here we consider

only the XZ and YZ planes, which remain equivalent under
strain along the (110) direction. Only directions away from
the zone axes can capture the symmetry breaking (see further
discussion in the SM [36]).

To qualitatively understand the evolution of the critical
temperatures as a function of strain along different directions,
we summarize here some of the properties of the parame-
ters in the normal state Hamiltonian along the XZ plane.
The dominant term within (3, 0)xz is associated with the
imbalance in the intraorbital nearest-neighbor hopping ampli-
tudes for the d,; and d,, orbitals. (2, 1)x is associated with
the correlation-enhanced effective atomic SOC, taken as n ~
0.2eV [51]. (2, 3)xz is associated with momentum-dependent
SOC in the By, irrep. As an estimate, here we take its value
to be equal to one-tenth the hopping amplitude with the
same interorbital structure [31], tfy(?fz(c?d) Rty an(dg) /10
0.68 meV. By symmetry, (2, 2)xz and (1, 0)xz are zero along
the XZ plane. We then focus on the evolution of the terms
(3,0)xz and (2, 3)x with strain. The analysis for the YZ
plane leads to a similar conclusion. The evolution of the
hopping amplitudes and DOS as a function of strain is de-
termined by DFT calculations, performed without SOC. The
correlation-enhanced effective atomic SOC is taken by its
agreement with the experimental Fermi surfaces [51] and was
verified not to change significantly with strain (this result will
be published elsewhere).

For compressive strain along the (100) direction, we see
from Table I that the dominant coefficients defining the evo-
lution of the critical temperature with strain are associated
with the evolution of the DOS (|N; 2| > |Fi2|). The effect
of the fitness measure ||Fy(K, s)||? is simply to slow down
the evolution of the critical temperatures, as Fj, and N,
have opposite sign. To note here is that at the linear level
the evolution of the DOS, and therefore of the critical tem-
peratures, is already rather asymmetric. Furthermore, for the
[5,3] component there is a very large quadratic contribution
to the evolution of the DOS due to the proximity to a van
Hove singularity, which reflects on the evolution of the crit-
ical temperature, as shown in Fig. 2(a) (black curve). Given
these coefficients obtained for low strain, we would expect
an upturn of Trrsp for s = —1.7%. While this is a relatively
high strain value, the upturn can be accessed in experiments
by deviations from linear behavior at low strains.

Compressive strain along the (001) direction does not re-
duce the symmetry group, and as a consequence there is no
splitting of the superconducting transition temperatures. For
this strain direction, we find |F;| > |N;|, which indicates that
the behavior of the critical temperature as a function of strain
is dominated by the evolution of the superconducting fitness
measure ||Ey(K, s)||2. This is in contrast to the discussion
above for strain along the (100), with the evolution of the
critical temperature dominated by the DOS. To understand
the evolution of the fitness measure under compressive strain,
we can look more carefully at how each term in the normal
state Hamiltonian evolves with strain. The superconducting
fitness analysis tells us that, for the order parameter [2, 3]xz,
the normal state term (3, 0)yz contributes to a finite F(k)
and (2, 3)xz contributes to a finite FA(k). For compressive
strain along the (001) direction, the magnitude of (3, 0)xz
t;(X) — t,y(X) [here 1, (72) stands for the intraorbital hopping
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amplitude for orbital y along the 7 direction] is enhanced,
leading to an increase of Fe(k), and (2, 3)xz is reduced,
leading to a reduction in Ey (K), such that the coefficient F; is
positive (compressive strain corresponds to negative values).
Interestingly, at the quadratic level the evolution of the critical
temperature is dominated by the DOS, as |N,| > |F>| and we
predict an upturn of the critical temperature for strain values
of approximately —2.2%. The results for the (001) direction
are shown in Fig. 2(a) (red and pink curves).

We also consider the behavior of the critical temperatures
under compressive strain along the (110) direction. Strain
along this direction reduces the point group symmetry, but
as we are modeling only the XZ and Y Z planes, we cannot
capture the symmetry breaking and our results show the same
strain evolution for both critical temperatures. In this case the
behavior is dominated by the evolution of the DOS, this time
in agreement with the evolution of the superconducting fitness
function at the linear level. We observe an overall reduction
of the critical temperature for both components. These results
are summarized in Fig. 2(a) (blue and cyan curves). For this
direction an upturn of the critical temperatures would also be
expected for s & —2.9%. In a more complete treatment with a
three-dimensional Fermi surface, we expect to see a splitting
of the critical temperatures away from the line we have cur-
rently obtained. This suggests that if the splitting is smaller
than the absolute reduction of the critical temperatures we
have observed here, both 7. and Ttrsg could be suppressed as
a function of compressive strain, as preliminary experimental
results indicate [52].

To highlight the effects of the fitness parameters, we show
the evolution of T, and Ttrsp in Fig. 2(b) when the coefficients
in Eq. (10) are set to zero by hand, F; = F; = 0. Then the
evolution of the critical temperature is controlled only by the
evolution of the DOS through the coefficient N; , in Table 1.
Note that although the behavior for strain along the (100) di-
rection is similar to the {[5, 3], [6, 3]} scenario (black curves)
with a slightly different value of g, compressive strain along
the (001) direction leads to an enhancement of 7, (red and
pink curves), while strain along the (110) reduces the critical
temperature (blue and cyan curves).

We emphasize that the consistent account of the reduc-
tion of the critical temperature for compressive strain along
the (001) and (110) directions and the enhancement of the
critical temperature for compressive strain along the (100)
direction seems to be a unique feature of the recently proposed
OAST superconducting state with E; symmetry dominated
by {[5, 3], [6, 3]}. From a naive weak-coupling scenario, it
is very hard to account for a reduction in 7. under strain
along the (001) direction and an increase in 7, under strain
along the (100) direction given the enhancement of the DOS
under compression in both cases, as recently discussed in
Refs. [27,53].

At this point we would like to highlight that the
phenomenology of the proposed OAST superconducting state
is in agreement with multiple other experimental probes. In
particular, the OAST order parameter is in agreement with re-
cent NMR measurements [15]. Note that the order parameter
is a spin-triplet in the orbital basis but it is a pseudospin-

singlet in the band basis, consistent with even parity. The
low-energy response to a magnetic field is then consistent with
the one observed for spin-singlet superconductors. This has
been numerically studied for similar pairing states in Refs.
[54]. 'These studies have shown that only a small fraction
of the normal-state spin susceptibility persists at zero tem-
perature in the superconducting state. Other key experiments
are polarized Kerr effect [21] and muon spin resonance [16],
which indicate time-reversal symmetry breaking below 7. In
conjunction with recent ultrasound attenuation experiments
suggesting a multi-component order parameter [22,55], a
chiral superconducting state is one of the most natural con-
tenders. A very recent experimental compilation [16] on the
behavior of 7. under hydrostatic pressure and for different
levels of disorder provides independent support for a super-
conducting state with two components related by symmetry,
therefore associated with a two-dimensional irreducible rep-
resentation.

IV. CONCLUSION

In conclusion, this work proposes a microscopic per-
spective for the understanding of the effects of strain in
superconductors with multiple degrees of freedom based on
the superconducting fitness analysis. This construction is par-
ticularly useful to go beyond the predictions of effective
Ginzburg-Landau theories. Assuming an OAST supercon-
ducting state with £, symmetry, we are able to account for the
evolution of the critical temperatures under strain along three
different directions with a single free parameter g, associated
with the strength of the interactions. In particular, we find that
compressive strain along the (100) direction can lead to an
asymmetric splitting of 7, and Ttrsp, and that compressive
strain along the (001) direction reduces T, even though the
DOS at the Fermi surface is enhanced. We also find that up to
splitting, both 7, and Trgrsp are reduced under compressive
strain along the (110) direction. These results indicate that
the phenomenology of the OAST order parameter satisfies
important constraints imposed by recent experiments. We be-
lieve that this kind of analysis can be extremely useful for
understanding the behavior of other complex superconductors
under strain and to ultimately determine the symmetry of the
superconducting order parameter in these materials.
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