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There is intense controversy around the unconventional superconductivity in strontium ruthenate, where
the various theoretical and experimental studies suggest diverse and mutually exclusive pairing symmetries.

Currently, the investigation is solely focused on only one material, Sr,RuQ,, and the field suffers from the
lack of comparison targets. Here, employing a density-functional-theory-based analysis, we show that the
heterostructure composed of SrRuO; and SrTiO; is endowed with all the key characteristics of Sr,RuQy, and, in
principle, can host superconductivity. Furthermore, we show that competing magnetic phases and associated
frustration, naturally affecting the superconducting state, can be tuned by epitaxial strain engineering. This
system thus offers an excellent platform for gaining more insight into superconductivity in ruthenates.
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Introduction. Transition-metal oxides have long been a
fertile ground for novel physics. In particular, unconven-
tional superconductivity, found, for instance, in cuprates and
ruthenates, is one of the most intriguing discovery of recent
decades, and the physics and mechanisms in these oxides
is still highly debated. The latter compound is particularly
intriguing; despite tens of years of intensive studies, even a
basic understanding of pairing symmetry is still lacking [1],
and new surprises are continuously coming up. Arguably, one
of the reasons the latter compound has been so difficult to
crack is that it is a one-of-a-kind material. As opposed to
the Cu- and Fe-based high-7; superconductors, which have
multiple families with many members each, Sr,RuO, is a
family of one, and no insightful comparison with any sibling
can be effected.

In fact, one of the biggest breakthroughs in the field, which
led to dramatic progress, occurred when experimentalists
found a way to apply uniaxial strain so as to induce a Lif-
shitz transition [2,3]. Finding another material, affording even
more flexibility in modifying Srp,RuQOy, properties, including
its Fermiology and magnetic response, would open up a
cornucopia of new experimental information and may lead to
extraordinary progress in understanding the superconductivity
in SroRuOy.
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This idea is not new. Burganov et al. demonstrated that it
is possible to grow epitaxial Sr,RuQy thin films on a SrTiO3
substrate, with a lattice mismatch of 0.9% [4]. No supercon-
ductivity was observed, which may be related to either too
many defects at the interface (and the authors were optimistic
about reducing their amount in the future), or due to a V2 x
V2 reconstruction, also present at the free-standing Sr,RuO,
surface. In particular, they observed in angle-resolved photoe-
mission spectroscopy a Lifshitz transition not unlike the one
seen under uniaxial strain, and speculated that approaching
the van Hove singularity brings about a strong enhancement
of the uniform magnetic susceptibility via the Stoner mecha-
nism and, therefore, strengthening of ferromagnetic (FM) spin
fluctuations.

Very recently, such an enhancement has been observed in
the resistivity [5], as well as in nuclear magnetic resonance
(NMR) experiments and density functional theory (DFT)
calculations [6] for bulk Sr,RuQ,4 under uniaxial stress. Note
that, generally speaking, FM fluctuations favor triplet, and
antiferromagnetic fluctuations favor singlet pairing. In the
unstrained Sr,RuQy, the spin fluctuation spectrum is well
documented [7], and it has been demonstrated that, barring
other triplet-favoring interactions, the antiferromagnetic fluc-
tuations win hands down. Yet, if pairing is indeed triplet,
superconductivity which cannot benefit directly from the in-
creased density of states (DOS) at the van Hove singularity
can be boosted by these FM fluctuations, in accordance with
the observed T, behavior [3].
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Not unexpectedly, the work by Burganov et al. [4] has trig-
gered several works based on theoretical modeling employing
tight-binding models [8,9]. Unfortunately, such models do not
take into account all the complexity of the epitaxial interface,
band effects, and structural delicacy, and an extension to other
systems has not been made so far. Here, we exploit the idea
of heterostructures, employing first-principles calculations,
which, differently from model-based approaches, have a ca-
pacity to capture much of the aforementioned complexity.

Curiously, while the cuprates, which are already a rather
rich family, have been subjected to multiple suggestions
and attempts to generate similar materials, including engi-
neered heterostructures [10-18], Sro,RuO,4, which needs ex-
pansion onto other systems much more badly, has hardly
been discussed in this context. Yet, from the perspective of
the growth technique, epitaxy and heterostructuring are well
understood for ruthenates, especially for StfRuO3 [19]. Partic-
ularly promising would be a superlattice composed of a single
layer of SrRuO; sandwiched between insulating layers, which
is now experimentally accessible with fine control [20-22]. It
has the same principal structural motif as Sr,RuQy, a two-
dimensional square RuO, lattice. As we show below, it shares
with Srp,RuQ4 key features of the electronic structure and
magnetic properties, but also has interesting and promising
distinctions.

In the following, we report a first-principles computational
study of the electronic structure and magnetic properties of the
SrRu0O;-SrTi03 (SRO-STO) heterostructure, grown on a STO
substrate (we will also briefly discuss other potential substrate
ranges). The role of the substrate is to fix the lateral lattice
dimensions, and, thus, to provide biaxial strain. We show
that the SRO-STO superlattice has all the key characteristics
of Sr,RuQO,4, and would broaden the exploratory potential
dramatically in regard to the superconductivity mechanism
and pairing symmetry.

Result and discussion. The most important structural fea-
ture of Sr,RuQy is the two-dimensional (2D) RuO, layer,
spaced between SrO layers, where the corner-shared RuOg oc-
tahedra form a square net. This active layer can be artificially
constructed by sandwiching a SRO monolayer between STO
blocks as shown in Fig. 1(a), where the out-of-plane Ru-O-Ru
connectivity is broken due to the interspaced STO layers. A
small in-plane octahedral rotation (~8.2° for an unstrained
case) exists for this superlattice, which produces a ﬁ X \/E
supercell reconstruction in the plane [20]. This reconstruction
is not found for the pure bulk phase of Sr,RuOy, but is
observed at the surface, as well as in a Ca-doped system
[23-25], reflecting the tendency for RuOg octahedra to rotate,
if necessary to accommodate the geometrical constraints.
Note that even with this octahedral rotation pattern, surface
superconductivity has been observed in tunneling [26].

The structural similarity of the two systems is reflected
in their electronic structures. In Fig. 1(b), we plotted the
orbitally resolved partial density of states (DOS) of Ru-d for
both systems. Due to an octahedral crystal field splitting, the
three f,, orbitals (xy, yz, and zx) share four electrons, and are
responsible for the low-energy physics. The xy orbital forms
a quasi-2D band, and a nearly circular Fermi surface (FS),
usually labeled as y, and the other orbitals form two quasi-1D
bands, which, upon intersection and rehybridization, create
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FIG. 1. (a) Crystal structure of Sr,RuO4 and SRO-STO. Gray
and blue octahedera denote RuOg and TiOg octahedra, and red and
green spheres represent oxygen and strontium atoms, respectively
(b) Partial DOS of Ru-d orbitals for Sr,RuO,4 and SRO-STO for xy
and yz/zx.

two rounded-square-shaped Fermi surfaces (« and ). From
the partial DOS of SRO-STO, characteristic features observed
in Srp,RuOy are present as well. The peak of the xy partial
DOS, corresponding to a 2D van Hove singularity (vHs), is
located close to the Fermi level, and its contribution at the
Fermi energy is much larger than those of the yz/zx bands.
Less dispersive yz/zx orbitals have double-peak structures,
corresponding to 1D vHs, and have smaller contributions at
the Fermi level.

In Fig. 1(b), one can notice that the xy DOS peak in the
heterostructure is higher, and the bandwidth is smaller, than
in Sr,RuQy. This can be attributed to the octahedral rotations,
which reduce the effective xy-xy hopping as cos’ «, where «
is the rotational angle, while the xz-xz and yz-yz hopping is
unaffected in the same order in «. This fact is immediately
relevant for one of the main points of contention regarding
superconductivity in Sr,RuO4: While one school considers
the xy band to have strong pairing, with superconductivity
in xz/yz being induced by an interband proximity effect
[27,28], another advocates the xz/yz bands as the “active”
subsystem, with xy being secondary [29]. Yet others suggested
that all bands contribute roughly equally [30,31]. Enhancing
selectively the DOS in the xy band only, through octahedral
rotations (which, as we show later, can be controlled by the
substrate), provides a direct test of these alternatives.

Another issue of relevance is the proximity to magnetism.
It is well known that Sr,RuQO, is on the verge of an anti-
ferromagnetic instability, driven by the quasi-1D nesting in
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the xz/yz bands. The corresponding spin fluctuations favor
d-wave pairing [7,31]. However, there is also, albeit a much
weaker, tendency to a FM instability, which favors p-wave
pairing. A dramatic increase in DOS brings the system much
closer to ferromagnetism, thus strongly pushing the system
toward a triplet pairing. Note that within the weak-coupling
limit, a recent 7. enhancement in the uniaxial strain ex-
periment has been associated with an odd- to even-parity
transition, and our study can offer one way to verify this
proposition [3].

With this in mind, we have looked at the magnetism of this
system in more detail. Note that there have been DFT-based
studies on SRO-STO systems both in film and superlattices
structures [22,32-34], and they concluded the magnetic and
electronic ground states of a single SRO layer to be either a
FM metal or Néel-type antiferromagnetic insulator. This issue
is not also resolved as judged from the diverse experimental
reports [20-22,35]. The problem with these studies is that
they take the DFT ground state at its face value, forgetting
that it is, by nature, a mean-field approach, and, as such,
liable to overestimate the tendency to magnetism. Indeed,
straight DFT calculations predict Sr,RuOy to be spin density
wave (SDW) type antiferromagnetic (not a Néel type, see
below), and, with gradient corrections, even the FM state has
a lower energy than the nonmagnetic one [36]. This tendency
can be corrected for, phenomenologically, by introducing the
concept of a fluctuation-renormalized Stoner factor [37,38],
or strongly remedied by switching to dynamical mean-field
theory [39]. Applying the same concept to SroRuO4 and
SRO-STO, we observed that the experimentally observed
Stoner enhancement for the former is 7 [7], thus the Stoner
product IN(Er) = 0.857 [at the same time, renormalization
at q = Qspw is about 30, implying that /(Qspw ) xo(Ospw) ~
0.967, where yq is the bare susceptibility]. Our calculations
find that the partial density of states of Ru orbitals on the
Fermi level is about 50% higher in SRO-STO. This suggests
that their IN(EF) is larger than one and the ground state
should be FM. Fixed spin moment calculations confirm that
in order to stabilize the paramagnetic state one would need
to reduce the Stoner I by 3.5 times, which is completely
unphysical.

As discussed below, the DOS at the Fermi level strongly
depends on the epitaxial strain, which offers a unique op-
portunity to tune the system all the way from low DOS and
low T, to higher DOS and high T, as in the case of uniaxial
strain [2,3], and further to even higher DOS, i.e., the FM
state. Furthermore, for a range of strains the FM instability
enters a fierce competition with the SDW one, which is even
more enhanced for the SRO-STO system [see Figs. 2(a)—
2(c)]. Bulk Sr,RuQy is, both experimentally and theoretically,
much closer to a SDW instability than to a FM one. Strong
magnetic fluctuations have been observed by the neutron
diffraction, which persists up to room temperature [40,41].
This had been predicted in DFT studies [31] and a SDW
with q3 = (1, 1, 0)2—’;, a close commensurate approximation
to the experimental peak in spin susceptibility, was shown to
be stable in calculations [36,42]. On the contrary, for the bulk
material the FM state is barely stable in the generalized gra-
dient approximation (GGA), and unstable in the local density
approximation (LDA). There is no magnetic frustration in the
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FIG. 2. The energy landscape as a function of strain (a) with
and (b) without octahedral rotation of RuQOg, for three magnetic
configurations schematically depicted in (c): FM (ferromagnetic),
Néel antiferromagnetic, and SDW [q = (1, 1, O)%—Z] phases. (d) The
change in Lindhard susceptibility obtained from the unfolded band
for Ru yz/zx orbitals. Octahedral rotations are linearly interpolated
between the unrotated case (0.0) and the fully rotated one (1.0).
(e), (f) The change in Fermi surfaces (e) with and (f) without
octahedral rotation. (d)—(f) are for the unstrained (0%) structure.
The arrows in the Fermi surfaces indicate g3 nesting vector which
activates both the xz and yz quasi-1D Fermi surfaces.

system, with the SDW being a clear mean-field ground state,
suppressed by quantum fluctuations.

Interestingly, in SRO-STO, while both FM and SDW
states gain stability, eventually they become nearly degenerate
[Figs. 2(a) and 2(b)], adding a strong parametric frustration to
the system. In a number of materials, most notably in Fe-based
superconductors, such a strong magnetic frustration leads to
the complete destruction of a long-range magnetic order and
numerous interesting phenomena, such as nematic order, and,
arguably, superconductivity itself [43,44]. It looks plausible
that magnetic frustration in SRO-STO would prevent the
system from developing a static magnetic order, but would
trigger strong spin fluctuations, with all ramifications for the
superconductivity. While the jury is still out on whether the
spin-fluctuation mechanism is instrumental in cuprates, Fe
pnictides, or Sr;RuOQy, it is considered by many to be a strong
contender in all three cases (which, of course, does not imply
that the nature of superconductivity is the same in all three
instances). Enhanced frustration of magnetism in SRO-STO,
in this context, looks especially interesting.
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Previous computational studies of the SRO-STO superlat-
tice concentrated upon the competition between FM and Néel
orders [32,34], ignoring the SDW q3 = (1, 1, 0)23—’; phase. Our
calculations show that, in spite of a dramatic stabilization of
the FM phase, the SDW still has a lower energy [Fig. 2(a)]
over a large range of strains (the Néel order is not competitive
at all). The enhanced competition between the two magnetic
phases in SRO-STO is promoted by the octahedral rotations,
which are absent in Sr,RuQy4. As shown in Fig. 2(b), the cal-
culations with suppressed octahedral rotations favor the SDW
tendency over FM. For strains between ~ — 2% and ~1%, the
SDW has the lowest energy, but the energy gain is minimal,
~5 meV /Ru for the zero strain case (the corresponding value
for Sr,RuQy is ~20 meV/Ru). For larger strains (< — 2%
and >1%), the FM state becomes the most stable one. Note
that the critical strain for the transition from SDW to FM
is within the accessibility of current experimental techniques
[45], and even broader epitaxial strain ranges could be reached
in recent experiments [46]. This suggests that the SRO-STO
system is a suitable platform for the control of different types
of magnetic interactions, and, by implication, for tuning the
superconducting order parameter. Note that, given that the
fluctuation-induced suppression of magnetism may be, and
probably is, q dependent, it is hard to say which state has the
lowest free energy for which strain.

As can be seen in Fig. 2(d), the real part of the charge
susceptibility in the SRO-STO system (see Supplemental
Material [47]) shows only a gradual shift of the q3 peak upon
octahedral rotation. This is consistent with the fact that the
a/B FSs remain quasi-one-dimensional, with the same (3
nesting vector, as indicated by the arrows in Fig. 2(e). This lets
us conclude that the antiferromagnetic SDW fluctuations are
highly robust against octahedral rotation, and, consequently,
against substrate engineering. However, the two-dimensional
y FS is highly sensitive to octahedral rotations, which can
be efficiently tuned by epitaxial strain. In particular, y FS
changes its shape with strain from a circle to a rounded
square, which is not related to the van Hove singularity often
discussed in strain studies of Sr,RuQy4 [2,3,6], but is due to
mixing between the xy and x> — y? orbitals of neighboring
Ru atoms as shown in Figs. 2(e) and 2(f). The hybridization
between xy and x*> — y? bands due to octahedral rotation is
eventually responsible for the additional FSs at around the I"
and X point for SRO-STO [Fig. 2(e)] [47].

Changes in DOS and FSs upon strain are shown in Fig. 3.
The width of yz/zx DOS becomes smaller as the tensile strain
increases, while the xy DOS is nearly unaffected except for
a shift of the peak position toward lower energies. Notably,
the peak, mainly from the xy orbital, which is thought to be
closely related with the 7, enhancement of the uniaxial strain
case, progressively moves down away from the Fermi level for
tensile strains while the yz/zx DOS gradually increases at the
Fermi level [47,48]. For Sr,RuQy, octahedral distortion shifts
the peak down [49], while in SRO-STO, a tensile strain, which
generally relieves the distortion, has a similar effect.

This selective evolution of the xy and yz/zx orbital upon
strain suggests that future experimental studies of the SRO-
STO system can probe the “active” orbitals, important for
superconductivity [27-29]. Furthermore, the heterostructural
features of the SRO-STO system itself can restrict specific
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FIG. 3. Partial DOS of Ru xy (red) and Ru yz/zx (blue) bands for
strains —4%, 0%, and 4%. Corresponding Fermi surfaces including
the I" point are shown in the right column with the same color code.
The contribution of other orbitals at the Fermi surface is marked by
the green color.

types of scattering, and, within this structural setup, some
superconducting symmetries, such as those with horizontal
node lines, cannot survive. The DOS at the Fermi level,
which is tunable in our setup, is closely related with 7,
behavior for a singlet pairing, but not for a triplet one. Thus,
the possibility of a specific pairing such as d,._,., which
is promoted by the enhancement of the DOS at the Fermi
level, can be directly tested in the SRO-STO system. Be-
ing close relatives of the orphan superconductor Sr,RuQy,
SRO-STO superlattices offer a unique possibility to con-
trollably tune the Fermi-surface topology, magnetic interac-
tions, and the position of the van Hove peak, thus provid-
ing different avenues to probe the paring symmetry of the
ruthenates.

Conclusion. SRO-STO heterostructures present an elec-
tronic system in many aspects similar to the intriguing putative
triplet superconductor Sr,RuQOy, but also distinctly different.
The important common motif is the presence of the three
Fermi surfaces, representing three Ru orbitals, xy, yz, and zx,
with the first one exhibiting a van Hove singularity at or near
the Fermi level. Moreover, the exact topology of the Fermi
surfaces can be modified within a reasonable range by varying
the substrate and thus exerting different epitaxial strains. An
important difference from Sr,RuQy is that SRO-STO appears,
in general, more magnetic, and at the same time the tendency
to ferromagnetism is enhanced much more strongly than to the
SDW. In principle, three scenarios can be realized, all three
interesting in their own way. First, the enhanced tendency to
SDW could lead to an actual instability. Second, at least for
some strains, the material may become FM. The third, and
arguably the most interesting, alternative is that the near de-
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generacy (on a mean-field level) of the FM and the SDW state
will lead to a very strong parametric magnetic frustration that
will preclude either static order, but will greatly enhance both
types of fluctuations. In this case, the system, if manufactured
cleanly enough, is likely to become superconducting, possibly
in the triplet channel (boosted by FM fluctuations), but the
properties of this superconducting state may be even more
different from the bulk Sr,RuQy4 than the critically strained
samples [3]. If the symmetry of the superconducting state
in SrpRuQy is indeed triplet (which is, however, strongly
questioned by recent NMR experiments [50,51]), the critical
temperature of SRO-STO may be dramatically higher, be-
cause of stronger fluctuations, than that of Sr;RuQy.
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