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We report the evolution of the electronic structure at the surface of the layered perovskite Sr,RuO,4 under

large in-plane uniaxial compression, leading to anisotropic B, strains of &,

— &y = —0.9 +0.1%. From

angle-resolved photoemission, we show how this drives a sequence of Lifshitz transitions, reshaping the

low-energy electronic structure and the rich spectrum of van Hove singularities that the surface layer of
Sr,RuO, hosts. From comparison to tight-binding modeling, we find that the strain is accommodated
predominantly by bond-length changes rather than modifications of octahedral tilt and rotation angles. Our
study sheds new light on the nature of structural distortions at oxide surfaces, and how targeted control of
these can be used to tune density of state singularities to the Fermi level, in turn paving the way to the

possible realization of rich collective states at the Sr,RuQO, surface.

DOI: 10.1103/PhysRevLett.130.096401

A central building block of numerous correlated electron
materials is the transition-metal-oxide octahedron. The
distortions of coupled octahedra away from idealized cubic
geometries underpin many of the striking physical proper-
ties which transition-metal oxides host. In perovskite
nickelates, for example, tilts and rotations combined with
breathinglike distortions of the NiOg octahedra support a
rich phase diagram of metal-insulator and magnetic tran-
sitions [1,2]; in several titanates, off-centering of the Ti
atom within the octahedral cage generates a ferroelectric
state [3,4], while in some manganites, trilinear coupling of
nonpolar tilt and rotation modes with polar displacements
creates novel multiferroics [5]. In the ruthenate family,
modest structural distortions drive the emergence of
numerous correlated electron states [6—10]: unconventional
superconductors [11], Mott insulators [12], polar metals
[13], and quantum criticality [14] are all found in systems
built around nominally the same RuOg structural unit.
Disentangling the structure-property relations underpin-
ning the formation of such disparate ground states is a
major challenge in the field.

To this end, developing routes to observe modifications
in electronic properties when structural distortions are
tuned in a controlled manner is a key goal. Uniaxial
pressure can provide such a control parameter [15-18],
and can be applied in conjunction with spectroscopic
probes [19-25]. In Sr,RuQO,, for example, uniaxial
compression has been shown to more than double its
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superconducting 7. and to stabilize 7-linear resistivity
[26,27]. Both effects have been attributed to a strain-driven
Lifshitz transition in the electronic structure, where a
saddle point van Hove singularity (VHS), and its associated
peak in the density of states, is driven through the Fermi
level [19,27].

Here we report the observation, from angle-resolved
photoemission (ARPES), of the influence of uniaxial
pressure on the surface electronic structure of Sr,RuOj.
The Sr,RuQ, surface is known to distort via in-plane
rotations of its RuOg octahedra, forming distinct electronic
states with significantly more complex Fermi surfaces and
low-energy electronic structures as compared with the bulk
(Fig. 1) [28]. It thus serves as a benchmark system for
probing the influence of small structural distortions on the
electronic states. Our measurements and comparison with
model calculations allow us to track how these are modified
with strain. Through this, we show that bond-length
distortions, not additional octahedral rotations, dominate
the strain response in the surface layer, in turn mediating a
rich sequence of surface Lifshitz transitions.

High-resolution ARPES measurements were performed
using the 105 beamline at Diamond Light Source. Single-
crystal samples were grown by the floating zone method
[36]. Unlike in Ref. [19], where the samples were cleaved
ex situ to remove signatures of surface states, here we
cleave in situ at the measurement temperature of ~7 K.
This produces a clean surface with a well-ordered \/§ X \/5

© 2023 American Physical Society
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(a) Top view of the RuO, layer of bulk Sr,RuQO,. (b) Bulk Fermi surface measured using ARPES (left, reproduced from

Ref. [19]) and calculated from our tight-binding model (right). (c) Calculated electronic structure in the vicinity of the M point, showing

the bulk vHS arising from the saddle point (SP) of the y band. (d) Corresponding calculated dispersions along I'-M-X. (e) Bipartite RuO,
layer of the surface of Sr,RuQy,. (f) Surface Fermi surface measured with ARPES (left, iv = 100 eV, linear vertical polarisation) and
calculated from a tight-binding model including the octahedral rotation (right). (g) and (h) Corresponding calculated electronic structure
of the surface bands in the vicinity of the M point. £ is the bandwidth of the unstrained surface electronic structure (see Supplemental

Material, Fig. S4 [29]).

reconstruction. Strain was applied through differential
thermal contraction, using a compact, bimetallic platform
described in Ref. [19] (see also Supplemental Material,
Figs. S1(a)-S1(c) [29]). The induced anisotropic sample
strain was characterized optically as shown in the
Supplemental Material, Fig. S1(d) [29].

Sr,Ru0, is composed of single layers of corner-sharing
RuOg octahedra [Fig. 1(a)], separated by SrO rocksalt
layers. The conducting RuO, layers yield a quasi-two-
dimensional three-band Fermi surface with states derived
from the three partially occupied 1,, orbitals [Fig. 1(b)]
[37]. In the surface layer, the RuOg octahedra are rotated
about the ¢ axis by ~6-10° [38], in antiphase on neighbor-
ing sites [Fig. 1(e)] creating a 2 Ru-atom unit cell. The bulk
states become backfolded about the new Brillouin zone
boundary, while additional surface states are split off from
the bulk manifold [Fig. 1(f)] [28,39]. Both the bulk and
surface fermiology are well described by a simple tight-
binding model, as shown in Figs. 1(b) and 1(f) and
discussed in more detail in the Supplemental Material
[29] (Figs. S2-S6).

We show in Figs. 2(a) and 2(b) the band dispersions of
unstrained Sr,RuQ,, measured along the high-symmetry
I'-M and M-X directions. While distinct directions in the

bulk, these are formally equivalent paths in the surface
Brillouin zone (see insets). Nonetheless, the ARPES matrix
elements vary significantly for measurements performed
along these directions, and we will thus refer throughout to
the conventional symmetry points of the surface Brillouin
zone, with M located at the (z/a,0) or (0, z/a) points of
the tetragonal Brillouin zone, and X at (z/a, z/a). Along
I-M, the hole band crossing Ej closest to the M point
in Fig. 2(a) is the bulk y band [Fig. 1(b)], which is
predominantly derived from d,, orbitals. For such a two-
dimensional d,, band, a saddle point is expected at the M
point of the Brillouin zone [Figs. 1(c) and 1(d)]. While first-
principle calculations suggest that its associated vHS
should be located more than 60 meV above the Fermi
level [40], electronic correlations renormalize this to only
~14 meV above Ep [41-43]. Consistent with previous
measurements [39], we find that a very weak replica of
this band is also visible backfolded to the M-X direction
[Fig. 2(b)] due to the surface octahedral rotations.
Additional surface states are also evident. The saddle
point of the surface y band (SP;) is pushed below the Fermi
level [44] in the lower screening environment of the
surface, with small additional downward shifts from band
narrowing due to the octahedral rotation of the surface layer
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FIG. 2. Dispersions (hv = 40 eV, linear horizontal polarisation)
close to the M point of unstrained Sr,RuO, measured along the
(a) T-M and (b) M-X directions. (c)—(f) Equivalent dispersions
measured along the (¢) T-M,, (d) M,-X, (e) I-M,, and (f) M,-X
direction for a strained sample (e, — &,, = —0.9 = 0.1%).

(see the Supplemental Material, Fig. S5 [29]). Moreover,
the I-M and M-X directions are folded onto each other by
the doubling of the surface unit cell [Figs. 1(g) and 1(h)].
Experimentally, the signatures of this are visible in our
measured dispersions in Figs. 2(a) and 2(b) as a degeneracy
at M of the electronlike (y,) and holelike (y}) surface y
bands, located at a binding energy of 16 meV. The latter
branch is most strongly visible along the M-X direction
[Fig. 2(b)], while the upward dispersing branch is clearly
seen in the [-M measurements [Fig. 2(a)].

Interestingly, where y, crosses the surface f band (f,),
our tight-binding modeling [Fig. 1(h)] indicates that a small
hybridization gap is opened by spin-orbit coupling [inset of
Fig. 1(h); see also the Supplemental Material, Fig. S3
[29]]. The resulting band hybridization causes the for-
mation of a new saddle point for the upper branch [SP,
in Figs. 1(g) and 1(h)] while the lower branch develops a
local band maximum. In our measurements of the surface
electronic structure shown in Figs. 2(a) and 2(b), only the
lower branch is visible in the occupied states, forming

M-shaped bands along both M-I" and M-X, which are
gapped from the Fermi level by 7 &2 meV.

Significant changes in the electronic structure occur with
uniaxial compression along the bulk Ru-O (x) direction
(see also the Supplemental Material, Fig. S6 [29]). k. of the
bulk y band is increased along the direction of applied
compressive strain [we denote this as I-M,, Fig. 2(e)],
while the y band is pushed down below the Fermi level
along the perpendicular T-M,, direction [Fig. 2(c)]. The
band top along I'-M,, and thus the position of its associated
VvHS, is now located 8 & 2 meV below Ef, confirming our
previous observation of a strain-induced bulk Lifshitz
transition in Sr,RuO, [19].

The evolution of the surface electronic structure is more
complex. Along the T-M, direction [Fig. 2(c), also visible
along the symmetry-equivalent X-M, direction, Fig. 2(f)],
the M-shaped band of the unstrained surface electronic
structure [Figs. 2(a) and 2(b)] is pushed upward, reach-
ing almost to the Fermi level. In contrast, along I-M,
[Fig. 2(e), and most clearly seen along the symmetry-
equivalent X-M,, direction, Fig. 2(d)], the same M-shaped
band is pushed down, breaking the C, symmetry of the
unstrained surface and leading to the initially unoccupied
branch [Fig. 1(h)] moving below the Fermi level. A spin-
orbit hybridization gap of ~4 meV is now visible between
the surface y, and f; bands, centered ~5 meV below the
Fermi level.

To help visualize these strain-dependent changes, we
show in Fig. 3 the surface band dispersions along the
I'-M,-X direction. The dispersions in Fig. 3(b) are extracted
from measurements performed using both linear horizontal
[Figs. 2(c) and 2(d)] and vertical (Supplemental Material,
Fig. S7 [29]) light polarization, where modified transition
matrix elements better highlight the different band features
(see also the Supplemental Material, Fig. S8 [29] for
equivalent surface band dispersions extracted along the
symmetry-equivalent X-M,-I" direction where the different
experimental geometry again leads to distinct matrix
elements). As well as confirming the surface Lifshitz
transitions discussed above, these highlight an additional
splitting of the originally fourfold degenerate vHS derived
from the backfolded bands at M into two distinct twofold
degenerate saddle points, with the two branches split by
~12 meV.

Our extracted dispersions thus point to a strong breaking
of C, symmetry at the surface. This is naturally expected
given the anisotropic strain; the details of how this reshapes
the electronic structure, however, are less obvious. In the
bulk, the effect of uniaxial stress is well understood in terms
of a simple compression of the RuOg octahedra in the
direction of the applied stress, with a corresponding bond-
length expansion in the perpendicular direction due to the
Poisson effect. At the surface, however, the RuOg octahedra
are already rotated around the ¢ axis in the absence
of strain. The most natural starting assumption would
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FIG. 3. Evolution of the surface electronic structure with uniaxial compression in the (a) angular and (c) longitudinal limits (see text).

The dispersions extracted from our measured ARPES data using linear horizontal (LH) and vertical (LV) polarisation are shown in (b).
The calculations employ a B, strain of e,, —¢,, = —2.4%, overestimating the experimental value as is also the case for bulk

calculations [30,31] (see the Supplemental Material [29]).

therefore be that strain is accommodated by further
rotations and tilts of these octahedra—we term this the
angular limit. Assuming perfectly rigid octahedra, the
rotations required to accommodate the strain are uniquely
defined, and require a combination of in-plane rotation and
out-of-plane octahedral tilting (see the Supplemental
Material [29] and Figs. S9 and S10). From the resulting
fully constrained changes in the geometrical configuration,
we can directly calculate modifications of the interorbital
hoppings within our tight-binding model, allowing us to
predict the influence of the strain accommodation on the
surface electronic structure without the introduction of any
additional free parameters. We show the results of this in
Fig. 3(a).

While the lowering of the symmetry of the surface
electronic structure from Cy to C, is, of course, reproduced
by this model, we find that the strain-mediated changes in
the electronic structure are otherwise in qualitative dis-
agreement with our experimental measurements [Fig. 3(b)].
The top of the occupied M-shaped band is pushed upward
toward the Fermi level along M,-X, rather than the
downward shift that is required to reproduce the surface
Lifshitz transition observed experimentally. Meanwhile,
along I-M,, the surface bands develop a strong hybridi-
zation gap, pushing the occupied states down well below
the Fermi level, again in contrast to our experimental
observations [Fig. 3(b)]. Finally, while the fourfold degen-
erate VHS at M does become split under strain, both
branches are split off above its position for the unstrained
surface, distinct from the experimental situation where the
new saddle points are split almost symmetrically about the
unstrained case.

On the other hand, if we consider a longitudinal limit,
where the surface octahedra are only able to distort via
bond-length deformations, we predict an electronic struc-
ture which is in excellent agreement with our measured
dispersions [Fig. 3(c)]. We thus conclude that application of
uniaxial pressure to the bulk crystal leads, at least domi-
nantly, to a change in Ru-O bond length of the surface
octahedra.

We show in Fig. 4 how such strain-driven bond-length
distortions additionally create a new Fermi pocket at the
Brillouin zone center. We label this §, in analogy with the
corresponding I'-centered Fermi pocket in Sr;Ru,0; [45].
Our tight-binding modeling [Figs. 4(d) and 4(e)] indicates
that this 6 band has predominantly d,, and d,._» orbital
character. The d,>_,» band is part of the e, manifold, split
off above the 1, states by a large octahedral crystal field.
For bulk Sr,RuQy, its hybridization with d,, orbitals in the
f,, manifold is forbidden by symmetry. In the surface layer,
however, the octahedral rotation permits their mixing (see
the Supplemental Material, Fig. S5 [29]), leading to a local
depression at the top of the backfolded surface y band at T.
Consistent with prior work [44], our measurements of the
unstrained sample indicate that the bottom of the resulting &
pocket is above the Fermi level. Our calculations, however,
show that the d,,/d,_,» orbital mixing is enhanced under
strain [Fig. 4(e)], lowering the energy of the bottom of the §
band [Figs. 4(d) and 4(e)], and in turn driving another
Lifshitz transition leading to the creation of a new §-pocket
Fermi surface as observed experimentally [Figs. 4(a)—-4(c)].

The fact that bond-length changes appear to dominate
the structural response to an applied uniaxial stress here
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FIG. 4. Measured dispersions (hv =40 eV, linear vertical
polarisation) centered at the I' point of the second Brillouin
zone (Fm’l)) for (a) unstrained and (b) strained Sr,RuQO,, and
(c) I'point energy distribution curves. (d) Tight-binding calcu-
lations showing the effect of strain within the longitudinal limit
on the states near the Brillouin zone center, with projected d,,
orbital weight. (¢) Magnified view of band dispersions in the
vicinity of the new & pocket (top), and corresponding d-orbital
content (bottom).

may, at first sight, appear surprising, given the pre-existing
surface reconstruction and the propensity of perovskite-
type oxides to structural distortions involving octahedral
rotations [1,46,47]. We note, however, that a Lifshitz
transition itself can be expected to give a contribution to
the electronic component of the compressibility [48],
softening the lattice in line with the required bond-length
changes that we find to dominate the structural distortions
here. The hierarchy of Lifshitz transitions observed here
under strain thus potentially provides an electronic incen-
tive to favor bond-length distortion over rigid octahedral
rotation, and motivates future study of the detailed strain-
dependent distortions from surface-sensitive structural
probes and first-principle calculations of surface structure
under strain. Furthermore, we note that many of the other
Ruddlesden-Popper ruthenates (and many perovskites in
general) host octahedral rotations in their bulk crystal
structure. Our findings thus motivate future studies for
how strain—which can have a striking influence on their
collective states [20,49-51]—modifies not just lattice

constants, but also the local crystal structure in these
systems. Beyond bulk systems, this is of interest for the
study of epitaxial thin films, where biaxial strain can
readily be coupled from a growth substrate, offering further
opportunities for control [43].

Already at the surface, it may be possible to realize some
of the rich phenomenology of the bulk systems using strain
as a tuning parameter. In Sr;Ru,0,, for example, field
tuning of near-E VHSs, similar to those studied here, to the
Fermi level is thought to drive the emergence of quantum
criticality [14,52] and the stabilization of spin-density-
wave phases [53]. Recent scanning tunneling microscopy
measurements suggest that magnetic fields as high as 32 T
would be required to achieve similar field-tuned Lifshitz
transitions for the surface layer of Sr,RuO, [54], while we
have found here that the corresponding Lifshitz transition is
naturally driven by modest applied uniaxial pressure.
Moreover, we find that the M-shaped surface band which
is pushed toward the Fermi level becomes flatter under the
resulting strain [Fig. 2(c)], potentially mediating a cross-
over to a so-called higher (fourth) order singularity,
characterized by a power-law divergence in its associated
density of states [55]. Such a “multicritical” singularity has
been proposed as key to explaining the exotic collective
states of the sister compound SrzRu,O;. Our study,
whereby a hierarchy of surface Lifshitz transitions is
induced and tuned by an applied uniaxial stress, raises
the tantalizing prospect that the surface of Sr,RuO, could
be driven to host its own quantum critical states, providing
new possibilities for studying such phases with spectro-
scopic approaches.

The supporting data for this Letter are openly available
from [56].
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