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Strain-induced orbital-energy shift in antiferromagnetic RuO, revealed
by resonant elastic x-ray scattering
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In its ground state, RuO, was long thought to be an ordinary metallic paramagnet. Recent neutron and x-ray
diffraction revealed that bulk RuO, is an antiferromagnet with 7y above 300 K. Furthermore, epitaxial strain
induces superconductivity in thin films of RuO, below 2 K. Here, we present a resonant elastic x-ray scattering
study at the Ru L, edge of the strained RuO, films exhibiting the strain-induced superconductivity. We observe an
azimuthal modulation of the 100 Bragg peak consistent with bulk. Most notably, in the strained films displaying
superconductivity, we observe a ~ 1 eV shift of the Ru e, orbitals to a higher energy. The energy shift is smaller
in thicker, relaxed films and films with a different strain direction. Our results provide further evidence of the
utility of epitaxial strain as a tuning parameter in complex oxides.
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The ruthenium-based oxides host a rich set of phys-
ical phenomena, including unconventional superconductiv-
ity in SrpRuO4 [1], metamagnetic quantum criticality in
SrsRu,07 [2-4], antiferromagnetism in both the Mott in-
sulator Ca;RuQy4 [5] and in the strongly correlated metal
CazRu,07 [6,7], and both paramagnetic and ferromagnetic
metallic states in CaRuOs3; and SrRuOj;, respectively [8].
Ruddlesden-Popper ruthenates undergo a variety of elec-
tronic, magnetic, and orbital ordering transitions, which are
tunable with chemical doping, pressure, temperature, mag-
netic field, and epitaxial strain [9]. In the ruthenium-based
superconductor Sr,RuQy, uniaxial pressure has been shown to
increase 7. [10] and epitaxial strain can alter the topology of
its Fermi surface [11]. Uniaxial pressure has additionally been
shown to induce a paramagnetic to ferromagnetic transition in
Sr3Ru,07 [12] and epitaxial strain can enhance the existing
magnetization in ferromagnetic StTRuO; [13,14].

A particularly striking example in this vein is the recent
creation of a superconductor with epitaxial strain from non-
superconducting RuO; [15,16]. Bulk RuO; has a rutile crystal
structure (space group no. 136, a = 4.492 A, c = 3.106 A)
at room temperature (295 K). Ruf ez al. [15] reported strain-
induced superconductivity in RuO, films, synthesized via
molecular-beam epitaxy (MBE) on isostructural TiO, sub-
strates (a = 4.594 A, ¢=2.959 A) of differing surface
orientations: TiO, (110) and TiO, (101). The superconducting
ground state below 2 K is only present in the (110)-oriented
films while the (101)-oriented films remain metallic. On TiO,
(101) the lattice mismatch of the sample and substrate imparts
in-plane tensile strain of +0.04% along [101] and +2.3%
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along [010]. In the (110)-oriented sample the strain is com-
pressive (—4.7%) along [001] and tensile (4+2.3%) along
[110]. The unit cells including strain directions are shown in
Figs. 1(a) and 1(b).

In addition to its unexpected superconductivity, RuO, was
long thought to be an ordinary, metallic paramagnet [17],
but recent neutron diffraction results support an antiferro-
magnetic (AFM) ground state with spins aligned along the
c axis with a Néel temperature, Ty, greater than 300 K
[18]. Further resolution of the magnetic ordering is experi-
mentally accessible through resonant elastic x-ray scattering
(REXS) [19,20]. Azimuthal analysis of REXS (rotating the
sample around the scattering vector) at the Ru L, edge in
bulk RuO, supports the existence of AFM ordering with
moments largely along the ¢ axis but with canting toward
the a-b plane [21]. This canted AFM conclusion has been
questioned in subsequent work [22], though nonscattering
techniques based on antiferromagnetic spin Hall effect of-
fer further support for an antiferromagnetic origin of this
signal [23]. In this paper, we use REXS to study the ef-
fect of epitaxial strain on the antiferromagnetism in strained
films that display strain-stabilized superconductivity [15].
We provide further analysis of the strain-dependent phe-
nomenology of these samples, using “sc110” and “ns101”
as shorthand for the superconducting (110)-oriented sample
(thickness 21.0 nm) and the nonsuperconducting, (101)-
oriented sample (thickness 18.6 nm), respectively. Electrical
and structural characterization for both samples is provided in
the Supplemental Material [24] (see also Refs. [15,18,21,25]
therein).

©2022 American Physical Society
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FIG. 1. Resonant magnetic scattering from strained RuO, thin
films. (a) Crystal structure of RuO, with in-plane strains (gray ar-
rows) synthesized on TiO,(101) substrate. (b) Same as (a) with
TiO,(110) substrate. The short names ns101 and sc110 label the
nonsuperconducting (101)-oriented sample and the superconducting
(110)-oriented film, respectively. The substrate surface normal is
oriented toward the top of the page, the magnetic moments (black
arrows) of the Ru atoms are aligned along the ¢ axis for clarity.
(c) Depicts the temperature dependence of the integrated magnetic
100 Bragg peak. The black squares show the magnetic ordering
temperature dependence obtained by neutron scattering, redrawn
from Ref. [18]. The inset illustrates the resonant scattering geometry,
where 0 is the incident angle, k is the x-ray wave vector, Q is the
scattering vector, and ¥ is the azimuth measured around Q. Photon
polarization orthogonal to the scattering plane is denoted o, in-plane
is denoted 7. The 45 ° tilt is required for accessing the 100 reflection
and severely constrains access to Bragg peak as i varies.

To investigate the effect of large epitaxial strain on the
magnetic ground state of the RuO,, we performed resonant
magnetic x-ray scattering at the Ru L, edge (2.968 keV) at
beam line 4-ID-D of the Advanced Photon Source at Argonne
National Laboratory [see inset in Fig. 1(c) for the scattering
geometry]. On resonance, superlattice peaks or structurally
forbidden peaks appear corresponding to charge, spin, or
orbital ordering. The polarization and azimuth dependences of

these forbidden reflections have already provided refinement
of the ordered phases in ruthenates [21,26-30]. We tuned the
X-ray scattering geometry to the structurally forbidden 100
Bragg peak, shown to be sensitive to the AFM order [21].
Because of the vertical scattering geometry without polariza-
tion analysis, we are averaging the scattered intensity in the
o—n' and o —o’ channels. Figure 1(c) shows the normalized,
integrated 100 peak intensity as a function of temperature for
both strain orientations, upon cooling and heating. In addition,
we have redrawn the original neutron scattering data from
2017 in the same plot [18]. Among all of these measurements,
we observe general agreement in the temperature dependence,
with a small discrepancy between the ns101 heating and cool-
ing data. As neutrons offer a direct probe of magnetic order,
we interpret the agreement of the temperature dependence
measured here with the neutron data in bulk as further confir-
mation of the antiferromagnetic origin of the forbidden peak
as opposed to another anomalous scattering mechanism.

Figures 2(a) and 2(b) show a width comparison of the
structurally allowed 200 Bragg reflection and the structurally
forbidden magnetic 100 Bragg reflection orthogonal to the
scattering vector measured while rocking the incident angle
0 [see inset in Fig. 1(c)]. To access the 100 and 200 peaks,
we tilted both samples’ normal vectors to 45 degrees with
respect to the scattering plane, shown in the inset to Fig. 1(c).
Due to the differing sample orientations, the peak widths in
ns101 and sc110 correspond to correlation lengths along the
[010] and [001] directions. In both films, the magnetic peak is
broader than the structural peak. Assuming minimal mosaicity
as a result of epitaxial growth, we attribute the broadening
to the finite coherence length of the probed region, suggest-
ing the presence of multiple magnetic subdomains present in
each coherent crystalline domain. We quantify this analysis
by estimating the size of the crystalline coherent (charge)
domains and the magnetic domains from the full width at
half maximum (FWHM) of the Bragg peaks. These estimates
provide a lower bound on the domain sizes, whose estimated
size would grow if mosaicity were accounted for. In ns101, we
estimate the structural and magnetic domains to be around 710
and 230 nm along the [010] direction, respectively. In sc110,
we estimate the structural and magnetic domains to be around
2.6 um and 460 nm along [001], respectively. We thus find
that each crystalline coherent domain contains three to five an-
tiferromagnetic domains on average. Additionally, we observe
that both the 100 and 200 peaks are broader in the ns101 film.
The smaller peak widths in the film under higher strain, sc110,
are surprising, yet this trend is consistent with the rocking
curve measurements of specular reflections in both samples
shown in Supplemental Material Fig. 3 of Ref. [15].

To determine if the different strain states change the ori-
entation of the magnetic moments, we studied the azimuthal
dependence of the magnetic Bragg reflection by measuring
the integral intensity of the 100 peak while rotating the speci-
men around the momentum transfer vector Q by the azimuth
angle ¥ (¢ = 0° when [001] lies in the scattering plane).
The scattering geometry [see Fig. 1(c)] severely restricted the
accessible azimuthal range, allowing only ~ 25° of rotation
before the sample eclipsed the incident or diffracted x-ray
beam. When the sc110 sample is in the right scattering ge-
ometry to access 100, the c¢ axis lies in the scattering plane,
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FIG. 2. Antiferromagnetic ordering and azimuthal dependence
of the magnetic reflection. Panels (a) and (b) show the structural
Bragg peak 200 (red) and the magnetic Bragg peak 100 (blue) of the
(110)-oriented (sc110) and (101)-oriented (ns101) samples, respec-
tively. The 100 peaks were measured at 2.968 keV and the 200 peaks
at 5.936 keV without readjustment. Solid lines are best Gaussian
fits. All peaks are normalized to 1. Panel (c) shows the integrated
intensity of the 100 peak as a function of the azimuth from the sc110
sample; the data are the average of two repeated measurements over
the same angular range, rescaled to a maximum value of 1.0 and
corrected for absorption and volume illuminated. The error bars show
the average standard deviations in the data over all i; the same
errors are assumed in (d). ¥ = 0 occurs when the crystallographic
¢ axis lies in the scattering plane. The red curve is the theoretical fit
for magnetization purely along c axis [Eq. (2) in main text]; green
is the additional cos?(2y) term [Eq. (3) in main text], both shifted
by 6 = —5.4°. (d) Same as in (c) for the ns101 sample. The data
represent a single scan with intensity rescaled so that its extrapolated
maximum value at iy = 0° is 1.0 when fit with cos?(y) (red curve)
in order to assume the same uncertainties measured in sc110.

but to achieve the same Bragg condition in nsl01, the ¢
axis points orthogonal to the scattering plane. Thus, in our
azimuthal measurements we are able to access the region
around ¥ = 0° in sc110 and around ¢ = 90° inns101. Due to
the scattering geometry (specifically that i is around 90° in
ns101; see Fig. 2), the REXS intensity from ns101 is much
lower than that of sc110, and it may be that the scattering
is sensitive to a small, unknown hysteretic effect that only
appears when magnetic scattering signal is weak. For exam-
ple, a small change in the magnetic moment direction upon
heating or cooling would show a larger percentage change
of integrated intensity when the intensity is close to zero, a
possible explanation of the anomaly in the ns101 tempera-
ture dependence in Fig. 1. Nevertheless, Figs. 2(c) and 2(d)
both display azimuthal modulation of the integral intensity,

normalized by the integrated structural peak 200 at the same
azimuth and corrected for self-absorption due to varying path
length, in epitaxial films comparable to that measured in bulk
RuO; [21], a further indication of the superb film quality and
the absence of twinning in our samples.

The simplest model of resonant magnetic scattering con-
sists of a magnetic moment in spherical symmetry with fixed
incoming and outgoing, linear polarization. The leading con-
tribution to the intensity of such a scattering process is [31]

ey

where epsilon and epsilon’ are the polarizations of the in-
coming and scattered x-rays, and m is the magnetization unit
vector. We first assume that the magnetic moment lies along
the ¢ axis [16,24] and consider the orthorhombic (D,;,) crystal
field around the Ru atom. In this case without canting (2 =
[001]), the scattering tensor reduces to the same form as that
in spherical symmetry [19]. We first analyze the sc110 data.
After rescaling the amplitude to 1.0 and including an offset,
3, to account for possible sample misalignment and capture
azimuthal shifts of physical origin, the expected azimuthal
dependence in the o —n’ channel is

I(y) = cos’( — ), )
and the o —o’ channel has no intensity. This model is shown
in Fig. 2(c) with an offset of § = —5.4° and deviates signif-
icantly from the data with a large mismatch in periodicity.
Both the crystal field around the Ru ion and the canting of
its spin can further modulate the azimuthal dependence by
lowering the local symmetry of the scattering atom [19]. To
better describe the data we included a general, second har-
monic term (half the period) that adds a fourfold modulation
capturing contributions to the scattering tensor from reduced
point symmetry without reference to a specific model:

1Y) = {Aicos(¥ — 8) + Ay cos[2(y — &)1, (3)

where Al and A2 are constants. The second term in Eq. (3)
is shown in green in Fig. 2(c) with the same offset. Because
of the short range of data, we are unable to evaluate more
complex models without a severe overfitting. Nevertheless,
we conclude that the 2y harmonic term more accurately
reproduces the sc110 data. Because in the ns101 film the
maximum value of the sinusoid in Fig. 2(d) is inaccessible due
to the experimental geometry, the periodicity of the azimuthal
dependence in that sample is unconstrained, dependent on
rescaling. Fortunately, the position of its minimum near 90°
remains informative, since the A, term that best approximates
the sc110 data achieves a maximum at ¢ = 90° and is thus
fully out of phase with the ns101 data. Accordingly, we find
Eq. (2) can sufficiently describe the ns101 azimuthal depen-
dence with an offset of § = 0.7°.

The model in Eq. (3) should be interpreted as terms in
a Fourier expansion which capture the harmonic content of
the azimuthal intensity, irrespective of the underlying physics
producing it. The difference in the relative contributions of
the two terms arises from differing local symmetry of the
scattering center in the two samples. The authors in Ref. [21]
identify a fourfold contribution to the azimuthal scan in bulk
RuO, with terms corresponding to nonzero components of
the magnetization in the a-b plane, i.e., off c-axis spin cant-
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ing. Similarly, we find that a simple cos*y dependence is
inadequate to describe sc110. With films mounted in a tilted
scattering geometry (Fig. 1), geometric corrections are neces-
sary. At low incidence angle, the beam footprint illuminates a
larger volume of the sample increasing the scattered intensity.
Furthermore, at low incidence and low exit angle, the beam
path through the sample becomes much longer, increasing the
effect of self-absorption and lowering the scattered intensity.
We have assumed an attenuation length of 600 nm determined
by x-ray absorption spectroscopy in Ref. [21]. Finally, the
beam spot eventually becomes larger with the dimensions
of the samples (5 x 10 mm) and the measured intensity falls
sharply. We have corrected the data to account for all three of
these effects, but there remains a possibility for a geometric
origin of the deviation from the expected cos>ys dependence.

Under the assumptions that spin canting is the mechanism
modulating the azimuthal intensity and that scattering in the
o—o’ channel is vanishing as measured in Ref. [21], then
our findings suggest that the high compressive strain in sc110
alters the magnetization direction relative to bulk and bulklike
ns101. More recently the conclusion that canting can explain
the azimuthal dependence has been called into question [22].
Those authors propose that a chiral signature calculated from
all scattering channels is a better indicator of long range
antiferromagnetism. Since our experiment used photons with
linear incident polarization, o, we cannot offer support for
this claim. Finally, they offer a monoclinic magnetic motif as
an alternative to the spin canting, but their model yields the
same functional form as Eq. (2) and remains unsatisfactory
for both our data and bulk as described in Ref. [22]. Finally,
the azimuthal dependence of the 100 peak in RuO,/STO thin
films reported in Ref. [21] is the result of averaging over twin
domains, leading to a constant offset and a small amplitude
sinusoid with twice the frequency as that of bulk. We em-
phasize that this mechanism cannot account for the observed
periodicity in our azimuthal data, because the film substrates
TiO,(110) and TiO,(101) both have different lattice constants
in the the two in-plane directions, ensuring all domains share
a common orientation.

To explore the electronic behavior of magnetic Ru ions
in the crystal environment, we measured the photon energy
dependence of the magnetic Bragg reflection intensity 100 in
the vicinity of the Ru L, edge. The averaged energy scans of
both films, sc110 and ns101, are shown together in Fig. 3(a)
along with data from bulk RuO, redrawn from Ref. [21].
Details of this averaging are shown in Fig. S1 of the Supple-
mental Material [24]. The double peak shape of the resonance
has been previously observed in REXS studies of Ru-based
oxides, with the low energy peak corresponding to transitions
from 2py,, core level to 4d t,, orbitals and the high en-
ergy peak to transitions into 4d e, orbitals [21,26,30,32]. The
most prominent feature we observe in these resonances is the
~1 eV shift of the e, peak to higher energy in the supercon-
ducting sc110 sample. Notably the e, peak only shifts in the
sample whose strain induces superconductivity, whereas the
resonance profile of differently strained, nonsuperconducting
ns101 continues to resemble the bulk profile.

To corroborate the strain dependence of this peak shift,
we measured the resonance profile of an identical, (110)-
oriented sample, but of greater thickness (48 nm) denoted
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FIG. 3. Strain-tuned resonance profile of the 100 magnetic Bragg
peak at the Ru L, edge. Panel (a) compares the energy dependence
of the normalized, 100 average peak intensity for three RuO,/TiO,
films: ns101 (18.6 nm, nonsuperconducting, 101 surface normal),
sc110 (21 nm, superconducting, 110 surface normal), and th110
(48 nm, nonsuperconducting, 110 surface normal). Data from bulk
RuO; are redrawn in gray from Ref. [21]. All curves show a double
peak line shape typical of ruthenates with the left peak resulting from
transitions into f,, states and the right peak into e, states. Panel (b)
enlarges the right peak in (a) and highlights the substantial ~ 1 eV
increase of the e, peak energy in maximally strained sc110 relative
to ns101. The thicker, partially relaxed sample, th110, shows an
intermediate peak position and line shape. Solid lines are skewed
Gaussian fits to the e, peaks with vertical dashed lines indicating
the peak positions: 2971.65(1) eV (blue), 2972.24(1) eV (orange),
and 2972.56(2) eV (red). Panel (c) shows the same e, peaks as in
(b) but aligned and rescaled to demonstrate consistency of the line
shape and peak width across samples. All scans from film samples
are averages over N measurements (N = 17 for sc110, N = 28 for
th110) obtained at 300 K except ns101 (N = 12), which is averaged
over the range 30-300 K. Error bars are the standard deviation of
the N points at a given photon energy. These resonance profiles have
negligible temperature dependence over the range probed (Fig. S1
[24]).

“th110” shown in Fig. 3(a). With increasing thickness, the
film does not remain coherently strained throughout its whole
extent, and in the case of th110, the lattice relaxes with
an average surface lattice constant approaching that of bulk
RuO, along [001] and equal to that of bulk along [110]
determined by low energy electron diffraction (LEED) in
Supplemental Material Fig. 14 in Ref. [15]. Transport mea-
surements of th110 reported in Supplemental Material Fig. 11
in Ref. [15] yield a residual resistivity (at 0.45 K) close to the
value at 4 K, indicating the absence of bulk superconductiv-
ity, yet magnetic suppression of low temperature resistance
anomalies suggest an origin in inhomogeneous patches of
superconductivity, likely in the coherently strained region.
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Characterization of the strain relaxation by scanning trans-
mission electron microscopy (STEM) is also provided in the
Supplemental Material of Ref. [15]. For each of the three
samples, we fit the e, peak with a skewed Gaussian and took
the locations of the fitted maxima as the peak positions, shown
in Fig. 3(b), yielding a maximum shift of 0.91(3) eV for sc110
and 0.59(3) eV for th110 relative to ns101. More details about
the partial relaxation and the fitting procedure are provided in
the Supplemental Material [24]. We observe that the increased
thickness of th110 leads to a negative shift in energy of its e,
peak, away from that of the more coherently strained sc110
and more in line with bulk and ns101. This control measure-
ment confirms that strain is the dominant origin for the e,
energy shift in sc110. We detect no shift in the position of the
lower energy 1, peak between sc110 and ns101. We did not
have calibrated photon energy during the th110 measurement,
so to correct we shifted its resonance profile by 0.47 eV to
align the low energy peak with the other samples in order
to compare the shift of its high-energy peak. Moreover, as a
result of the inhomogeneous strain relaxation, one may expect
broadening of the e, profile as vacant electronic states vary
in energy across different regions of the film. Normalized and
aligned copies of the e, peaks for each of the three strain states
are shown in Fig. 3(c), with no discernible broadening.

In addition to energy shifts, the relative intensities within
the double peak profile vary with strain across samples. We
consider the possibility that the variation of the e, peak in-
tensity and line shape results from self-absorption. We would
expect th110 to exhibit a less intense e, peak than sc110 as
the former is twice as thick as the latter. The e, peak of th110,
however, is about 1.5 times taller than that of sc110. Fur-
thermore, the tabulated attenuation lengths for RuO, below
and above the L, edge are approximately 1200 and 900 nm,
respectively [21,33]. Further assuming the absorption length
decreases to ~500 nm on resonance, even in our thickest sam-
ple (48 nm), the x-ray intensity would fall by at most 5%, far
too small to explain the variation in the e, peak intensities we
measure. In the 4d transition metal oxides the 2p/4d coupling
is of comparable magnitude to the crystal-field splitting and
can in turn facilitate the transfer of intensity between the 7,
and e, states [32]. The sensitivity of this coupling to Ru-O
bond lengths and bond angles suggests a possible explanation
of the different ,; : e, ratios in the different strain states.

To explain the strain and orbital dependence of the energy
scan peak shift, we consider the spatial orientation of the
Ru 4d orbitals in the strained, octahedral crystal field shown
in Fig. 4(a). In an octahedral crystal field, the #,, set couples
more weakly to the lattice as the lobes of the d orbitals point
toward the faces of the oxygen octahedra leading to weaker
bonding and subsequently reducing their sensitivity to lattice
distortions [34]. The lobes of e, orbitals point toward the ver-
tices of the octahedra and form antibonding sigma molecular
orbitals with the oxygen 2p states. Thus, the e, set is more
sensitive to changes in bond length with increasing atomic
orbital overlap raising the energy of the molecular orbital.
Figure 4(a) illustrates displacement of the oxygens toward
the d,>_,» and d> orbitals under the strain applied in sc110.
Though the oxygens are displaced by +2.3% away from the
d,» orbital along the [110] direction, this relaxation is smaller
than the predominant c-axis compression of —4.7%, with the
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FIG. 4. Schematic depicting the preferential impact of asymmet-
ric epitaxial strain on 4d e, orbitals. Panel (a) shows the Ru d > (left)
and d,»_,» (right) orbitals within strained oxygen octahedra (red) in
the (110)-oriented sample. Gray arrows indicate the strain direction
and magnitude. The level splitting in a tetragonally distorted, octahe-
dral crystal field is shown in (b), with blue arrows indicating the shift
in energy due to c-axis compression. Though all level degeneracies
are lifted in real RuO,, these smaller splittings are suppressed in
figure for clarity.

net effect of raising the energy of the ¢, set. The d,>_,» and
d orbitals under +2.3% b-axis tension in ns101 are shown in
Fig. S4 of the Supplemental Material [24]. While the strain in-
duced in ns101 slightly alters the local symmetry of the crystal
field, it does not yield measurable shifts in orbital energies.
The central finding of this work is that the strain state
causing large shifts in the energy of the e, orbitals is the
same one that induces the superconducting ground state at
lower temperatures (we were unable to measure the 100 peak
at 7). Our ligand-field picture of the c-axis strain preferen-
tially affecting the d,-_,» states is consistent with ab initio
modeling of the band structure of the #,, states under strain
[15,16]. In those models shortening the bond length between
the ruthenium and equatorial oxygens stabilizes superconduc-
tivity by shifting the density of states (DOS) toward the Fermi
level, with d,, and d,._,. orbitals raised the most in energy
[Fig. 4(b)]. This preferential impact of c-axis compression
on the orbitals of x> —y? and xy symmetry in sc110 films
can also explain the resemblance of ns101 to bulk. Structural
relaxation calculations reveal that the net effect of the strain
orientation in ns101 is to stretch the apical oxygens away from
the ruthenium without impacting equatorial bond lengths, the
main drivers of the energy shift [15]. This interpretation is
consistent with the observed impact of partial strain relaxation
in the 48-nm th110. This film has lost its superconducting
transition and displays a more bulklike e, peak on resonance.
Because the strain relaxation is inhomogeneous with increas-
ing thickness, it is plausible that the energy scan for th110 has
blended features of the samples with and without high c-axis
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compression. Without knowing the full strain field in the films,
we cannot quantitatively model the magnitude of the e, shift
as a function of strain nor the expected degree of relaxation in
the thickest film.

Ruf et al. measured the shifting of density of (occupied)
states (mostly d,, states) toward the Fermi level under in-
creasing c-axis strain in scl110 films using angle-resolved
photoemission spectroscopy (ARPES) [15], yet we observe
no shifts in the #,, peaks with REXS. In bulk RuO, with
its tetragonally distorted (apical oxygens compressed toward
the ruthenium) octahedral crystal field, the dy, states are the
lowest in energy and thus predicted to be fully occupied, as
shown in Fig. 4(b). Because the REXS energy scan probes
empty valence states, it is unsurprising that our data reveal no
shift in the lower energy 1, peak [Fig. 3(a)], as the half-filled
orbitals populated during the resonance process, d,. and d,.,
are those least impacted by the strain field. We conclude the
strain-dependent shift in the high energy peak of the Ru L,
resonance profile is possibly the empty orbital counterpart to
the strain-dependent shift in electronic DOS toward the Fermi
energy seen with ARPES that drives superconductivity at low
temperature.

A similar strain dependence of the crystal-field splitting
has been reported in the electron loss near-edge structure
(ELNES) of the Ti L3 edge of SrTiO3 [35]. In that experiment,
decreasing the net overlap of oxygen 2p orbitals and Ti d,-_,»
by distortion of the octahedron shifts the e, peak to lower en-
ergy while leaving the 7, unmoved. In the related ferroelectric
perovskite BaTiO3, competition between epitaxial strain and
polar distortion leads to an atypical crystal-field splitting [36].
Similarly, in (110)-oriented RuO,, we argue that two in-plane
strains, compression along [001] and tension along [110],
compete to produce an unconventional crystal-field splitting
that shifts the center of gravity of the e, manifold to higher
energy. This conclusion is further supported by recent work
using resonant inelastic x-ray scattering (RIXS) at the Ru M
edge in bulk RuO, [37], uncovering the dominant role of

the reduced symmetry crystal field in determining the orbital
energetics.

In summary, we used REXS to study the magnetic Bragg
reflection 100 in RuO; in strain-engineered thin films display-
ing superconductivity at low temperature. We observed mod-
ulation of the intensity of the magnetic reflection 100 with az-
imuth, qualitatively consistent with bulk, but with discrepant
periodicities hinting at a strain dependence of the magnetiza-
tion. Most significantly, we observed a large, ~1 eV shift of
the e, orbitals to higher energy under the same strain state that
induces the superconductivity. Relaxation of this c-axis com-
pression in a thicker, less coherently strained film produced a
smaller shift, confirming the strain dependence of the orbital
energies. Our measurements of the unoccupied e, orbitals
show the same trend as ab initio modeling of the occupied 1,
states that govern the transport properties of these films and
further support the use of anisotropic strains to control physi-
cal properties in complex materials. Nevertheless, reconciling
whether the large magnitudes of these observed shifts can be
accounted for solely by strain effects remains to be clarified in
future work (both experimental and computational).
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Energy scan analysis
We report a ~1 eV shift in the position of the higher energy peak in the Ru L2 energy scans of the
(110)-oriented RuO2/TiO2 (21 nm) film compared with (101)-oriented RuO2/TiO2 (18.6 nm)
film, labelled sc110 and ns101, respectively. These energy scans are shown along with those of a
thicker film of (110)-oriented RuO2/TiO2 (48 nm) labelled th110 in Fig. 3 of the main text. The
curves shown in Fig. 3 are averaged energy scans, but in ns101 (N=12) the average is over
temperature at Y = 77°and in sc110 (N=14) the average is over azimuthal angle at 300 K. In
th110 (N=28), the average is obtained over different positions on the sample surface at 300 K
andy = 0.

In Fig. S1 we show the unaveraged energy scans of ns101 obtained over different temperatures,
the energy scans of sc110 obtained over a range of azimuth and the energy scans of th110 over
different sample positions. In all samples the energy scans are highly consistent over these
ranges. This confirms that averaging the curves at different temperatures, azimuthal angles, or
locations does not affect the position of the resonance peaks.

To determine the eg peak positions for each sample, we rescaled each peak and fit it with a
skewed normal distribution, parameterized by a location, scale and shape parameter, over the fit
range shown in Fig. S2. The peaks are visibly skewed and a symmetric gaussian fit leads to
systematic error in the peak position. The best fit parameters are provided in Table 1. Because of
the skew, the position of the maximum and mean of the peaks differ. In the main text we report
the peak shift in terms of the maximum of the fitted peaks, but for completeness we show the



same analysis for the mean in Fig. S2. The mean is much more sensitive to the variance of the fit
parameters and thus, has a larger uncertainty, but the trend with increasing c-axis strain remains
the same. Surprisingly, the mean is most sensitive to the scale parameter, which corrects the
width with the shape parameter, not the shape parameter itself. Thus, despite the largest
fractional uncertainty occurring in the shape parameter, the strongest contributor to the
uncertainty in the peak mean is the scale. Without a rigorous calculation of the spectra, the peak
maximum remains a more robust measure of central tendency in our analysis than the mean.

Strained crystal field in (101)-oriented RuO2/TiO>
In Fig. 4(a) of the main text, it is easy to see how the c-axis compression reduces the equatorial
oxygen ruthenium bond length in sc110. Unfortunately, the strain induced in ns101 is harder to
visualize, but we show the d,2_,> and d,2 orbitals under +2.3% b-axis tension in Fig. S2 for

completeness. This strain state alters the local symmetry around the scattering ion, but it does not
lead to measurable shifts of orbital energies in the x-ray data. This can be explained by structural
relaxation calculations [1], showing that the effect of epitaxial strain in the (101)-oriented sample
is only to stretch the apical oxygens, with no change in equatorial bond lengths.

Additional structural and electronic characterization
In the main text, we focus on characterization by magnetic resonant scattering performed at the
beam line 41D-D of the Advanced Photon Source. Nevertheless, substantial characterization of
the specific samples discussed in this work has already been published in the Supplementary
Material of Ref. [1]. For the non-superconducting,18.6-nm RuO2/TiO2 (101) sample, ns101,
resistivity as a function of temperature, rocking curves of the 202 peak along two orthogonal, in-
plane directions, and reciprocal space maps (RSM) near the 103 and 222 Bragg reflections,
probing orthogonal, in-plane components of the strain are available in Supplementary Figure 3 of
Ref. [1]. Additionally, high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) of ns101 is reported in their Supplementary Figure 7. To summarize these
results, ns101 is coherently strained to the substrate along both in-plane directions, evidenced by
minimal diffuse scattering and prominent thickness fringes in the RSMs, and it remains non-
superconducting down the lowest achievable temperature of 0.4 K.

For the thicker, 48-nm RuO2/TiO2 (110) sample, th110, resistivity versus temperature,
magnetoresistance and HAADF-STEM measurements are detailed in Supplementary Figure 11
of Ref. [1]. The STEM images reveal the formation of anisotropic microcracks in th110 that
complicate the transport measurements and those authors provide a detailed discussion of those
measurements. Here we summarize that th110 has finite residual resistivity at 0.45 K, indicating
the absence of bulk superconductivity, yet an applied magnetic field can suppress low
temperature resistivity anomalies which suggests the presence of inhomogeneous patches of
superconductivity.



Measurement of the surface strain relaxation of th110 by low energy electron diffraction (LEED)
is provided the Supplementary Figure 14 of the above reference and reveals an average surface
lattice parameter consistent with that of bulk RuO2along [110] and a c-axis lattice constant more
similar to bulk RuO2 than the TiO2 substrate. Furthermore reciprocal space maps of (110)-
oriented films of varying thickness in Supplementary Figure 9 [1] show the appearance of diffuse
intensity between thicknesses of 5.8 nm and 11.5 nm as well as the earlier disappearance of
fringes along the truncation rod near the 332 Bragg peak, which probes strain along the maximal
strain direction [001], compared to the 310 peak, which probes strain along [110], as the film
thickness increases. The observed strain relaxation with increasing thickness of (110)-oriented
films up to 25.6 nm, the mostly-relaxed LEED lattice constants at the surface of the 48-nm film
along with its lack of bulk superconductivity combined offer strong support for our claim in the
main text that th110 is more bulk-like than the thinner superconducting sc110.

We directly compare x-ray reflectivity and x-ray diffraction along the specular crystal truncation
rod for each of the three samples in Fig. S4. The film Bragg peaks in the out-of-plane direction
shift as expected relative to the substrate peaks according to the applied in-plane epitaxial strain.
Kiessig fringes are visible in the x-ray reflectivity measurements, indicating a high degree of
flatness of the substrate/film and film/vacuum interface, for all three samples.

Resistivity and reciprocal space maps of 21-nm (110)-oriented RuO2/TiO>
As noted in the previous section, structural and electronic characterization of our 18.6 nm (101)-
oriented film, ns101, and our thick, 48 nm (110)-oriented film, th110, as well as many other
(110)-oriented films of comparable thickness, are described in detail in the [1]. For
completeness, however, we include basic characterization of the superconducting, 21 nm
RuO2/TiO2 (110) film, sc110. Fig. S5 shows resistivity as function of temperature for this sample
with a superconducting transition present at Tc= 1.73 K, with the total width of the transition
about 0.2 K.

We include reciprocal space maps for sc110 near the 332 and 310 Bragg reflections in Fig. S6.
The 332 reflection probes in-plane strain along the maximally-strained [001] direction, while the
310 peak probes strain along the orthogonal in-plane direction [110]. The considerable diffuse
scattering intensity and the absence of thickness fringes along the out-of-plane direction (110)
indicate partial relaxation of the strain consistent with the trend described above. Overall, sc110
is typical of the family of superconducting RuO2/TiO2 (110) films shown in Supplementary
Figure 10 of [1].



Supplementary Tables & Figures

sample location (eV) scale (eV) shape mean (eV) peak max (eV)
ns101 2970.2(4) 3.51(6) 4.0(5) 2972.9(1) 2971.65(1)
sc110 2971.0(4) 3.6(1) 3.8(4) 2973.8(1) 2972.56(2)
th110 2970.9(3) 3.30(9) 4.1(4) 2973.4(2) 2972.24(1)

TABLE 1. Best fit parameters for energy scan peak shift analysis. All scans were normalized

and fit with a skewed gaussian using the scipy.optimize and scipy.stats libraries. For location,

scale and shape the uncertainties are the standard deviations of the fit parameters. For the mean

and peak maximum, the uncertainties are computed in a worst-case scenario, assuming a one

standard deviation error for all three fit parameters. Shape is a dimensionless number

parameterizing the skew. Scale is proportional to gaussian standard deviation, differing by a

constant depending on the shape parameter. Location shifts the whole curve along the x-axis

and differs from the mean by a shape-dependent offset.
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FIG. S1. Azimuthal and temperature dependence of energy scans. (a) Show Ru L2 resonance
profiles of the 18.6 nm RuO2/TiO2 (101), ns101, obtained over a range of temperatures. (b)
Shows Ru L2 resonance profiles of the 21 nm RuO2/TiO2 (110), sc110, obtained at 300 K at
different azimuthal angles . (c) Shows Ru L2 resonance profiles of the thicker 48 nm
RuO2/TiO2 (110), th110, obtained at 300 K and i = 77° at different sample locations.
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FIG. S2. Strain-tuned resonance profile of the 100 magnetic Bragg peak at the Ru L2 edge. (a)-(c)
compare the energy dependence of the normalized, 100 average peak intensity for three RuO2/TiO2
films: ns101 (18.6 nm, non-superconducting, 101 surface normal), sc110 (21 nm, superconducting,
110 surface normal) and th110 (48 nm, non-superconducting, 110 surface normal). (a) solid lines
are skewed gaussian fits to the eg peaks with black vertical dashed lines showing the fit range and
the rest indicating the peak positions determined from the peak maximum: 2971.65(1) eV (blue),
2972.24(1) eV (orange), and 2972.56(2) eV (red). (b) shows the same as (a) but using the mean
from the fit as peak position: 2972.9(1) eV (blue), 2973.4(1) eV (orange), and 2973.8(1) eV (red).
The trend in peak shifts is the same between both methods within uncertainty.
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FIG. S3. Asymmetric epitaxial strain on Ru eg orbitals in RuO2/TiO2 (101). Shows the Ru d 2
(left) and d,2_,2 (right) orbitals within strained oxygen octahedra (red) in the (101)-oriented

sample. Gray arrows indicate the strain direction and magnitude.
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FIG. S4. Structural characterization of RuO2/TiO2 epitaxial films. (a) shows x-ray reflectivity
(left panel) and x-ray diffraction (right panel) along the specular crystal truncation rod for the
superconducting, 21-nm (110)-oriented sample, sc110. (b) and (c) show the same for the thicker
48 nm (110)-oriented film, th110, and the 18.6 nm (101)-oriented film, ns101, respectively.
Asterisks mark the location of the substrate peaks. All data was obtained with a lab-based

diffractometer using Cu K-« radiation (1 = 1.54059 A).
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FIG. S5. Average resistivity versus temperature curve for the superconducting 21 nm
RuO2/TiO2 (110) film (sc110). Superconducting Tc= 1.73 K, taken as the midpoint of the

resistive transition, which is ~ 0.2 K wide in total.
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FIG. S6. Reciprocal space maps of 21nm (110)-oriented RuO2 (sc110). (a) shows the reciprocal
space map near the 310 Bragg peak, sensitive to in-plane strain along the [110] direction. (b)
shows the same for 332 Bragg peak, probing strain along the in-plane [001] direction. The white
box labels the TiO2 peak location. The red and orange boxes indicate the hypothetical Bragg
peak locations of bulk RuO2 and of a film commensurately strained to TiO2 (110), respectively,
obtained by density functional theory structure relaxation calculation [1] and bulk lattice
constants from [2,3]. The white line is a 1-D line cut (log scale) of measured intensity (false
color scale) along the crystal truncation rod. All data was obtained with a lab-based

diffractometer using Cu K-« radiation (1 = 1.54059 A).
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