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We report the observation of an electronic reconstruction in dimensionally controlled ruthenate
heterostructures synthesized by pulsed laser deposition. High structural and electronic quality of
superlattices comprised of a single SrRuO3 layer inter-spaced with varying thicknesses of insulating
SrTiO3 layers was verified by reflection high energy electron diffraction, atomic force microscopy,
x-ray diffraction, reciprocal space mapping, and x-ray absorption spectroscopy. X-ray absorption
spectroscopy evidences a confinement-driven evolution of the Ru electronic configuration from the
d5L to the d4 state. Significant increases of the spin-orbit coupling are observed in connection with
the configuration changes supporting recent works identifying large enhancement of the magnetic
anisotropy. The growth of high quality two dimensional confined ruthenate layers under precisely
controlled environments highlights the potential to directly manipulate interlayer coupling and se-
lectively perturb the electronic state in ruthenates in analogy to superconducting Sr2RuO4.

I. INTRODUCTION

Complex transition metal oxides with strongly corre-
lated carriers have attracted vast attention in condensed
matter physics due to their exciting phenomena such as
high-temperature superconductivity, temperature driven
metal to insulator transition, frustrated magnetism, and
colossal magnetoresistance [1–8]. With the development
of advanced synthesis techniques, the growth of high-
quality thin films has added more avenues for explor-
ing this research area due to the various tuning param-
eters introduced [9–11]. Furthermore, complex oxide su-
perlattices (SLs) exhibit remarkable physical phenomena
emerging at the interface, which can be unattainable in
bulk constituents [12, 13]. These layered materials ex-
hibit an astonishing dimensionality dependence of phys-
ical properties due to the delicate control of the oxide
interface at the atomic scale. To obtain these emergent
characteristics, extensive investigations have been under-
taken in recent years [13–21].

Concurrent with the rise of oxide heterostructuring,
ruthenium-based perovskite systems have been at the
forefront of materials physics research because of their
unique properties [22–30]. The discovery of unconven-
tional superconductivity in layered perovskite Sr2RuO4

(S2RO4) [31] generated great excitement and drove
decades of research. Due to its potential topologically
non-trivial pairing symmetry, S2RO4 is considered a
candidate for odd parity superconductor-based quantum
computing [32–34]. The unconventional superconduc-
tivity in this system has been extensively studied, but
the true nature of the pairing mechanism remains elu-
sive [35, 36]. Recent experiments have cast significant
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doubt on the potential odd-parity superconductivity in
this system[37, 38], yet many other observations are
still at odds with even parity superconductivity [39–42].
Thus, significant controversy remains. To study the elec-
tronic structure of S2RO4, calculations typically focus on
individual two-dimensional RuO2 sheets, which assume
little or no interlayer interactions between the isolated
sheets [43–48]. The validity of this assumption has not
been experimentally tested in bulk due to the lack of
Ruddlesden-Popper materials with varied separation be-
tween isolated RuO2 sheets, i. e. RuO2 layers that do
not have a direct Ru-O-Ru bonding environment along
the c-axis as in only Sr2RuO4. Along these lines, the syn-
thesis of superlattices of SrIrO3 and SrTiO3, analogues to
Sr2IrO4 and Sr3Ir2O7, has shown unique dimensionality-
controlled magnetic behavior [18–20]. Similar to these
works, there has been a surge of interest in heterostruc-
tures of SrRuO3 (SRO) inter-spaced with SrTiO3 (STO)
and other materials [49–64]. SRO is itself a ferromag-
netic metal with many interesting behaviors in bulk and
thin-film form [65–70]. In SL form, by increasing the rel-
ative thickness of the STO spacing layer, the coupling be-
tween the RuO2 sheets can be directly manipulated. This
has lead to many interesting discoveries including strong
changes to magnetic anisotropy and moment [49, 61].
However the effect on the electronic configuration has
not yet been fully explored in a series of SLs with system-
atic modulation of the confinement, which could perturb
the dominant d5L state found from cluster calculations
of bulk SRO [66, 71–73]. Isolating the SRO layer in be-
tween inert STO layers, the SRO/STO (SRSTO) SL is
an ideal analogy for S2RO4 with varied coupling between
RuO2 sheets due to the dimensional confinement. The
electronic structure of the SLs in comparison to S2RO4
is then of high importance in understanding and pursu-
ing the analogy with the unconventional superconducting
state. Moreover, since experiments on microscale pure
S2RO4 crystal are still limited, [74] heterostructures like
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SRSTO SLs can be scaled to large-area films that may
provide a practical foundation for the scalable ground
state quantum computing technology if p-wave supercon-
ductivity can be stabilized [75, 76].

STO

1SRO/1STO

L 
(r.
 l.
 u
.)

H (r. l. u.)

8nm

6nm

4nm

1µm

(a) (b)

(d)

In
te
ns
ity
 (a
. u
.)

(c)

In
te
ns
ity
 (a
. u
.)

2-Theta (deg)

FIG. 1. a) RHEED specular intensity taken during growth
of 1SRO/4STO sample. The inset shows the post growth
RHEED image of the same sample. b) AFM image for
1SRO/1STO sample. c) 2θ − ω XRD scan for 1SRO/nSTO
SLs around the (002) Bragg peak. d) RSM around the (1 0
3) Bragg peak of a 1SRO/1STO sample with substrate and
sample labeled, features at lower L are thickness fringes.

In this paper, we report an electronic reconstruction
derived from changing the RuO2 confinement in ruthen-
ate heterostructures. We synthesized SLs of SRO and
STO on (001) STO substrates, i.e., one unit cell (uc) of
SRO was layered with n unit cells (n = 1,2,3,4) of band
insulating STO layers and the process was repeated 30
times to generate the [1SRO/nSTO] × 30 SRSTO het-
erostructures. The structural and electronic properties
of the SLs and a reference SRO sample are then char-
acterized using reflection high energy electron diffrac-
tion (RHEED), atomic force microscopy (AFM), X-Ray
diffraction (XRD), synchrotron based resonant X-ray
absorption spectroscopy (XAS), X-ray linear dichroism
(XLD) and temperature-dependent resistivity, establish-
ing the high structural and electronic quality of the ma-
terials. Anisotropic redistribution of charges between Ru
and O orbitals and resultant changes to the expectation
value of the angular portion of the spin-orbit coupling
(SOC) are revealed by XAS and XLD. Density functional
theory (DFT) calculations are used to confirm the mini-
mal role of the Ti d-band doping in the observed changes.
These findings demonstrate a novel pathway for the con-
trol of electronic structure in RuO2 sheets without the
use of doping which would destabilize any potential odd
parity superconductivity that may arise.

II. EXPERIMENTAL METHODS

Epitaxial thin films of [1SRO/nSTO] × 30, n =1,2,3,4
SLs were fabricated on (001) STO substrates by pulsed
laser deposition (248 nm KrF excimer laser). SLs were
synthesized at 700 ◦C substrate temperature under 100
mTorr oxygen partial pressure and laser fluence of 2
J/cm2 with a repetition rate of 5 Hz for SRO and 2 Hz
for STO. The laser spot was 0.024 cm2 with a target-
substrate distance of approximately 7.5 cm. The sample
was annealed for 20 minutes and then cooled down slowly
to room temperature in the presence of 200 Torr back-
ground oxygen pressure after the growth. The atomic
scale precision of the in-situ growth was monitored us-
ing RHEED to ensure the proper unit cell layering of
the SL. Single layer SRO films were grown with inden-
tical conditions. The surface morphology of the SLs
was measured with AFM and the structural character-
ization was checked by high resolution X-ray diffraction
(XRD) with Cu-Kα1 radiation (λ = 1.541838 Å) using
a Bruker D8 Advance with a double bounce monochro-
mator. Synchrotron-based XAS experiments at the Ru L
edges were carried out at the beamline 4-ID-D and x-ray
photoemission spectroscopy (XPS) measurements were
collected at the beamline 29-ID of the Advanced Pho-
ton Source, Argonne National Laboratory. Samples were
measured at normal incidence, excepting the n = 4 SL
which was measured 5◦ off the normal due to a nearby
Bragg reflection. O K edge XAS and XLD, and Ti L
edge XAS were performed at the 2-ID (SIX) beamline,
NSLS-II, Brookhaven National Laboratory at 10◦ inci-
dence angle.

The computational studies were performed with the
SIESTA code [77, 78] implementation of DFT [79, 80].
We simulated the core and valence electrons with cu-
rated norm-conserving pseudopotentials obtained from
the Pseudo-Dojo database [81], and used the general-
ized gradient approximation by Perdew Burke Ernzer-
hof [82] exchange correlation function. Our calculations
were with the Hubbard-like term methodology of DFT +
U [83], which can better account for the repulsion of the
tightly bound 4d electrons of Ru. The self-consistent cal-
culations were done with a grid equivalent to plane-wave
cutoff energy of 365 Ry and with a Brillouin zone (BZ)
sampling using Monkhorst-Pack grids [84] of 12 × 12 ×
nz, where nz = 6, 4, 3, and 3 for each of the 1SRO/nSTO,
n = 1, 2, 3, and 4 SLs. The calculations used the cell
parameters found experimentally, a = b = 3.905 Å, and
c = 7.905, 11.849, 15.713, and 19.609 Å for each of the
1SRO/nSTO SLs. We calculated the optimal atomic po-
sitions by relaxing the structures using the conjugate gra-
dient method until all atomic force components were less
than 0.035 eV/Å.
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FIG. 2. a) XAS data along Ru L3 and L2 edges b) Ti L edge XAS at 40 K temperature c) O K edge XAS at 40 K temperature.
Solid (dashed) lines indicate in-plane (out-of-plane) polarization.

III. RESULTS

The characteristic time dependent specular RHEED
intensity oscillation of 1SRO/4STO is shown in Figure
1(a). The diffraction pattern after the subsequent deposi-
tion of the SRO and STO layers signify the layer-by-layer
growth whereas the lack of significant damping of the in-
tensity in the RHEED pattern confirms the high quality
of the growing layers. Figure 1(a) inset RHEED image
was recorded after annealing and cooling down the SL
sample to room temperature. The specular and off spec-
ular Bragg reflections of the post growth films observed
along the Laue circle with strongly developed Kikuchi
lines demonstrate the excellent surface morphology. An
AFM image with a field of view 4 µm × 4 µm in size of
the 1SRO/1STO sample, as shown in Figure 1(b), shows
the high morphological quality of the film with atomic
terraces observed after deposition. AFM images verify
the uniform surface of the sample without any devia-
tion from 2D growth. XRD gives further insight into
the structural quality (periodicity and crystallinity) of
the films. Figure 1(c) shows the 2θ − ω scans of all SLs
(1SRO/nSTO , n = 1,2,3,4) and SRO thin films around
the (002) Bragg peak using Cu-Kα1 focused radiation
with a 4-circle diffractometer. This XRD image verifies
the (002) peaks of all films are in good agreement with
the Bragg peak. Also, the SLs peak at regular interval
in this XRD scan confirms the number of STO layers in-
between the SRO layers. Figure 1(d) shows a reciprocal
space map (RSM) around the pseudocubic (103) Bragg
peak, which confirms the film has the same in-plane lat-
tice size as the substrate maintaining the epitaxy of the
film.

We performed XAS measurements on the Ru L3,2
edges in the total electron yield (TEY) mode to inves-
tigate the electronic and chemical structures of the films.
Figure 2 shows the XAS spectra of a 12 nm SRO thin film
reference and all SLs for the Ru L-, Ti L-, and O K-edges
((a), (b) and (c), respectively). The XAS spectra at the

Ru L-edges (L3 and L2) have sharp atomic like white-
line features which corresponds to 2p → 4d electronic
transition. The step like edge features come from the 2p
→ continuum electronic excitation and the fine structure
oscillations are generated by the back scattering of photo-
electrons of the neighbouring atoms. The intensity of the
L3 absorption post-edge is normalized to unity whereas
the continuum step after the L2 absorption edge is nor-
malized to half [85]. This normalization corresponds to
the initial core electron states at the L3 and L2 edges,
i.e. the ratio of occupied 2p3/2 and 2p1/2 states. 2p3/2

has 4 electrons and and 2p1/2 has 2 electrons. Ti L-edge
XAS spectra in TEY mode for all SLs and STO substrate
are shown in Figure 2(b) with in-plane and nearly out-
of-plane, 10◦ incidence (relative to the sample surface)
linearly polarized light. The XAS spectra of all SLs are
normalized to unity at the post edge after subtraction
of the pre-edge intensity. This XAS is consistent with
the Ti4+ XAS spectra found elsewhere in the literature
[86–89], particularly with the absence of any features be-
low 455 eV seen for Ti3+ and Ti2+ valences. However,
as discussed below, there are some minor shifts of the eg
and t2g features leading to small changes in the observed
lineshapes. XPS further confirms the strong majority
Ti4+ valence state (see Supplementary material [90] and
references therein [49, 91–94]). Figure 2(c) shows the
normalized XAS in TEY mode at the O K edge of the
SLs performed at 40 K temperature with the same polar-
ization plotting scheme as used for Ti. These XAS spec-
tra clearly show the typical oxygen structure with a pre-
peak feature known to arise due to hybridization between
the oxygen p-orbitals and the transition metal d -orbitals
[95, 96]. Unfortunately, O K edge XAS cannot distin-
guish between signal from the SRO, STO layers, or the
STO substrate. However, the small penetration depth of
the x-rays at this energy range (≈30 nm) combined with
the small electron escape depth for TEY mode (≈ 1-10
nm) indicates the majority of the signal comes from the
SL structure. The SL samples are all STO terminated,
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meaning the signal originating from the SRO layers will
be progressively and non-linearly suppressed depending
on STO thickness. The prepeak feature around 527.75
eV is due to the presence of ligand hole states between
the Ru 4d and O 2p orbitals, which only exist in the sam-
ples with SRO, confirming there is no ligand hole state
in the STO layers between Ti and O. Features at higher
energy are linked to oxygen hybridization with several Sr,
Ti, and other Ru orbitals further from the Fermi level.

IV. DISCUSSION

A. Ru L-edge

The Ru L edge absorption spectra contains direct in-
formation of the excited electronic structures of Ru 4d
orbitals. Closer inspection of the L3 and L2 edges, Fig-
ure 3(a), clearly indicates a significant change in the total
spectral weight of the features as a function of STO layer
thickness, despite the constant 1 unit cell thickness of
SRO. Furthermore, dashed lines highlight an observed
shift of approximately 400 meV at both L3 and L2 edges
in the SLs relative to the SRO film. Due to the two
peak structure arising from the t2g and eg bands, labeled
on the figure, and the inability to reliably separate their
contributions, part of the peak shift may be due to the
change in their respective spectral weights. Both of these
observations indicate a change in the available states in
the Ru d-band. Saturation effects, which can arise in
TEY mode and distort the XAS lineshape, are not ex-
pected to be important here due to the normal incidence
used, relatively high energy of the Ru L-edge, and the
large change in intensity observed compared to prior find-
ings for saturation effects in 3d oxide metals [97]. Here,
the minimum absorption length at the Ru L3 is estimated
to be approximately two orders of magnitude larger than
the electron escape depth, making saturation effects neg-
ligible. For our spectra, the increased spectral weight ap-
pears to be mostly in the eg band. The sum of the areas
of the L3 and L2 white lines after subtraction of the edge
jump is used to calculate the relative number of avail-
able Ru 4d states in the heterostructures, using the SRO
film as a reference for bulk like valence. The fitting of
the L3 spectra to calculate the area of white line features
is shown in the supplemental material [90]. Figure 3(a)
inset shows the calculated relative number of available
states in the Ru 4d orbitals of SLs in reference to single
layer SRO value of 5.2, as found via previously reported
calculations, with the increased spectral weight percent-
age applied to find the new d-band hole count [66, 71–
73, 98]. The increase in the relative number of available
states in the heterostructures indicates either a strong
change in the hybridized orbitals with O or electron dop-
ing into the Ti sites. We note PLD-grown SRO films are
known to be slightly Ru deficient, amounting to less then
a few percent difference from a 1:1 Ru/Sr ratio[99, 100].
Such small changes in Ru concentration then cannot ex-

plain the large charge transfer observed here, nearly 1
electron, and any deficiency would be nearly constant
due to identical growth conditions for all samples.
Thus, our data indicates the dominant d5L state with

5.2 holes in the Ru d band for bulk-like SRO evolves to
the d4 state with around 6 holes for n = 2, 3, 4 SLs, lend-
ing support to the XAS analysis and prior calculations
[66, 71–73, 101]. These studies showed the preferred Ru
electron configuration in SRO and S2RO4 is either t42ge

1
g

or t52ge
0
g, with a ligand hole on oxygen, typically denoted

L. Upon increasing the STO layer thickness, our Ru L-
edge data clearly shows an increase in available eg states,
implying the configuration evolves towards t42ge

0
g with no

oxygen ligand hole, with the increase in available states
mostly in the eg band. Thus we find increasing 2D con-
finement moves the SRO out of the negative charge trans-
fer regime. This interpretation rests on the assumption
that the electron moves from the Ru d-band to the O
p-band, filling the ligand hole state. A prior study also
found small changes to the Ru XLD signal from t2g or-
bital occupation changes, implying the energies of the t2g
orbitals are also altered with confinement [61].
It must be noted, the electron could, instead of filling

the L, move to the Ti d-band in the STO layers. Such
interlayer charge transfer is a common finding in oxide
heterostructures [94]. However, in this case no electron
doping into the Ti states would be expected [94]. To
experimentally confirm this scenario, results of Ti L-edge
XAS and XLD are discussed next.

B. Ti L-edge

Closer inspection of the Ti L-edge XAS reveals more
details of the spectra. Figure 3(b) shows a zoomed in
view of the Ti L3 and L2 absorption edges. For each
edge there are two dominant features corresponding to
the lower energy t2g and eg bands. Despite the nominal
Ti4+ appearance, a gradual shifting of the peak positions
as a function of STO thickness is apparent, as seen be-
fore [61]. Exact fitting of these features is not tenable
due to the complex lineshapes, however rough estimates
for total and relative peak shifts can be done. The ver-
tical varied dashed lines indicate the approximate posi-
tions of the t2g and eg peaks for the two extreme end
points, bulk STO and 1SRO/1STO SL, for both L3 and
L2 edges. From this we find the t2g band shifts down
approximately 150 meV while the eg band shifts down
by approximately 275 meV. The approximately 125 meV
of relative energy shift between the t2g and eg features
indicates a small systematic decrease in the crystal field
splitting as a function of decreasing STO weight in the
SL cell. The 150 meV total shift of both features could
indicate a small, but non-zero charge transfer into the Ti
d-band and/or changes with the O hybridization at the
interface with SRO.
These findings are further supported by Ti XLD re-

sults, Figure 3(c). XLD is calculated by subtracting the
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FIG. 3. a) Ru L3 and L2 spectra. Vertical lines show approxi-
mate shift in peak energy between SRO and SLs. Inset shows
relative number of holes relative to SRO based on integrated
area of L3 and L2 spectra. b) Ti L3 and L2 spectra with in-
plane (solid) and out-of-plane (dashed) polarizations. c) Ti L
edge XLD (in-plane minus out-of-plane) at 40 K temperature.

normalized out-of-plane polarized spectra from the nor-
malized in-plane polarized spectra. The subtraction of
these two spectra gives information on the orientation
of the unoccupied orbitals. The sample was in grazing
incidence such that linear vertical polarization is along
the in-plane direction of the sample whereas linear hor-
izontal polarization is 10◦ off out of plane. For the L3

edge, an increased dichroism for the t2g band is observed
for the SL samples relative to the STO substrate refer-
ence. We note the systematics are unclear likely due to
low point density and competing effects, such as a combi-
nation of changing interfacial spectral weight due to the
shallow electron escape depth and the changing propor-
tion of interfacial vs bulk-like STO. Overall, the Ti L3

data shows a strong relative shift of the energies of in-
plane vs. out-of-plane orbitals in the SL samples vs the
bulk STO, pointing to the interfacial reconstruction as a
likely culprit for the observed changes in Ti. The small
observed doping cannot account for the nearly one entire
electron charge transfer deciphered from the Ru L-edge
data, pointing to oxygen as the likely majority recipient.

C. O K-edge

The O K -edge data, Figure 2c), is quite complex due
to the strong hybridization of O with the Ti, Ru, and Sr
orbitals. The well-known prepeak feature around 527.75
eV derives from hybridization of O p and Ru d orbitals,
and is absent in pure STO XAS. The data is normal-
ized by subtraction of the pre-edge intensity and then
division by the post-edge intensity to give a total edge
jump of unity. However, direct comparison of the pre-
peak and other features between samples is hindered by
the changing proportion of the SRO relative to STO lay-
ers as discussed earlier. Due to the use of TEY mode,
the electron escape depth also strongly favors the top
most layers meaning the relative strength of the prepeak
feature with respect to the entire spectra is not readily
decipherable. Despite this, the strong reduction in pre-
peak weight appears inconsistent with the fraction of the
signal coming from the SRO layers due to the changes
in STO top layer thickness, with the n = 4 SL showing
a much weaker prepeak compared to the n = 1 SL for
instance. This implies at least some of the reduction in
spectral weight comes from reduction of the ligand hole
state on oxygen.

To gain more insight into the electronic structure
around oxygen, we utilized XLD for the investigation of
O 2p orbital hybridization, Figure 4(a-c). These mea-
surements were done in the same geometry as described
above for Ti L-edge XLD. Figure 4(a) shows the raw
subtracted data. Normalization of this data is then a
particular challenge due to the changing contribution of
the SRO layers to the overall spectra. To address this,
we display different regions of the XLD in Figure 4 (b)
and (c) with normalization done by dividing by the total
prepeak intensity at approximately 527.75 eV and by di-
viding by the maximum of the white line feature XLD at
around 529 eV, respectively. This procedure then ensures
the prepeak XLD percentage represents the relative dif-
ference in orbital occupation of in-plane vs out-of-plane
for hybridized Ru-O orbitals, while the remaining spec-
trum XLD percentage is more accurate for the Ti-O and
Sr-O hybridization.

For the prepeak feature, it is immediately clear that
the hybridized Ru 4d and O 2p orbitals gain a strong oc-
cupation orientation dependence not present in bulk-like
SRO, with a significant 25-30% XLD signal, compared
to an approximately 5-10% signal for bulk-like SRO as
seen in prior work being highly thickness dependent [102].
This implies a significant electronic reconstruction occurs
in all SL samples with the hybridized O 2p - Ru 4d or-
bitals. The large negative signal for the hybridized Ru
4d orbitals in the XLD indicate the availability of more
electron states for Ru nearly out of plane polarization, i.e
along the c-axis rather than in the a-b plane. This means
there are far fewer in-plane available electron states (hy-
bridized px,y) than out-of-plane states for the SL (hybri-
died pz).
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(a) (b) (c)

FIG. 4. a) Raw XLD data. b) XLD normalized to the prepeak total spectral weight. c) XLD normalized to the white line
feature total spectral weight. All data from the O K-edge.

D. Electronic reconstruction

Taken together, the observation of increasing available
states at the Ru edge in concert with the relative de-
crease in the available in-plane hybridized states with O
implies an anisotropic reconstruction of the ligand hole
state as a function of interlayer coupling. Similar changes
to the hybridized orbitals for artificial heterostructures
have been observed previously in nickelate heterostruc-
tures [103]. In the case of SRO, it was previously found
that the system is majority d5L with a smaller propor-
tion of the nominal d4 state, giving a total d-hole count
of nh = 5.2 via cluster calculations and valence transition
models [66, 71–73].

The increasing confinement of the active RuO2 layers
as a function of STO thickness then appears to directly
manipulate the electronic structure, changing the relative
occupation of the Ru t2g and eg orbitals. It is likely such
behavior is linked to the decreasing electronic bandwidth
with STO thickness, as evidenced by the transport be-
havior, leading to localized states and more isotropic Ru
electron distribution [90]. Such findings have important
implications for studies on potential superconductivity in
SRO heterostructures, where the confinement of RuO2

layers, mediated by a direct O-Ti-O c-axis coupling, is
not directly comparable to the RuO2 sheets in S2RO4,
where the apical oxygens do not directly bond with the
apical oxygens of the following RuO2 layers.
Figure 5(a) shows the change in total integrated area of

the Ru L3 and L2 XAS features, which indicates the num-
ber of holes (available states) in the Ruthenium d-band,
as previously shown in Figure 3(a) inset. The relative
spectral weight of these features is known as the branch-
ing ratio (BR) and is sensitive to both the available holes
and the angular part of the SOC of the Ru states, Figure
5(b) [104–107]. Deviations of the BR from the statistical
value of 2 indicate stronger SOC. A prior report found
that strain induced by SRO growth on STO leads to an
increase of the BR to around 2.2 [66]. Here they found
the applied strain acts to de-quench the orbital moment

of the SRO leading to the increased BR. In our case, the
SRO film and n = 1 SL are both within error of this
value, implying similar de-quenching effects. However,
the n = 2, 3, 4 SLs all show a much larger BR of approx-
imately 2.7, implying a strong increase in effective SOC.
Interestingly, in the prior work a similar value to 2.7 was
found for SRO on LSAT substrates, which was attributed
to the higher epitaxial strain enhancing the de-quenching
effect [66]. However, for our SLs the strain is not varied
implying a different source. The significant increase is
then likely due to the changing d-electron configuration.
The dominant d5L state leading to the 5.2 hole count is
replaced by a majority d4 character leading to the ap-
proximately 6 hole count in the n = 2, 3, 4 SLs.

The spin-obit coupling ground state expectation value,〈∑
i l⃗i · s⃗i

〉
can be calculated as

〈∑
i l⃗i · s⃗i

〉
= nh

BR−2
BR+1 ,

where nh is the number of holes in the 4d band [107].
Using this equation combined with the data in Figure

5(a-b) we extract the magnitude of
〈∑

i l⃗i · s⃗i
〉
for each

sample, Figure 5(c). For the SRO film and n = 1 SL
the expectation value is around 0.4ℏ2. Compared to the

fully quenched case in bulk SRO giving
〈∑

i l⃗i · s⃗i
〉
= 0,

this values implies a larger SOC due to the orbital de-
quenching. For the n = 2, 3, 4 SLs, this value is increased
to approximately 1.2ℏ2, giving much larger SOC interac-
tion in these systems. This result is surprising, as the
d5(t42ge

1
g)L configuration should have a higher S value

then the d4(t42ge
0
g) state [101]. However, the d5(t52ge

0
g)L

would have a lower S-value which better agrees with
these results, but cannot explain the observed primary
change in the spectral weight observed at the eg fea-
ture, Figure 3(a) [66, 71–73]. With the constant small
strain value across our samples, this implies the con-
finement also plays a strong role in orbital moment de-
quenching, comparable to the effect of larger strain values
[66]. Such significant de-quenching of the orbital moment
is achieved here by the changes to the local crystal field
effect due to the heterostructuring. These observations
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FIG. 5. Top panel: d-band holes based on prior cluster cal-
culation findings and relative spectral weight. Middle panel:
Branching ratio defined as ratio of the spectral weight of the
L3 and L2 resonant features after edge jump substraction.

Bottom panel: Magnitude of the
〈∑

i l⃗i · s⃗i
〉
calculated from

hole number and BR.

cumulatively point to confinement-driven electron config-
uration changes as an important factor for the observed
increases in magnetic anisotropy and moment previously
found in ruthenate SL materials [49, 54, 61, 66, 72, 73].
The effect of octahedral rotation and tilting due to the
structural changes likely plays a role as well in driving
the observed changes in hybridization, as the c− octa-
hedral rotation was found to vary strongly for these SLs
leading to lifting the degenercy of the t2g orbitals [61].
Recent theoretical work on superconducting S2RO4 us-

ing a valence transition model also showed the d5L state
can explain some of the unusual properties of the sys-
tem, with a significant role of the oxygen ligand hole [73].
This study followed from work using the same modeling
on cuprates [108]. In the context of our results, these
works confirm the SL samples present an excellent anal-
ogy to the S2RO4 system, with the advantage of tuning
the balance of the d5L and d4 states via confinement.
Doping within the STO layers to avoid scattering de-
fects in the RuO2 sheets may then allow further control

of these states towards stabilizing SC in these artificial
systems.

V. CONCLUSION

We synthesized high-quality epitaxial 1SRO/nSTO su-
perlattices via pulsed laser deposition on (001) STO
substrates. The combination of several characterization
tools including RHEED, AFM, XRD, RSM, XAS, and
XLD revealed the excellent structural, chemical, and
electronic quality of the heterostructures. XAS at Ru, Ti
and O edges confirm an electronic reconstruction derived
from the confinement of RuO2 plane in SRO/STO het-
erostructures. The SRO thin film shows bulk-like domi-
nant d5L configuration while the SLs show a progression
to the d4 state which saturates for n = 2, 3, 4 SLs. XLD
data supports this finding showing a distinct deviation
from the more isotropic occupation of the hybridized Ru
4d and O 2p orbitals seen in bulk-like SRO due to 2D
confinement. The lack of significant doping of the Ti is
supported by XAS measurements and DFT calculations,
which find a dominant Ti4+ valence and changes to the
crystal field splitting as a function of STO thickness. Fu-
ture work on the magnetic behavior and the complete
band structure of the heterostructures can be done to
compare with the electronic band structure of the su-
perconducting S2RO4 to further the analogy to the bulk
unconventional superconducting material.
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