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Depth-Resolved Modulation of Metal-Oxygen Hybridization
and Orbital Polarization across Correlated Oxide Interfaces

Paul C. Rogge, Padraic Shafer, Gilberto Fabbris, Wen Hu, Elke Arenholz,
Evguenia Karapetrova, Mark P. M. Dean, Robert . Green, and Steven J. May*

Interface-induced modifications of the electronic, magnetic, and lattice
degrees of freedom drive an array of novel physical properties in oxide
heterostructures. Here, large changes in metal-oxygen band hybridization,
as measured in the oxygen ligand hole density, are induced as a result of
interfacing two isovalent correlated oxides. Using resonant X-ray reflectivity, a
superlattice of SrFeO; and CaFeO; is shown to exhibit an electronic char-
acter that spatially evolves from strongly O-like in SrFeOj; to strongly Fe-like
in CaFeOj;. This alternating degree of Fe electronic character is correlated
with a modulation of an Fe 3d orbital polarization, giving rise to an orbital
superstructure. At the SrFeO;/CaFeO; interfaces, the ligand hole density and
orbital polarization reconstruct in a single unit cell of CaFeO;, demonstrating
how the mismatch in these electronic parameters is accommodated at the
interface. These results provide new insight into how the orbital character

of electrons is altered by correlated oxide interfaces and lays out a broadly

orbital degrees of freedom and produce
emergent electronic and magnetic proper-
ties in TMOs,I'™ a key question is what
role do the underlying changes in metal-
oxygen hybridization play? This uncer-
tainty remains because while electronic
and magnetic properties can be meas-
ured by existing techniques, metal-oxygen
hybridization cannot be thus far probed in
a quantitative manner across interfaces.
Here, we deploy resonant soft X-ray reflec-
tivity to depth resolve the oxygen ligand
hole density arising from metal-oxygen
hybridization and reveal that a superlat-
tice consisting of two TMOs with similar
electronic structures unexpectedly exhibits
large changes in orbital character. By

applicable approach for depth-resolving band hybridization.

The hybridization between transition metal d states and
O p states is one of the defining features of transition metal
oxides (TMOs) compared to conventional band insulators
and metals, and the resulting mixed metal/oxygen character
of the electronic structure plays a key role in their electronic
properties. While it has been thoroughly demonstrated that
formation of heterostructures can alter the charge, spin, and

resolving the orbital character at the unit

cell level, we find that the disparate orbital

characters reconstruct at the interface,

thus demonstrating a new class of oxide

interfacial reconstructions, that of metal-oxygen hybridization.
The important role of metal-oxygen hybridization is high-
lighted by the anomalous behavior of TMOs with strong
metal-oxygen covalency. These materials have metal d and
O p bands that directly overlap in energy—leading to a small
or negative charge transfer energy—and gives rise to self-doped
oxygen ligand holes due to the energetically favorable transfer
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of electrons to the metal d states from the O 2p states (d"p® —
d™*1p3).5-81 As a result, the electronic structure at the Fermi
level can have dominant oxygen character, which has been
used to explain many seemingly unexpected electronic and
magnetic phenomenon such as superconductivity in the doped
cuprates,®% incommensurate helical antiferromagnetism
(SrFeO; and CaFeOs),'*-14 rapid suppression of antiferromag-
netism due to doping (La,_,St,AO,, A= Cu, Ni, Co),>* and the
lack of Jahn-Teller distortions in formal e,' perovskites (RNiOs,
R = rare earth element; SrFeO5).>!] Strong covalency can also
alter the underlying mechanisms of metal-insulator transi-
tions such that oxygen holes disproportionate on alternating
metal sites rather than d electrons (RNiOj;, CaFeOj;).>681819
Moreover, strong hybridization can have a leading role in the
magnetic order and conductivity of TMOs such as manganites
as described in canonical work by Goodenough.?” Thus tuning
metal-oxygen hybridization could bring about new electronic
and magnetic properties in oxide heterostructures and enable
new ways to achieve colossal property changes, for example, by
tuning phase boundaries.

To measure changes in metal-oxygen hybridization at oxide
interfaces, we synthesized a superlattice of the isovalent perov-
skite oxides CaFeO; and SrFeOj; (formal Fe*, d4). These fer-
rate perovskites are strongly correlated materials that exhibit
a metal-insulator transition and non-collinear magnetism
with multi-q topological spin structures.''"1421-23] Their nega-
tive charge transfer energy results in a large self-doped ligand
hole contribution to their electronic structurel!®'21724 such
that the ground state is dominated by a configurational mix-
ture of d4 and d5L'1® and the degree of ligand hole (L") char-
acter is a measure of the Fe—O hybridization. While these
ferrates have similar electronic structures, their crystal struc-
tures differ, where SrFeOj; is cubic with 180° Fe—O—Fe bond
angles and CaFeOj; is orthorhombic with 158° bond angles.['!
By measuring resonant reflectivity at spectroscopic signals that
are sensitive to Fe—O hybridization, we find that the electronic
character in confined CaFeOjs layers is, unexpectedly, strongly
Fe-like. This gives rise to a hybridization superstructure that
spatially varies from strongly O-like in SrFeOj; to strongly Fe-
like in CaFeO;. With the spatial resolution afforded by X-ray
reflectivity, we find that these disparate electronic characters
reconstruct within a single unit cell region at the interface.
We support these findings by depth-resolving the Fe 3d orbital
polarization using polarized resonant reflectivity, and show that
the degree of orbital polarization correlates with the degree of
Fe character, giving rise to an orbital superstructure through
the superlattice and an orbital reconstruction at the interfaces.
These results provide important insight into how oxide inter-
faces alter the orbital character of electrons. Additionally, our
demonstration of resonant X-ray reflectivity for characterizing
metal-oxygen interfacial reconstructions provides motivation
and support for subsequent new ways to tune and identify the
interfacial properties of complex oxide heterostructures.

The results in this study were obtained from a superlat-
tice consisting of [(SrFeOs3),o/(CaFeO3)s|x4 deposited on single
crystal LaAlO;3(001) by oxygen-assisted molecular beam epi-
taxy. The off-resonance specular X-ray reflectivity measured at
800 eV, shown in Figure 1a, exhibits short-period oscillations
associated with the total film thickness as well as superlattice
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Figure 1. a) Measured (red) and simulated (black) off-resonant soft
X-ray reﬂecthlty at 800 eV for o-polarized photons exhibits superlattice
Bragg reflections ggo,. Inset illustrates the specular reflectivity measure-
ment geometry. b) Schematic of the superlattice structure and the final
film parameters obtained from the best reflectivity fit, which includes a
3 A-thick SrO surface layer.

Bragg peaks, denoted by qg;. The suppressed intensity of ggys
is consistent with the 4:1 ratio of the SrFeOs;:CaFeO; thick-
nesses: For a superstructure of uniform subunits with thick-
ness m and n, the structure factor of the (m/n + 1) Bragg reflec-
tion is strongly suppressed.”>?¢ The film structure is further
refined by fitting the measured data using the reflectivity anal-
ysis program ReMagX,?”?8 and the final model parameters are
listed in Figure 1b. The obtained interfacial roughness of 2.0 A
is less than the unit cell thickness, indicating abrupt interfaces.
Hard X-ray diffraction shown in Figure S1 in the Supporting
Information further confirms the superlattice structure and
suggests that the heterostructure is relaxed from the substrate,
with the thinner CaFeOs; layers instead strained to the thicker
SrFeO; layers such that CaFeO; is under moderate tensile
strain (=1.6%).

To probe Fe—O hybridization as a function of depth, we
measured resonant reflectivity near the O K edge. The presence
of oxygen ligand holes due to the strong Fe—O hybridization is
spectroscopically observed as a pre-peak feature in the O K edge
X-ray absorption (XA), and the pre-peak intensity is proportional
to the ligand hole density.?>-33 As seen in Figure 2a, the O K
edge XA of separate, monolithic films of CaFeO; and SrFeO;
exhibit a pre-peak at 526-529 eV. We note that both pre-peak
intensities are suppressed compared to bulk when measured
using this surface-sensitive total electron yield (TEY) technique
and is attributed to partial oxygen loss at the film surface. Com-
paring the reflectivity at the oxygen pre-peak feature (528.5 eV)
and at the nominal O K edge (530.1 eV, herein referred to as
the O K edge), shown in Figure 2b, reveals two observations.
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Figure 2. a) XA measured by TEY across the O K edge for monolithic films with Fe>* (EuFeOs, dashed line) and formal Fe** (SrFeO; and CaFeOs),
which exhibit a pre-peak feature (526-529 eV, shaded) due to strong Fe—O hybridization in the ferrates. Arrows denote energies at which the resonant
reflectivity was measured. b) Resonant reflectivity measured with o-polarization at the O pre-peak (528.5 eV, red) and at the O K edge (530.1 eV, blue),
along with the simulated reflectivity for the O K edge (530.1 eV, dashed, black line). c) Pre-peak reflectivity for three simulated scenarios. Model 1: an
equal ligand hole density for SrFeO; and CaFeO3; Model 2: different ligand hole densities for SrFeO; and CaFeOs; and Model 3: a 1 unit-cell-thick region
within each SrFeO; and CaFeOj layer at each interface is allowed to be distinct from the layer interior. d) The representative XA spectra with altered O
pre-peak intensities that produced the best reflectivity fit for each model in (c) (arrow denotes the O pre-peak), where the SrFeO; pre-peak intensity
is comparable to that measured in bulk SrFe0;.1%l e) The estimated O ligand hole density (see the text) as a function of distance across the SrFeOs/
CaFeOQ; interfaces in the superlattice. Each data point (circle) represents one unit cell. Additional shades in Model 3 denote the interfacial regions.

First, the pre-peak reflectivity exhibits more intense superlattice
reflections compared to the O K edge. Because the intensity of
a Bragg reflection is proportional to the square of the difference
of the energy-dependent scattering factors for the sublayers
within the superlattice cell, which to first order corresponds
to a difference in the effective electron density for SrFeO; and
CaFeOs, this reveals that the CaFeO; and SrFeOj; layers have
a much larger difference in their O pre-peak scattering factors
than their O K edge scattering factors, which we attribute to dif-
ferent ligand hole densities between the SrFeO; and CaFeO,
layers. This is unexpected because previous work has esti-
mated comparable ligand hole densities for SrFeO; (=0.9 ligand
holes)['317l and CaFeOjs (=0.9 ligand holes).?* Thus, the sample
exhibits a superstructure of modulated band hybridization.
Second, in contrast to the O K edge reflectivity, the pre-
peak reflectivity exhibits enhanced intensity at the forbidden
qoos reflection, which can occur if the scattering factors of the
interface differ from the interior.?>?¢! This is strong evidence
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for a reconstruction of the ligand hole density at the SrFeO;/
CaFeOj; interface. To further support this analysis, the resonant
reflectivity was simulated by computing the resonant complex
refractive indices for SrFeO; and CaFeO;.?>3% Using the film
structure determined previously in Figure 1, we simulate the
reflectivity at the O K edge resonance energy (530.1 eV). As
seen in Figure 2b, excellent agreement is achieved without the
use of fitting parameters, where the superlattice reflections are
well captured, including the suppressed g5 reflection at g, =
0.330 AL,

Next, we simulate three scenarios for the pre-peak reflectivity
in Figure 2c. To model potential differences in ligand hole den-
sities, we varied the O pre-peak XA intensity of both SrFeO,
and CaFeOj; and re-computed the resonant refractive index, n =
1 - 8 + if (see Methods and Figure S2, Supporting Informa-
tion). The resulting relationship of 6 and f at 528.5 eV (pre-peak
energy) as a function of the modified pre-peak XA intensity was
obtained and input into the reflectivity simulation software,
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which enables the software to vary the pre-peak optical con-
stants in order to determine the best fit. The pre-peak XA inten-
sities for the SrFeO; and CaFeO; layers obtained from the best
fit are plotted as the representative XA spectra in Figure 2d.
The structural parameters determined in Figure 1 were main-
tained for all scenarios, and the numbers of free parameters are
minimized by constraining the optical parameters to be equal
for all SrFeOj; layers and all CaFeOjs layers.

Because bulk SrFeO; and bulk CaFeO; have similar ligand
hole densities, in Model 1 we constrain the CaFeO; and SrFeO;
layers to have an equal ligand hole density (i.e., one fitting para-
meter). Model 1 fails to replicate the enhanced intensity of the
Bragg reflections, despite the large pre-peak intensity relative
to the O K edge spectra associated with this fit, as illustrated
in Figure 2d. We quantify the ligand hole density (discussed
below) based on the pre-peak intensity obtained from the best
fit and plot its spatial dependence through the superlattice
in Figure 2e. For Model 2, we allow a modulated ligand hole
density through the superlattice by allowing the SrFeO; and
CaFeOj; layers to have different ligand hole densities (i.e., two
fitting parameters) and find that the best agreement occurs
for a significantly enhanced SrFeOj; ligand hole density com-
pared to CaFeO;. As seen in Figure 2c, the Bragg features of
the measured reflectivity are now better captured, and the rep-
resentative XA spectra shown in Figure 2d (Model 2) highlight
the significantly increased pre-peak intensity of SrFeO; com-
pared to CaFeO;. However, the ggs reflection is not well cap-
tured by Model 2.

In Model 3, at each interface, we allow the ligand hole den-
sity of a 1 unit-cell-thick region within the SrFeO; and CaFeO,
layers to be distinct from the ligand hole density of their respec-
tive layer interior (i.e., four fitting parameters). As seen in
Figure 2c, the best fit is notably improved over Models 1 and
2, where the intensity of the forbidden g5 reflection is now
replicated, and the agreement for g, > 0.3 A~! is additionally
improved. We find that the best fit occurs when the SrFeO,
interior and its 1 unit-cell-thick interfacial region have an equal
ligand hole density, i.e., the ligand hole density is uniform
through the entire SrFeO; layer. In contrast, the CaFeO; inte-
rior has a significantly lower ligand hole density than SrFeO;
(=3x less), and the 1 unit cell CaFeOj; interfacial regions exhibit
an average between these two extremes. This is illustrated in
Figure 2d by the significant difference in pre-peak XA inten-
sities obtained from the best fit in Model 3. Simulations of
other interfacial reconstructions (e.g., 2 unit-cell-thick regions)
produced poorer fits. Previous work has shown that reducing
Fe—O hybridization via substitutional doping in TLa.,St,FeOs;
results in a decreased O pre-peak intensity with no discernible
shifts in the pre-peak position.?’l These simulations therefore
confirm a modulated electronic structure associated with Fe—O
hybridization and reveal that the CaFeOj; layers in this super-
lattice have a significantly lower ligand hole density than the
SrFeOj; layers, where the large pre-peak XA intensity obtained
for SrFeO; in Model 3 is consistent with a bulk-like ligand
hole density.?l The simulations indicate that the SrFeOj; layers
remain bulk-like whereas the ligand hole density of the much
thinner, strained CaFeOj; layers has been significantly reduced.
Model 3 further demonstrates how the disparate electronic
character is reconciled at the interface through a single unit cell
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of CaFeOj; that exhibits a degree of hybridization between that
of the CaFeOj; interior and SrFeOs, as highlighted in Figure 2e
(Model 3).

We gain further insights into band hybridization by meas-
uring polarization-dependent reflectivity at the Fe L edge,
which is sensitive not only to the Fe valence state but also the
orbital occupation of the e, electrons.’®) The octahedral sym-
metry of perovskites splits the five 3d levels into a lower, triply
degenerate manifold (t,) and a higher, doubly degenerate man-
ifold (e,). Further lowering of the local symmetry, for example,
through epitaxial strain, can lift the degeneracy and split the
two ¢, orbitals, d,._» and d,. ., in energy such that the single
e, electron of the Fe d* state preferentially occupies the lower
energy orbital, whereas the filled ¢, band of the dL* state would
not result in different 3d orbital occupations. Given the hybridi-
zation superstructure, one would expect a commensurate
superstructure of orbital character.

The polarization-dependent reflectivity measured at the Fe
L; (708.9 and 709.4 eV) and L, edge (722.4 eV) (see Figure 3a,
inset) is shown in Figure 3a. The data provide three initial
insights. First, whereas the off-resonant (800 eV) and oxygen
resonant reflectivity (528.5 and 530.1 eV) exhibit enhanced
intensity at the Bragg reflections, in comparison the Bragg
reflections of the Fe resonance energies at 708.9 and 709.4 eV
have reduced intensity (see arrows in Figure 3a). This indicates
that the structure factor, which depends on the difference in
scattering factors between CaFeOs; and SrFeOs, is small and
thus the resonant scattering factors for CaFeO; and SrFeOj; are
nearly equal at these energies. This is expected if both CaFeO;
and SrFeOj; have the same formal Fe** valence state because
the optical parameters are derived from, and dominated by,
the oxidation state-dependent XA spectra (see Figure S3, Sup-
porting Information), although the Bragg intensity is not fully
suppressed due to the different non-resonant contributions of
Ca and Sr to the overall scattering factors. This supports the
conclusion that the O ligand hole modulation is not due to
oxygen vacancies, which would reduce the Fe valence and thus
alter the Fe optical parameters.?”! Second, rather than qgos, the
qoos reflection exhibits behavior different from the other Bragg
reflections. This mimics the O pre-peak reflectivity and sug-
gests that the Fe states exhibit a similar reconstruction at the
SrFeO;/CaFeO; interface as the O ligand hole states. Third, the
reflected intensity is polarization-dependent. The reflectivity
measured with photons polarized perpendicular and parallel to
the scattering plane, R; and Ry, respectively (see also Figure 1,
inset), exhibit a phase shift, which we attribute to orbital polari-
zation within the e, band.

To extract the layer-resolved orbital polarization, we simulate
the polarization-dependent reflectivity arising from different
orbital polarizations*®l within the SrFeO; and CaFeOs layers
by using X-ray linear dichroism (XLD) spectra of monolithic
SrFeO; and CaFeO; films measured previously (see Figure S3,
Supporting Information).** The simulated reflectivity of the
final structure, shown in Figure 3b, exhibits good agreement
with experiment. As seen in Figure 3¢, the asymmetry of the
measured reflected intensity, (R; — R;)/(Rs + Ry), exhibits large
features that, consistent with the superlattice structure, repeat
in g,. We determine the orbital polarization by fitting the asym-
metry at 708.9 eV and then observe the resulting asymmetry at
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Figure 3. a) Resonant reflectivity at the Fe L edge measured with photons polarized perpendicular (R,) and parallel (R;) to the scattering plane
exhibits clear differences with photon polarization. Inset: Fe L edge XA for SrFeOs; red circles denote reflectivity measurement energies. b) Simulated
Fe resonance reflectivity replicates the polarization dependence after optimizing the orbital polarization within the layers. c) The reflectivity asymmetry,
(Rs— Ry)/(Rs+ Ry), exhibits features that repeat in g, in accordance with the film superstructure. The best fit with experiment is achieved when the SrFeO;
layers have =1% d3,2_,. polarization and the CaFeOs layers have ~8% ds,._,. polarization that is reduced by approximately one-half within the 1 unit-
cell-thick CaFeOs interfacial regions. d) Plot of the orbital polarization across the SrFeO;/CaFeQOj interfaces that produced the best fit with experiment.

the other two energies. Importantly, we enable the simulation
software to vary the magnitude of the XLD (i.e., the magnitude
of the orbital polarization) in order to determine the best fit
with experiment (see Experimental Section). We first consider
the structure with no interfacial regions and find that the best
fit occurs for small d,,. . polarization in SrFeO; and much
larger d,,._. polarization in the CaFeOj; layers (see Figure S4,
Supporting Information). A small orbital polarization in SrFeO,
is consistent with its relaxed state and the strong d5L* contribu-
tion to its electronic character. The non-zero orbital polarization
of the entire CaFeOjs layer confirms that the effect is not simply
a modification of the d,. . orbitals due to the change in sym-
metry at the SrFeO;/CaFeO; interface. The agreement between
experiment and simulation notably improves when considering
a distinct interfacial region. Based on the O pre-peak analysis,
we consider a uniform SrFeOj; layer and a CaFeOj; layer with
a 1 unit cell interfacial region at each interface. The best fit,
shown in Figure 3¢, identifies an electronic structure similar to
the previous scenario albeit with a CaFeOj; orbital polarization
reduced by =40% at its interface with SrFeOs. This importantly
highlights the interplay between Fe and O electronic character:
The Fe** ground state is dominated by (od* + Bd5L' + yd®L? + ...)
where o + 2 + ¥ + ... = 1, and a reduction of the ligand
hole density in the interior region of CaFeO; thus implies an
increase in the d4 contribution there. Because only d4 contrib-
utes to the measured orbital polarization, the reduced Fe orbital
polarization within the CaFeO; interface region is consistent
with the increased ligand hole density there (see Model 3 in
Figure 2e).

To quantitatively estimate the number of ligand holes, we
normalize the representative SrFeO; pre-peak XA intensity
obtained from the best reflectivity fit (Figure 2d, Model 3) to
0.9 ligand holes, which previous work has estimated for the fer-
rates.l'31734 With this, the CaFeOj layers have =0.3 ligand holes
in the interior and =0.6 ligand holes in the interfacial region,
values that are significantly lower than previous estimates of
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strained, monolithic films with =0.85 ligand holes,*¥ which
further suggests that strain is not the source of the reduced
ligand hole density. From a purely ionic view, these ligand hole
counts imply that the number of Fe 3d electrons decreases from
4.9 in SrFeO; to 4.3 in CaFeO;, values that we use in order to
quantitatively estimate the measured orbital occupations using
sum rules. Although the precise orbital polarization depends
on the integral of the entire XLD spectrum, which we cannot
fully determine here, the magnitude of the dichroism at these
energies approximately scales linearly with strain,B4 which
we use to estimate the magnitude of the orbital polarization,
Mapzp =N .
p=—2"___*7 where n; is the number of electrons occu-
Moy oMo o
pying orbital i. We find that SrFeO; has =1% d, . . polarization
and CaFeO; has =8% d, . . polarization. The preferential d, .
occupation under tensile strain for CaFeOj; is consistent with
previous measurements of monolithic CaFeO; films, where
the inverted orbital polarization was shown to be consistent if
strain effects were mostly limited to changes in Fe—O—Fe bond
angles rather than bond lengths.>*

Such a substantial change in the Fe 3d occupation is unex-
pected given the approximately uniform charge density
between SrFeO; and CaFeOs;. The significantly reduced Fe 3d
occupation in the CaFeOjs layers is interpreted as a change in
the orbital character of the valence electrons in CaFeOs, i.e., an
increased d* contribution to the ground state at the expense of
&L in the CaFeOj; layers can account for the decreased Fe 3d
occupation. This in turn implies that the valence electrons in
the CaFeO; layers have an increased Fe orbital character at the
expense of oxygen orbital character. Thus while bulk SrFeO;
and bulk CaFeOj; have valence electrons with strong oxygen
character, this superlattice sample exhibits a significant modu-
lation of orbital character along the growth direction, where the
electronic structure varies from strongly oxygen-like in SrFeOs
to strongly Fe-like in CaFeOs;. Moreover, our analysis demon-
strates that these disparate orbital characters reconstruct within

_yz
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a 1 unit-cell-thick region within CaFeOj; at the SrFeO;/CaFeO;
interface.

Such a change in orbital character can be understood in
terms of a change in the Fe—O hybridization, which depends
on the energy separation between the Fe 3d and O 2p bands,
A. The ligand hole density depends on the energy separation
between the Fe and O bands and can be estimated using mul-
tiplet ligand field theory, which has successfully described
strongly hybridized materials previously.[38 We have calculated
the relative contributions of d4, dL', and d°L? to the ground
state as a function of A for CaFeOj; (see Figure S5, Supporting
Information). While A = -2.0 eV for bulk CaFeO; with 0.85
ligand holes, '3 we find that CaFeOj in superlattice form with
0.3 ligand holes corresponds to A = 6.0 eV. Thus, this simple
model indicates that the Fe—O hybridization in the CaFeO;
layers is approximately equivalent to the situation where the Fe
3d states are significantly higher in energy than the O 2p states.
This increased separation between the Fe and O states reduces
the Fe—O hybridization and thus alters the orbital character of
the valence electrons.

We ascribe the significant reduction in Fe—O hybridiza-
tion within the CaFeOj; layers to interface-induced changes to
the local bonding environment. It is well known that epitaxial
strain and symmetry mismatch at film/substrate interfaces
alter B—O—B bond lengths and angles within ABO; perov-
skites, where the octahedral connectivity requirements at the
interface can impart non-bulk rotations of the perovskite octa-
hedra.?**2 Given that bulk SrFeO; has 180° bond angles and
bulk CaFeO; has 158° angles, altered bond angles at the inter-
face would be expected—particularly for the relatively thin,
5 unit-cell-thick CaFeO; layers sandwiched between thicker,
20 unit-cell-thick SrFeOs layers. Changes in bond angles are
known to modify atomic hybridization by altering the overlap
of the atomic orbitals,>*] and the magnitude of the relative
shift in the Fe 3d-O 2p energy alignment within the CaFeO,
layers is consistent with previous work. First-principles calcula-
tions of CaFeOj; estimate a change in the Fe 3d-O 2p energy
alignment of =1 eV per degree change in the Fe—O—Fe bond
angle,! and bond angle changes on the order of 5° have been
experimentally demonstrated in many perovskite systems due
to imprinting.?*#24647] Techniques to measure bond angles
are not possible here, however, because the 5 unit-cell-thick
CaFeOs layers are too thin for half-order Bragg peak analysis
and the superlattice is too thick for coherent Bragg rod analysis.
Additionally, scanning transmission electron microscopy is
not possible because these ferrates lose oxygen during sample
preparation, which alters the Fe valence state and crystal struc-
ture. However, other strongly hybridized material systems that
are not prone to oxygen loss, such as the rare-earth nickelates,
could be studied to confirm our conclusions.

Based on our conjecture here, though, controlling interfa-
cial and depth-dependent hybridization should be possible.
Past work has demonstrated how epitaxial strain,’**! ultra-thin
films, 1 superlattices!*?! and insertion of buffer layers*’! can
enable control over the B—O—B bond angles in perovskites.
Thus, for example, increasing the CaFeOj; layer thickness would
be expected to localize hybridization changes to the interface
alone as the CaFeO; bond angles relax towards their bulk values
in the layer interior.?¥ Our demonstration using resonant X-ray
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reflectivity to probe highly localized metal-oxygen hybridization
is a critical step towards such a goal of controlling interfacial
hybridization in oxide heterostructures.

In summary, we have experimentally shown that the forma-
tion of interfaces can significantly alter the degree of metal-
oxygen hybridization in TMOs. Using resonant soft X-ray
reflectivity at oxygen K edge energies sensitive to Fe—O hybridi-
zation, the electronic structure of a superlattice of SrFeO; and
CaFeOs is found to modulate between strongly O-like in SrFeO;
to strongly Fe-like in CaFeOs;, reconciled within a single unit-
cell-thick region at the interface. This spatially varying Fe char-
acter additionally gives rise to an artificial Fe 3d orbital super-
structure. Previous discoveries of electronic, magnetic, and
orbital reconstructions at oxide interfaces have enabled new
strategies to tune functionality in these materials. Here, we
demonstrate that metal-oxygen hybridization can be altered by
and even reconstruct at oxide interfaces, and thus these results
provide important context for understanding interfacial proper-
ties such as magnetism, superconductivity, and metal-insulator
transitions which directly depend on ligand hole densities in
metal oxides. We further propose that the resonant X-ray reflec-
tivity approach as demonstrated here can be deployed broadly
to probe new states of matter that are also sensitive to hybridi-
zation, such as topological insulators and semimetals.

Experimental Section

Material Synthesis: Ferrate superlattices were deposited by oxygen-
assisted molecular beam epitaxy at =650 °C with a background oxygen
pressure of 8 X 107 Torr (base pressure 4 x 107'° Torr). The as-grown
sample was subsequently annealed by heating to =600 °C in oxygen
plasma (200 W, 1 x 107 Torr chamber pressure) and then slowly cooled
to room temperature in oxygen plasma.?!l Prior to all measurements,
the films were re-annealed in oxygen plasma by the same post-growth
process to mitigate oxygen deficiency. Immediately prior to deposition,
elemental fluxes were confirmed to be approximately stoichiometric by
depositing monolithic films of SrFeO; and CaFeOs that exhibited electrical
transport consistent with stoichiometric films. Hard X-ray diffraction
was performed at Sector 33-BM of the Advanced Photon Source.
Reflectivity Measurement and Analysis: Linearly polarized resonant
X-ray reflectivity was performed at the Advanced Light Source (ALS),
Beamline 4.0.2 and at the National Synchrotron Light Source-ll
(NSLS-11), Beamline 23-ID-1. Reflected intensity was measured at
300 K by a GaAsP diode and the diffuse scattering was accounted for
by repeating the measurement with the sample offset by 1° and then
subtracting these data (ALS) or was recorded by an area detector (fast
CCD) with a 30 um x 30 um pixel size such that the total intensity is the
integrated intensity of a selected region-of-interest (NSLS-11). Reflectivity
measured with m-polarized photons was normalized in order to account
for the Brewster effect.? The off-resonant and O K edge reflectivity were
simulated using ReMagX in Paratt mode.[?”.28] The complex refractive
index (n =1 — 0 + iff) at the resonance energies was determined by
combining experimentally measured XA across the O K edge and the Fe
L edge for monolithic films of SrFeO; and CaFeO; on LaAlO;(001) with
the non-resonant, tabulated data (Chantler tables*®]) of the absorptive
part of the scattering factor (f”). The dispersive part (f’) was obtained
by Kramers—Kronig conversion of f”, and the refractive index (5, ) was
then obtained by conversion of f” and f”.2>3¢l To model different ligand
hole densities, the complex refractive index was calculated for different
pre-peak XA intensities (see Figure S2, Supporting Information), and the
values of 6 and 3 at 528.5 eV (pre-peak energy) were then extracted from
each modified spectrum for both SrFeO; and CaFeOj; as a function of
the pre-peak XA intensity. The resulting dependence of ¢ and f3 on the
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pre-peak XA intensity was used to constrain the fitting optimization in
ReMagX via the scripting capability for the 528.5 eV reflectivity.

The polarization-dependent Fe resonant reflectivity was simulated
using a dielectric tensor that assumes a tetragonal distortion to the
cubic (SrFeO;) and pseudocubic (CaFeOs;) unit cells,

NZ 0 O g O
€= 0 Ni 0 |=[ 0 &4
0 0 N 0 0 &

where N; = (1-5;+if;).2% B, (B,) was derived from experimentally
measured XA of monolithic films deposited on LaAlO3(001) measured
with photons polarized in-plane (out-of-plane) relative to the film
surface. To model different orbital polarizations, the polarization-
dependent difference between f,, and f,,, which is proportional to the
XLD, was systematically modified by varying an XLD scaling factor, a:

ﬁ’xx — ﬁxx ;ﬂzz +a(ﬁxx ;ﬂzz)

and

B’zz :ﬁu;Bzz _a(ﬁxx;ﬁzzJ

Each B’ (B%,) spectrum was then converted to &y (0%) via Kramers—
Kronig conversion. The values of &y, B, 07, and 8, at 708.9 eV were
extracted as a function of the XLD scaling factor, a, which was used to
constrain the fitting optimization for the 708.9 eV asymmetry. The XLD
scaling factors for both SrFeO; and CaFeO; obtained from the best fit
at 708.9 eV were used to generate the full-energy range of polarization-
dependent optical parameters in order to simulate the reflectivity at the
other Fe resonance energies.

Multiplet ligand field calculations were performed using the
code Quanty.’® Calculation details are provided in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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