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Nature of the apical and planar oxygen bonds in the Sr,,;Ru, 03, family (n = 1,2,3)
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We investigate the electronic structure of the Sr,,Ru,, O3, family (n = 1,2,3) in the vicinity the Fermi level
by means of polarization-dependent resonant O 1s x-ray emission spectroscopy. Using both energy window
and polarization analysis we disentangle the contribution of apical and planar oxygen, and compare it with
first-principles calculations. Our results provide a new insight on the nature of the oxygen bonds and the role of

Sr 3d states.
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I. INTRODUCTION

Metallic Ruddlesden-Popper Sr,,Ru,, O3, ruthenates (in
short SRO) with 2/3 filled 4d t,, bands have emerged as
a case study because of the unmatched bonanza of coop-
erative phenomena appearing by changing the number n of
perovskite layers. They range from high-temperature isotropic
ferromagnetism in STRuO3 (n = 00)' to anisotropic ferro- or
meta-magnetic behavior of Sr4sRu3 O (n = 3), enhanced Pauli
paramagnetism close to magnetic order in SrsRu, 07 (n = 2)>3
and, finally, low-temperature superconductivity in Sr,RuOj4
n=14

The amazing electronic properties of SRO perovskites
are typically ascribed to two ingredients. The first is the
interplay between lattice, spin, charge, and orbital degrees of
freedom. This is, in principle, common to all transition-metal
oxides (TMO). However, the radial extension of 4d atomic
functions is significantly larger than that of 3d states. Hence in
ruthenates the average electron-electron repulsion is weaker
than in classical 3d TMOs, but the effects of structural
distortions and bonding are more pronounced; at the same
time, however, low-energy correlation effects are enhanced
by Hund’s rule coupling,” which results in large quasiparticle
mass renormalizations of the electrons in the 44 1,, bands. !0
Thus the ruthenates are materials in which a peculiar com-
petition between local and itinerant physics takes place,'*!!
leading to quite different phenomena than in 3d TMOs.
The second peculiar aspect is the layered structure (Fig. 1),
believed to be by itself a source of intriguing phenomena.
Following the experimental effort on other layered materials,
such as cuprates,'? cobaltates,'? frustrated vanadates,'* and
Fe-based superconductors,'>'¢ the study of ruthenium oxides
has primarily focused on the role of the RuO; layers, which are
believed to be mainly responsible for the emergent phenomena
observed in these compounds. Several experimental works
have been devoted to the study of the empty®!” and occupied!®
electronic states, mainly aiming to clarify the role played by the
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RuO, layers. Nevertheless, a complete picture of the electronic
structure is still missing. In particular, the role of the SrO layers
has been little investigated and the nature of the O bonds is not
fully understood. This work aims to fill this gap.

To do this we use polarization-dependent resonant x-ray
emission spectroscopy (XES).!*?! Thanks to dipole selection
rules and energy range analysis, resonant XES is an element
and site-specific probe that provides access to the projection
of occupied states onto inequivalent sites,”'~>* and thus to
orbital occupations and anisotropies. To be able to clarify the
nature of the oxygen bonds we perform measurements at the
O K edge. This, in combination with ab initio calculations,
allows us to separate the contributions of planar (O, ) and apical
(O,) oxygens, and ultimately to single out the RuO, and SrO
layer contributions. Taken in conjunction with previous works,
and in particular our x-ray absorption spectroscopy (XAS)
results,? the present work establishes a complete picture of the
electronic structure in the SRO family.

II. METHOD

A. Experiments

High quality Sr,;Ru, 03,4+ (n = 1,2,3) single crystals
were fabricated by the flux-feeding floating zone technique,
with Ru self-flux.>>?® All sample surfaces were prepared
in situ by cleaving in ultrahigh vacuum conditions.® The
experimental work was carried out at the Beamline for
Advanced diCHroism (BACH)*-" at Elettra. The O 1s XAS
measurements were performed in the bulk sensitive fluores-
cence yield mode with an energy resolution of 0.15 eV. On- and
off- resonance O K-edge XES measurements were acquired
with a grating fluorescence spectrometer’’ and recorded in
the second order of diffraction. For this set of measurements
the combined resolving power Q of the beamline and the
spectrometer monochromator was around 800 at the second
diffraction order. The energy scale of the XES was calibrated
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FIG. 1. (Color online) Crystal structure of the single-layered
perovskite SroRuOy4. Each Ru atom is surrounded by an octahedron
constituted by six O atoms and by a cubic Sr cage. The ¢ axis is
perpendicular to the perovskite layers, and the ab plane is parallel to
the plane formed by Ru atoms in a given perovskite layer.

using the Cu K-edge emission lines of pure copper metal. O
Ls XAS and XES spectra for the three systems (Figs. 2 and 3)
were acquired with fixed incident angle £(72,k) = 60°, defined
as the angle between the normal (72) to the sample surface and
the direction of the incoming beam k. The photon polarization
£ was varied from horizontal (¢ ~ £, i.e., almost parallel to c)
to vertical (€ = £, i.e., parallel to the ab plane). The ab plane
and c axis are specified in Fig. 1. This permits a precise study
of the XAS/XES polarization dependence, without introducing
geometrical factors due to different optical paths, and allows us
to eliminate self-absorption effects. Due to the dipole selection
rules, the in-plane field induces mainly O 1ls — O 2p,,
O 2p, excitations, while the out-of-plane € induces exclusively
O 1s — O2p, transitions. Thus, by changing £ from horizontal
to vertical states with different orbital symmetries are probed.
The XES data are corrected for the energy-dependent incident
photon flux and normalized to tabulated cross sections in an
energy range about 40 eV above the O 1s threshold energy.

B. Theory

We assign the spectral features by comparison with ab initio
calculations based on density-functional theory in the local-
density approximation. We use two different first-principles
approaches, both based on local orbitals. The first is the Nth-
order linear muffin-tin orbital NMTO) method and its Wannier
functions, a powerful tool to disentangle the band structure
and clarify the nature of bonding in complex transition-metal
oxides.*? The second is the linearized augmented plane-wave
method (LAPW), which we use in the implementation of
the WIEN2K package.®® First we construct a complete set of
NMTO Wannier functions and calculate the orbital-resolved
hybridization matrices; next we combine these partial density
of states to obtain the XES spectra, accounting for selection
rules. We already successfully used such an approach to
disentangle the various contributions to the XAS spectra in
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FIG. 2. (Color online) O K XES (circles) and XAS (triangles)
spectra for the SRO series, measured at room temperature. The
displayed XES spectra are recorded with excitation energy of 560 eV,
well above the absorption threshold, i.e., off-resonance; at this
energy the polarization dependence is basically negligible. The XAS
spectra are shown for both polarization £. parallel to the ¢ axis
(horizontal, dark lines) and polarization g, parallel to the the ab
plane (vertical, light lines). For each system the linear dichroism
[8Iip(E) = Ixas(E; &.) — Ixas(E; £qp)] is then shown (gray areas).
The XAS data are from Ref. 8. All spectra are arranged together on
a common energy axis.

Ref. 8. For horizontal polarization, the XES and XAS intensity
can be estimated as I(E;¢,) = %[pX(E) + py(E)] c08? Bipe +
0.(E)sin? 6., where 6, is the incident angle, here fixed
to 60°. The quantity pu(E) =), pui(E —si's) is the sum
of orbital resolved oxygen density of states; —¢/* is the 1s
core energy (with respect to the Fermi level) of the oxygen
i= 0,0, and o = x,y,z. In the last step, we calculate
the XES spectrum using the XSPEC program of the WIEN2K
package; to directly compare with experimental spectra, we
broaden the calculated spectra by a Gaussian function with
0.66 eV and full width at half maximum, with life-time
broadening of the core state set to 0.64 eV.

III. RESULTS AND DISCUSSION

A. O K XAS and off-resonance XES

In Fig. 2 we show the XAS spectra, Ixas(E;€), together
with XES spectra, Ixgs(E;Z). The latter are normal or
off-resonance, i.e., the data are taken at 560 eV, ~32 eV
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FIG. 3. (Color online) (Top row) O K-edge XAS of the SRO series (n = 1,2,3) for horizontal and vertical polarization, &. and &,,. The
numbered dots indicate the excitation photon energies at which the XES spectra (bottom row panels) are recorded. (Bottom row) O K-edge
(2p — 1s) XES spectra obtained at room temperature for several excitation energies and both horizontal and vertical polarization. For a given
system and polarization the spectra are shifted vertically by a constant offset to the energy of incident exciting photons (numbered dots in the
upper row panels). The spectra consist of elastically scattered light (the elastic peak, vertical dotted line) and an inelastic spectrum, composed
by three main spectral features (o, 8, and y). The XES spectra are plotted vs the difference between the energy of the emitted and that of the

incident photon (energy loss).

above the K-edge threshold. Since the x-ray absorption
and emission spectra reflect the local density of empty
and occupied electronic states, respectively, we combine the
spectra in a plot with a common energy scale to facilitate the
discussion. The energy calibration of the XAS and XES data
was performed by comparison to the spectrum of a known
reference sample. The spectra are shown for both horizontal
g. and vertical polarization £,,. All XAS spectra display a
prominent feature B, with weaker shoulders A and C to its
left and right, respectively. In Sr,RuO,4 the A and B features
form a double-peak structure which can be ascribed to the
energy difference between apical and planar oxygen 1s core
levels; such structure turns into a single peak with a tiny
shoulder in SrzRu,O; and SrsRuz0;g. The nature of these
XAS features has been discussed in previous works,33+3
in particular Ref. 8. For clarity, here we briefly summarize
our conclusions. Since the O 1s core-hole created during the
XAS measurements weakly interacts with Ru 4d states, XAS
data yield a relatively unperturbed probe of the Ru 4d DOS.
The analysis of the Sr,RuOy4 data shows that the pre-edge A
feature mainly originates from the xz and yz bands, peak B
from xy band, while peak C stems from Ru e, holes. In the
case of n = 2 and n = 3 compounds, due to the large spread
in core-energy shifts, peak A splits and appears only as a
shoulder of peak B. These assignments are supported by the
difference 8 I p(E) = Ixas(E; E.) — Ixas(E; £4p) yielding the
out-of-plane/in-plane linear dichroism (LD), which turns out
to be remarkably large. Finally, the change of the XAS and LD
profiles in the different members of the SRO family reflects
the structural changes in the unit cell with n, which results
in a distinct rearrangement of the orbital occupation for the
Ru 15, and the O 2p bands.® Remarkably, we found that Sr d

bands also sizably contribute, in particular to feature C, and
are therefore essential to understand the XAS spectra.

Let us now turn to the off-resonance XES spectra in Fig. 2.
For all the three compounds, the normal XES spectra are
dominated by the strong central peak labeled with 8 and two
weaker features labeled with « and y. This spectral profile is
consistent with previous experiments>® on Sr,RuO,. At these
energies the XES spectra display basically no polarization
dependence. Finally, the spectral weight overlap of the low-
energy loss feature y and the lowest-energy peak A indicates
the absence of an energy gap, and it is a direct evidence of
the metallic nature of the three compounds. The nature of the
o, B, and y features is discussed in the next subsection, where
we analyze the resonant XES spectra, i.e., those taken at or
slightly above the energy of the K-edge threshold; in this
energy regime the feature « is strongly enhanced.

B. Resonant XES

The resonant XES spectra are displayed in Fig. 3. The upper
row panels show the XAS spectra in the photon energy range
(526,533) eV for both horizontal and vertical polarization. The
bottom row panels show the O 2p — 1s XES spectra. The XES
spectra are displayed as a function of the difference E between
the energy of the incident and of the emitted photons, and
hence the elastic peak is at zero energy. For a given system,
the Ixgs(E;€) curves are displaced vertically by an amount
proportional to the excitation energies. The latter are specified
by the numbered dots superimposed to the XAS spectra in
the corresponding upper panels, and vary from ~528 eV to
~533 eV. Particularly intriguing is the different effect of the
polarization on the « and g features.
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FIG. 4. (Color online) (a) XES O K-edge spectrum of Sr,RuOy4
(black line) at the excitation energy 528.1 eV, horizontal polarization.
The spectrum can be decomposed into three Lorentzian functions
centered at —7, —4.6, and —1.3 eV, respectively (dashed lines).
(b) Calculated O, 2p, (dotted line) and O, 2p, (solid line)
contributions to the XES spectra in horizontal polarization, broadened
by an instrumental resolution AE = 0.66 eV.

The main feature 8, as well as the tiny feature y, exhibit
a nonresonant behavior in all the compounds, both for g. and
£4p polarization and at all the excitation energies. The apparent
small intensity variation of the y feature around zero energy
loss (low excitation energy) is caused by the overlap with the
elastic peak. Through the XES profile simulations, shown in
Fig. 4, we find that for horizontal polarization 8 has a major
contribution from O, p, states; such contribution stems from
the nonbonding bands hybridizing with Sr d states and centered
at —2 eV, as evidenced by the Sr and O, partial density of
states displayed in Fig. 5. Thus, remarkably, peak 8 yields
information on the evolution of the Sr-O, hybridization in the
SRO series.

The second feature « displays, differently from 8 and y,
a remarkable resonant behavior for both . and &, and in
all systems. The evolution of « with the number of layers
and with incident photon energy yields information on the Ru
d-O p hybridization in the different materials and at different
energies. Similar effects have been observed in previous works
dealing with other highly anisotropic materials as NaV,05.3’
We find that peak « has sizable contributions coming from the
following hybridizations:

O, 2p.-Rudd,.,

O, 2px, 2py-Rudd,,,Rudd,_,,
0O, sz-Ru 4dzz, Sr 3d3zz_r2,

O, 2py, 2py-Rudd,..

In order to single out which of these terms is important
in which energy window we plot the maximum intensity of
the spectral feature « as a function of the excitation photon
energy and of the polarization direction. To this aim first we
decompose the XES spectrum into a linear combination of
three Lorentzian functions centered at —7, —4.6, and —1.3 eV,
respectively. This decomposition is shown in Fig. 4(a). In Fig. 6
we show R = I,,/Ig, the ratio between the maximum intensity
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FIG. 5. (Color online) The two upper panels show the off-
resonance XES and the XAS spectra for vertical (left column,
triangles) and horizontal (right column, circles) polarization. The
solid curves in the remaining panels show the most relevant partial
density of states contributing to the spectra. The in-plane density of
states are shown on the left and the out-of-plane density of states
on the right. For the O, 2p,, 2p,, and 2p, contributions, the lines
show the corresponding partial density of states shifted by ~1.3 eV to
account for the O 1s core-level energy difference between apical and
planar oxygens. The shift is indicated by an arrow. The experimental
data and the partial density of states are plotted on a common energy
scale. For the experimental data we take as energy zero the absorption
threshold, Ey ~ 528 eV.

of the resonant peak « and the intensity of the nonresonant
peak B, which merely plays the role of normalization factor.
We show R for both vertical and horizontal polarization, in
all measured compounds and as a function of the excitation
photon energies in the resonant energy ranges, defined in
Table I. The 1,/ ratio exhibits a remarkable out-of-plane/in-
plane anisotropy. For horizontal polarization €. (circles in
Fig. 6) we find that R = I, /1 displays one relatively narrow
peak centered at 528.1 eV for Srp,RuQy, and at 529.2 eV for
Sr3Ru,07 and SryRu30. For planar polarization £, (trian-
gles in Fig. 6) we find instead that /, /Ig displays a resonance
spanning over a broader energy range. Interestingly, there is
a partial overlap of the planar and vertical resonances. This
happens at very low photon excitation energies. Finally, the
energy widths A E of the resonant regimes (Table I) increases
with the number of layers n, while an ~0.6 eV energy shift of
its onset is observed when passing fromn = 1ton = 2,3.
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FIG. 6. (Color online) Intensity /I, of the resonant peak o«
normalized with respect to the intensity /4 of the nonresonant peak j
as a function of the excitation photon energies. Black solid dots, &,;
solid triangles, £,,. The arrows in panel (a) indicate the energy ranges
of the 2p states of the apical and planar oxygens; the vertical dashed
lines show the position of the elastic peak.

The striking polarization dependence of the resonance o
can be rationalized by considering a poor man’s one-electron
picture of the XES mechanism. The photo-excited electron
(spectator) is trapped into a bound, previously empty, orbital
while an electron from an occupied state decays to fill the
core hole. The lifetime of the photo-excited electron reflects
the degree of localization of the excited bound state. Thus, the
different resonant behavior displayed by our systems reflects
the different in-plane and out-of-plane degrees of localization
of the orbitals spanning the empty states.

Let us consider first the spectra for vertical polarization &y,
which probe O, and O,, p, and p, states. We find that the Ru
dy; and d,, orbitals mostly hybridize with O, p, and p, states

TABLEI. Energy range of the resonant intensity /,, for horizontal
and vertical polarization and for all the samples. The energy difference
AE is also reported. All energies are in eV.

-

Ec gab
SRO Energy range AE Energy range AE
214 528.9-529.5 0.6 529-531.8 2.8
327 529.5-530.6 1.1 529.6-533.5 3.9
4310 529.5-531.4 1.9 530-534 4
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while the Ru d,, and d,>_,» orbitals hybridize, as expected,
with O, p, and p, (Fig. 6). Thus for vertical polarization &,
the ratio R = I, /I reflects the width of the f,, and e, bands,
sampled via the following hybridizations:

O, p.-Rud,,,

O, py-Rud,,,

O, px, py-Rudy2_ 2,
O, px, py-Rud,,.

The situation is very different for horizontal polarization
&, i.e., when the O, and O, p, states are sampled. For this
polarization, the ratio R = I, /I resonates in a small energy
range above the Fermi level, and becomes tiny outside this
energy region. For Sr,RuQy the resonance is between 0 and
0.05 eV. In this energy window, because of the 1.3-eV shift
towards higher energy of the planar O 1s core levels, there is
no empty DOS from planar oxygens, as shown in Fig. 5. A
similar shift of planar oxygen contributions to higher energy
is also present in the n = 2 (~1.6 eV) and n = 3 (~0.05 eV)
systems. Thus, at low energy, the ratio R = I, /I3 measures O,
P holes. Our analysis shows that these holes are present in the
low-energy t,, bands via the small O, p.-Sr ds;>_,2, Sr dy;/y;
mixing. This conclusion is remarkable, since Sr states are
typically neglected in the analysis of the low-energy electronic
structure of the ruthenates and other layered materials. Our
experiments can be seen as a direct confirmation of theoretical
finding on the relevance of cation d states at low energy in
the electronic structure of perovskites.> With respect to cubic
perovskites,*” in the layered ruthenates a further source of O,
p-Sr d mixing is the horizontal shifts of neighboring RuO,
layers, which brings on top of each other Sr and O, belonging
to the surface of shifted perovskite layers (Fig. 1). In the case
of Sr,RuQy, for Sr and O belonging to two neighboring Sr
planes, the hopping integral between Sr ds,2_,» and O, p,
is as large as 1.7 eV, and that between Sr d,, and O, p,
is ~1.4 eV. The mixing of Sr d states in the f,, bands can
potentially have important consequences for the interpretation
of experiments measuring the low-energy states of layered
transition-metal perovskites. This assignment is confirmed by
comparing the ratio R with the XAS linear dichroism shown in
Fig. 2. The observed linear dichroism reflects the role played
by apical and planar oxygen in different energy windows: the
O, contribution is the only one in the 0- to 0.5-eV energy
range above the Fermi level, while the O, orbital contribution
is essential between 1 and 5 eV.?

IV. CONCLUDING REMARKS

In conclusion, by combining soft x-ray spectroscopic
techniques and ab initio calculations, we have investigated the
electronic structure of the Sr,;Ru, O3, series (n = 1,2,3).
By measuring the polarization resolved XAS and XES spectra
at the O K edge on SRO single crystals, we have disentangled
the contribution of the partial density of states of apical and
planar oxygen p states. We have assigned all main features
in the XES spectra. We have found that, surprisingly, Sr d
states are very important to understand XES spectra, both
below and above the Fermi level. Sr d orbitals participate
in the low-energy electronic structure through the direct
hybridization with the p orbitals of the apical oxygens.
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