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We have performed a systematic study of the physical properties and electronic structure of SrTiO;,
StTipsRuy 503, and StRuO;. For the mixed compound, the temperature dependence of the magnetization is
consistent with the occurrence of Ru7'i and TiRu defects. Despite being a semiconductor, the behavior of the
electrical resistivity as a function of temperature is compatible with the emergence of small metallic regions
richer in Ru concentration, a feature supported by the finite spectral weight at the Fermi level observed in
the valence-band x-ray photoemission spectroscopy spectrum. The x-ray photoemission and absorption spectra
of the SrTigsRuy50; compound were simulated by double cluster model calculations, which include the
TiOg-RuQg interaction, and also by the linear combination of single cluster calculations for SrTiO; and SrRuOj.
The results indicate that the interaction between different octahedra may give rise to distinct peak characters,
depending on the experimental spectrum being calculated. We argue that these effects are only captured with the

explicit inclusion of the Ti-Ru interaction.
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I. INTRODUCTION

Transition-metal oxides are the center of many important
discoveries in the condensed-matter field in the last decades,
such as high-T; superconductivity [1] and giant magnetoresis-
tance [2]. The great interest in these materials is led not only
by their myriad of intriguing physical properties but also by
many underlying phase transitions, which can be induced by
changes in temperature, pressure, chemical substitution, and
doping [3]. In particular, ruthenium oxides form a unique fam-
ily of compounds which regained attention after the discov-
ery of superconductivity in Sr,RuQy4 [4]. Other well-known
examples are paramagnetic-to-ferromagnetic phase transition
in Ca;_,Sr,RuO; [5,6], and the variety of phases in the
Ruddlesden-Popper series Sr,,+1Ru,03,+1 [7,8].

More recently, the SrTi;_,Ru, O3 (STRO) series was the
subject of a number of studies regarding its structural, trans-
port, and optical properties, as well as its electronic structure.
On the x = 0 side of the series, bulk SrTiO3 (STO) exhibits
cubic structure at room temperature which can evolve to a
tetragonal (110-65 K), orthorhombic, (55-35 K), and possibly
arhombohedral phase below 10 K [9]. It is a diamagnetic band
insulator with a direct gap close to 3.2 eV [10].

On the x = 1 end of the phase diagram, StRuO; (SRO)
crystallizes in an orthorhombic distorted perovskite structure
at room temperature [11], it is metallic [12], and it displays
either Fermi-liquid [13] or bad metal [14,15] behavior, de-
pending on the temperature range analyzed. Also, SrRuQOj;
can be classified as an itinerant ferromagnetism with Curie
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temperature 7c ~ 160 K and a magnetic moment of pef &
1.60up/f.u. [16,17], being the only 4d transition-metal (TM)
oxide to exhibit metallic and ferromagnetic properties on the
same crystal phase.

The SrTi;_,Ru,O;5 series exhibits cubic structure for x <
0.30, tetragonal for 0.30 < x < 0.40, and orthorhombic for
x > 0.40. Electrical resistivity measurements indicate insu-
lating behavior for x = 0.0 (dp/dT > 0). According to Kim
et al., Ru doping in films of this series leads to different ground
states, namely, disordered correlated insulator (x =~ 0.2),
soft Coulomb gap insulator (x &~ 0.4), and Anderson insula-
tor (x ~ 0.5). For x ~ 0.7 a metal-insulator transition (MIT)
takes place, turning the system into a disordered metal and
finally to a correlated metal for x &~ 1.0.

The electronic structure of the SrTi;_,Ru,O; series has
been studied with x-ray photoemission and absorption spec-
troscopies, as well as density functional theory (DFT) calcula-
tions. Early works on polycrystalline STRO supported that the
Ti3d and Ru4d bands should be decoupled, and suggested
that the metal-insulator transition at x, & 0.35 belongs to the
universality class of percolation phase transitions [18]. Kim
et al. performed photoemission and absorption measurements
of SrTi;_,Ru, O3 series and addressed the metal-insulator
transition as being caused by correlation and disorder effects
[19]. Band-structure calculations for STRO indicated that
the metal-insulator phase transition could be related to the
increase of correlation strength in the Ru site [20], while
other ab initio studies suggested that the low-Ti side of
the SrTi;_,Ru, O3 series would exhibit a half-metallic phase
[21]. More recently, studies on the effect of disorder in thin
films of Sr,TiRuOg supported the proposal that the 4d state
connectivity between neighboring Ru atoms could strongly
influence the electronic structure near the Fermi energy, and
thus, the electronic properties of the compound [22].
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We describe here the results of our studies of the physical
properties and electronic structure of SrTiOs, SrTigsRug 503,
and SrRuO; polycrystals. The x-ray diffraction suggests
three different crystallographic phases for the three different
samples, while the magnetization and electrical resistivity
measurements suggest the occurrence of Ru7i and TiRu
defects, giving rise to small metallic regions richer in Ru
concentration. The electronic structure was probed with x-ray
photoemission and absorption, and interpreted by means of
cluster model calculations. In particular, the spectra for the
SrTigsRug 503 compound were simulated by considering two
approaches: (i) a double cluster model calculation taking into
account the interaction between TiOg and RuOg octahedra,
and (ii) weighting the results of a single cluster model for
each end member of the series. This strategy allows us to
address how the interaction between SrTiO; and SrRuOj;
clusters can affect the analysis of the electronic structure on
StTipsRug 503. We show that the impact of the explicit inclu-
sion of Ru-Ti interaction is dependent on the spectroscopic
technique, and that although both approaches can describe the
overall shape of the experimental data, the composition of the
states forming each peak in the different spectra differs from
one model to the other. We argue that both Ti-Ru disorder
and electronic correlation are important ingredients for the
description of the electronic structure of the SrTi;_,Ru,O3
series close to ~50% substitution.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of SrTi;_,Ru,O; (x =0, 0.5,
and 1) were synthesized by the solid-state reaction method.
Phase identification and unit-cell parameters were determined
by refining powder x-ray diffraction patterns [23]. Magneti-
zation M (T) measurements, taken on parallelepiped-shaped
samples, were performed in a commercial superconducting
quantum interference device magnetometer from Quantum
Design in the temperature range between 5 and 300 K under
zero-field-cooled (ZFC) and field-cooled (FC) conditions.
Temperature dependence of the electrical resistivity o(7)
were conducted in small rectangular pieces with the standard
four-probe method and performed in a commercial Quantum
Design PPMS Dynacool apparatus in the temperature range of
2K T <300K.

X-ray spectroscopy

The spectroscopic measurements were carried out at the
Laboratério Nacional de Luz Sincrotron (LNLS), Campinas,
Brazil. The x-ray photoemission spectroscopy (XPS) mea-
surements were performed at the SXS beamline [24], using
a photon energy of 2830 eV. At these photon energies, the
photoelectron escape depth is around 30 A [25], which makes
the signal less surface sensitive than typical photoelectron
spectroscopy measurements performed with lower photon
energies. The overall energy resolution was about 0.3 eV. The
Fermi level was calibrated using a clean Au foil. The O ls
x-ray absorption spectroscopy (XAS) was performed in the
total electron yield mode at the PGM beamline. The energy
resolution was approximately 0.1 eV. The photon energy scale
was calibrated using known peak positions of reference sam-

ples. The samples were scraped with a diamond file to remove
any surface contamination. All spectra were acquired at room
temperature with the base pressure around 3 x 10~° mbar.

III. CALCULATION DETAILS

A. Single cluster model

The cluster model consists of solving a regular TMOg
octahedron with a symmetry-adapted configuration interac-
tion method [3,26]. Beyond the purely ionic configuration
d" of the TM, the N-electrons ground state (GS) |Wgs) is
expanded in the d"*'L, d"*?L?, etc., configurations, where L
denotes a hole at the ligand (O 2p) band. The Hamiltonian,
obtained in a base of these configurations, includes the on-site
Coulomb repulsion U, the O2p—TM charge transfer energy
A, and the T, = +/3pdo and T, = 2pdr transfer integrals,
in octahedral symmetry [27]. Further, a core hole potential
0 = U/0.83 is included in core-level calculations [28]. The
multiplet splitting is given in terms of the crystal-field splitting
10Dq and the intra-atomic exchange J.

In addition to the usual ligand screening, a nonlocal screen-
ing from a coherent band was included for metallic fluctu-
ations in the Ru octahedra [29,30]. This band is composed
of delocalized Ru 4d states at the Fermi level, and possesses
Ru character with only minority #,, symmetry, which is in
line with DFT calculations [20,21]. Therefore, the Ru site
configurations also consider the d"*'C, d"*’LC, d"+2C2,
etc., configurations, where C denotes a hole at the coherent
band. The extra parameters related to the coherent band
are the charge-transfer energy A* and the effective transfer
integral T*. It is worth noting that although SrTigsRug 503
was reported as an insulator in recent studies [22,31], this
type of fluctuation would be present in SRO patches in the
sample which are not delocalized throughout the compound.
This consideration is in line with the disorder dependence of
the spectral weight close to the Fermi level in STRO thin
films [22].

The corresponding core |Wcs), removal |\lf£’s’ 1y, and addi-
tion |\IJXSJr !y final states are obtained by either removing a core
or valence electron, or by adding an electron to the ground
state. All Hamiltonians are solved with exact diagonalization,
and the spectra are then calculated using the sudden approxi-
mation,

A@) = 3| (910 ]wes) Fafo + (]  Eos)],
J

where |Wgs) represents the ground-state wave function, and
|\IJ]{) denotes the jth eigenstate of final state f (which can be
a core, removal, or addition state, depending on the experi-
mental procedure) with energies Egs and E ;, respectively. O
is the operator corresponding to each experimental technique,
e.g., c?core, which annihilates a core electron, for core-level
photoemission spectroscopy. The resulting discrete transitions
are convoluted with Lorentzian and Gaussian functions to
account for lifetime broadening and experimental resolution.

B. Double cluster model

The double cluster model consists of solving two TMOg
octahedra joined by the vertex, with distinct ionic d™ and
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FIG. 1. (a) The temperature dependence of the (ZFC) magneti-
zation of SrTi;_,Ru,O; samples. (b) Reciprocal magnetic suscepti-
bility x ~'(T') along with the Curie-Weiss fits in T > Tc which are
represented by continuous lines. The inset displays the paramagnetic
behavior of SrTiO;. (c) Temperature dependence of the electri-
cal resistivity p(T') of the SrRuO; sample with metallic behavior.
(d) Semiconducting behavior of the SrTigsRugs0; compound. The
inset exhibits the linear behavior of p(T'/?) vs T~!/* data, as indi-
cated by the continuous red line in the figure.

d" configurations, which interact through the shared oxygen
atom. The new basis configurations are obtained by the combi-
nation of both TM’s basis, such as d%*’LPJ”quﬁ:p +4 which
includes the respective ligand/coherent fluctuations at each
site. Also, the O operators for the calculation of the spectral
weight gain a TM index, e.g., aAICTOire, which annihilates a Ti
core electron, etc. All other procedures remain the same as
in the single cluster case. A similar double cluster model has
recently been employed to study rare-earth nickelates [32].

Double cluster model calculations are much more compu-
tationally demanding than single cluster model calculations,
which can usually be performed using a complete basis set
including elements from the ionic d” up to the d'°L!%~"
configurations. Therefore, in all present calculations a max-
imum of four holes, ligand and coherent, were admitted. For
consistency, the same maximum number of ligand holes were
used in the single cluster calculations. The basis restriction
provided an accuracy of 1072 eV for the ground-state energy,
which is enough to describe the energy scale of the interac-
tions included in the model, as well as consistent with the
experimental resolution.

IV. RESULTS
A. Magnetization

Figure 1(a) exhibits the temperature dependence of the
magnetization M (T ) under an external applied magnetic field
of H = 1kOe in the ZFC mode. Ferromagnetic (FM) order
is observed to occur in temperatures below Tc =~ 160 K in
the SrRuO; compound, as it has been widely reported in
this material [12]. The partial substitution of Ru ions by
nonmagnetic Ti** in SrTipsRugs0; weakens the FM order

of the Ru sublattice leading to both smaller values of M(T)
and a progressive decrease of Tc ~ 45 K, as suggested by
the data. Weakening of the FM order in StRuO; by nonmag-
netic doping has also been observed previously [33,34] and
reflects the gradual localization of the Ru 4d electrons with Ti
substitution. The ruthenium effective magnetic moments [tefr
of SrRuO3 and SrTijsRup 503 were estimated from fittings
of the Curie-Weiss law by using the temperature-dependent
reciprocal magnetic susceptibility x ~'(T), T > T¢, shown in
Fig. 1(b). Besides of the good agreement between the obtained
Wegr values 1.44 and 1.38 g, respectively, the fitting results are
close to the one reported for the localized magnetic moment
per Ru** of around 1.5up [15], which is believed to deviate
from the spin-only value due to hybridization with O 2p states
[12,15]. This result further suggests that the oxidation state of
the Ru ion and strong interaction with the ligand is preserved
in the mixed compound.

The solid solution sample SrTipsRusOs3 also exhibited
clear deviation from the Curie-Weiss law at temperatures
below 160 K, and the establishment of long-range order at
Tc ~ 140 K. Such a deviation of the Curie-Weiss behavior
just below 160 K is consistent with the occurrence of regions
within the material with short-range composition fluctuations
in the vicinity of the stoichiometric composition x = 0.5. The
occurrence of local composition fluctuations, being difficult to
detect by XPS and XAS techniques, is primarily indicative of
cation disordering, and therefore the formation of antisites, or
more appropriately Ru7'i and TiRu defects [35]. On the other
hand, the inset of Fig. 1(b) exhibits the magnetic susceptibility
of SrTiO3, in which a paramagnetic behavior is observed in
the temperature range studied. Such a paramagnetic ground
state may be related to both dilute magnetic impurities at the
ppm level and oxygen deficiency [36,37].

B. Electrical resistivity

From the temperature dependence of the electrical resis-
tivity data p(T') displayed in Fig. 1(c), SrRuOj3 is confirmed
to be a ferromagnetic metal, with dp/dT being positive in
almost all of the temperature range studied. We have also ob-
served a suppression of the spin degree of freedom below the
ferromagnetic transition temperature 7¢c &~ 160 K, lowering
the electronic scattering probability, a process accompanied
by a change in the slope of p(T), as indicated by an arrow
in Fig. 1(c). On the other hand, the p(T) of the insulating
compound SrTiO3 could not be measured due to its high value
even at room temperature.

The semiconducting character of the SrTipsRupsO;3 is
clear from the p(7) data [Fig. 1(d)], which places this ma-
terial in the so-called dielectric side of the metal-insulator
transition MIT observed along the SrTi;_,Ru,O3 series. A
simple activation process following the Arrhenius law was
insufficient to accurately describe the temperature dependence
of p displayed in the main panel of Fig. 1(d). However, a
much better agreement of our p (T > 200 K) data is achieved
by considering a three-dimensional (3D) Mott variable range
hopping (VRH) process, with p(T) o pgexp(To/T)'/*, as
evidenced by the inset of Fig. 1(d). This type of process has
also been observed in the dielectric side of a MIT in another
ruthenium based material Y,_,Bi,Ru,O7 [38].
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One description of the Mott VRH model is related to
a percolation theory in disordered systems in which some
electronic states are accessible to contribute to the total con-
ductivity of the material [39]. The disorder induces localized
electronic states which are randomly distributed in position
and energy. Treating the partial substitution of Ti by Ru in the
SrTiO3; matrix as a disordered process, localized electronic
states at substituted sites may be associated with the emer-
gence of metallic, small regions within the material, richer
in Ru concentration, due to composition fluctuations. In our
view, these small regions, closely spaced, are interspersed
with occasional large regions. Therefore, the ruthenium richer
islands embedded into the SrTiO; matrix induce hopping
conduction among localized electronic states, a feature con-
sistent with the semiconductinglike behavior observed in the
SrTip sRug sO3 sample. This description is consistent with the
measured spectral weight at the Fermi level, discussed in
Sec. IVC3.

We also mention that a ferromagnetic transition is ex-
pected to occur in the Ru-rich regions at temperatures below
160 K. In fact, despite the good agreement of our p(7") of
StTipsRup 505 in the high-temperature range with the VRH
model, a subtle deviation from the model is observed to
occur in the vicinity of T~* ~ 0.4 K~/4, as indicated by
the continuous red line in the inset of Fig. 1(d). Such a
deviation from the VRH model is much more pronounced
as as temperature is decreased and further indicates a rather
complex behavior of p(T) in T < 30 K temperature range.
We also argue that the absence of composition fluctuations in
the ruthenium concentration x throughout the material would
lead to a better agreement of p(7") and the VRH model, as has
been observed in Sr, TiRuQg thin films [31].

C. Electronic structure
1. Ground state

We now proceed to the analysis of the electronic structure
of the samples by comparing the spectroscopic results with
cluster model calculations. Table I displays the parameters
used in the double cluster model calculations, which were
chosen to give the best agreement with the x-ray spectroscopy
measurements. The parameters found are in accordance with
previous reported values [28,30]. The reduced values of both
the 7;, hybridizations may partly be due to the reduced basis

TABLE I. Parameters used in the double cluster model calcula-
tion for SrTigsRu50;. All values are given in eV.

Parameter Ti** Ru*t
U 4.2 5.0
A 4.5 1.4
T, 3.9 1.7
10Dg 1.8 4.4
J 0.20 0.75
ppo -ppT 0.91 0.91
A* 0.6
T* 0.25

set, as seen in other calculations [28]. Additionally, small
differences in the TiOg and RuOg octahedra, in comparison
to the parent compounds, may also affect the 7, and 10Dg
parameters.

Table II shows the calculated contributions of the main
configurations to the ground state (GS) of SrTipsRugsOs3.
The configurations are displayed with dt L+ Cady P
notation, as well as projected over each TM ion to facilitate
comparison with the single cluster results. According to
the calculations, most of the GS is dominated by d ILZdS,
d°Ld, d'Ld*, and d°d* configurations. The projected values
onto each TM site yielded, for Ti**, 45% d'L + 27% d°,
and for Ru, 45% d°L + 26% d*. These results are very
close to those of single cluster calculations of SrTiO; and
SrRuO; [28,30]. Hence, the most relevant configurations
to the GS of SrTipsRug 503 can be understood as different
arrangements of the SrTiO; and SrRuO; ground states.
According to the A and Urp parameters, the Ti** ion
should fall close to the frontier of the charge transfer and the
intermediate regimes on the Zaanen, Sawatzky, and Allen
(ZSA) diagram [40]. However, the high value of the T
interaction favors the sharing of an O2p electron, making
d'L the dominant configuration in the ground state of SrTiOs.
On the other hand, the Ru** ion in SrRuOs is known to be
in a negative charge-transfer regime (NCT) [40], because the
lowest energy configuration in the ground state is d°L and
AGR{E = Apu + €multiplets < 0, where €multiplets is the energy of
the multiplet terms 10Dgg, and Jg, [30].

In fact, the GS of SrTipsRups0; is dominated by the
d'L*d> (21.8%) configuration, which presents one electron
transferred from the O2p band to each metal band. This
configuration is closely followed by the d°Ld> (15.3%) and
d'Ld* (14.2%) configurations, while the ionic d°d* config-
uration contributes with roughly 10%. Projections of these
states onto each TM site agree with the single cluster model
calculations for SrTiO3 and SrRuOs;. Hence, it is not a surprise
that the GS of SrTigsRug 503 is well represented by a highly
mixed p-d character, yielding a mean occupancy in the metal
d bands of around 5.8 electrons, 0.9 coming from the Ti site
and 4.9 from the Ru site. The calculated GS resulted in a mag-
netic moment of around 1.5up, consistent with the values re-
ported in Sec. IV A. However, since the model is correct up to
102 eV, as described in Sec. III B, the accurate description of
the observed 4% reduction in magnetic moment from SRO to
STRO requires a larger basis set than we were able to use here.

TABLE II. Main contributions to the ground-state wave function
of SrTipsRug 503, their projection onto each site, and the mean d
orbital occupancy.

Ti:Ru Ti site Ru site
Conf. % Conf. % Conf. %0
d'L*d? 21.8 d'L 45 d°L 45
d°Ld> 15.3 d°® 27 d* 26
d'La* 14.2 d’1.2 23 d’C 13
d°q* 9.7 d’L? 1.3 d’LC 2.5
() ~ 5.8 elec. (n) =~ 0.9 elec. () =~ 4.9 elec.
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FIG. 2. (a) Ti2p and Ru3p core-level photoemission spectrum
of SrTigsRug 505. The spectrum is split, due to spin orbit effects, into
the np3, and np,, leading structures, which also present satellites.
The experimental results are compared to weighted single cluster
and double cluster calculations. (b) Projection into the Ru and Ti
sites of the core-level spectra calculated with the double cluster.
(c) Decomposition of the core-level spectrum calculated with the
single cluster. The labels in (b) and (c) refer to relevant discrete final
states and their composition is described in Table III.

2. Ti2p and Ru 3p core-level spectra

Figure 2(a) depicts the Ti2p and Ru 3p core-level photoe-
mission spectrum of SrTipsRugps03;. The experimental data
display features, split by spin-orbit effects, at the same ener-
gies as in the spectra of the pristine SrTiO3 and SrRuO3 com-
pounds. Namely, the Ti2p3,, peak appears at 458.2 eV, the
Ti2py, feature is superimposed with the Ru3p3,, contribu-
tion, at around 463.9 eV, whereas the Ru3p3,, component is
observed at about 486 eV. Finally, the energy region between
468 and 482 eV presents satellite structures pertaining to the
Ti2p and Ru 3p3/, main peaks [28,30].

The experimental spectrum in Fig. 2(a) is compared to the
cluster model calculation results. The black line represents
the core-level spectral weight obtained with the double clus-
ter model, while the gray line is associated with the linear
combination of single cluster results for SrTiO3; and SrRuOj3
[23]. Both calculated curves take into account the different
photoionization cross sections of the Ti2p and Ru3p core
levels [41]. It is clear that both calculations satisfactorily

TABLE III. Dominant final-state configurations for selected
peaks in the core-level spectrum, projected onto their respective site,
where c represents a core hole. The configurations shown for peaks
A (A’) and B (B’) have similar contributions to their respective final
states.

Double cluster Single cluster

Peak (site) Dominant final states Peak (site) Dominant final states

A (Ti) cd'L, cd?L? A’ (Ti) cd?L?, cd'L
B (Ti) cd?L?, cd'L B’ (Ti) cd?L?, cd’
C (Ru) cd®LC C’' (Ru) cd®LC

D (Ru) cd°LC D' (Ru) cd°L?

E (Ru) cd®LC E' (Ru) cd°LC

F (Ru) cd®LC F (Ru) cd’L

reproduce the main features of the experimental spectrum,
although the many-body configurations contributing to each
structure in the spectrum may still differ from one calculation
to the other. The decomposition of the calculated core-level
spectrum with the double cluster into the Ti2p3/ 1/, (red)
and Ru3p3/ 12 (purple) contributions is shown Fig. 2(b). The
labels in the figure indicate final states with different dominant
configurations projected in the corresponding ion site, which
are displayed in Table III for clarity. The analysis is given
in terms of different screening mechanisms, from the ground
state to each discrete final state, upon the creation of a TM
core hole. Depending on the availability of the screening, final
states can be labeled “well-screened,” “poorly screened,” and
“unscreened,” and one can also keep track of the nature of
the screening (from ligand or coherent bands). The following
analysis is performed for the Ti2p3,, and Ru3p;,, parts of
the spectra, but they also hold for each respective np, part.

The leading structure in Ti2p3/,, region of the spectrum
(peak A) is mainly composed of the cd'L and cd*L? configu-
rations, whereas the satellite (peak B) is dominated by cd*L>
and cd'L configurations. In turn, in the Ru 3p) , spectrum, the
three main peaks and the satellite, labeled C, D, E, and F, are
formed by cd®LC configurations. For comparison, Fig. 2(c)
depicts the single cluster model calculation for the Ti2p (red)
and Ru 3p (purple) core-level spectral weight. For clarity, the
relevant contributions to the labeled peaks are also displayed
in Table III. The leading structure in the spectrum (peak A’) is
composed of the cd'L and cd?L? configurations, whereas the
satellite (peak B’) is ascribed as a sum of two configurations:
cd® and cd’L?. On the other hand, the three peaks in the
main region of the Ru3p;,, spectrum, labeled C’, D', and
E/, are identified with cd®LC, cd®L?, and cd°L? character,
respectively, whereas the structure labeled F’ is mainly due
to the cd’L configuration [30].

The main difference observed in the results of either the
single or double cluster models is that the contribution of
ligand screened peaks (L?) is reduced in the Ti2p spectrum,
and suppressed in the Ru3p core level. The reason for the
differences may stem from the fact that both Ti** and Ru*"
ions favor the sharing of an O 2p electron, or in other words,
the GS of the double perovskite is governed by charge-transfer
configurations to such an extent that further ligand screening
is not favorable.
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SrTiO‘SRuOlSO3 valence-band spectra
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FIG. 3. (a) Valence-band photoemission spectrum  of
SrTipsRuy 503, composed by two main structures related to O2p
and Ru4d occupied states. The experimental results are compared to
weighted single cluster and double cluster calculations. (b) Calcu-
lated removal state spectra with the double cluster, projected into
the Ru and Ti sites. (c) Weighted SrTiO; and SrRuO; removal state
spectra with the single cluster. For (b) and (c), the labels refer to
relevant discrete final states and their composition is described in
Table IV.

In a recent double cluster model calculation of Sr,FeMoOg
[42], it was shown that the character of the Fe 2p and Mo
3p core-level peaks are mostly the same regardless of being
calculated with double or single cluster models. In such a sys-
tem, the Fe’* and Mo’* ions are classified within the charge-
transfer (A < U) and Mott-Hubbard (A > U) regimes, re-
spectively. On the other hand, as shown above, the Ti2p
and Ru3p core levels showed noticeable changes in their
character. This may be attributed to the relative importance of
TM-O-TM charge fluctuations, which is directly related to the
values of U, A, and T, and their corresponding classification
within the ZSA scheme [40].

3. Valence-band photoemission spectra

Figure 3(a) presents the x-ray valence-band photoemis-
sion spectrum of StrTipsRugs03. As noted above, the spectra
measured with this photon energy are less surface sensitive
than the reported valence-band ultraviolet angle-resolved pho-
toemission spectroscopy spectra on SRO films [43,44]. The

TABLE IV. Dominant final-state configurations, along with pro-
jections in the Ru site, for selected peaks in the valence-band
spectrum

Double Cluster Single Cluster
Peak Final state Peak final state
Ti:Ru Ru site
A d°Ld* +d'L%ad* d*L A d’LC
B d°Ld* + d'L?d* d*L B’ d5L?
C d°LCd’ d°LC (o4 d°LC
D d°Ld* + d'L2d* d*L D d5L?
E d°Ld* + d'L*a* d‘L E d°LC
F d°L2d 4L F 4512
G d°LCd® d°LC G d‘L

spectrum is composed of the Ru 4d band region, from 3.0 eV
to Er, and the O2p band region, from 10 to 3.0 eV. The
overall shape of the spectrum resembles the one from SrRuO3
[30], particularly because at this photon energy, the Ru4d
photoionization cross section ory4gq 1S at least one order of
magnitude greater than ory3,; [41]. There are no reports of
a high-energy valence-band spectrum for this material, but
the obtained spectrum displays features at the same binding
energies as other measurements with photons of 22.1 eV [19],
40 eV [18], and 600 eV [22]. Despite the semiconducting
character of the sample, the valence-band XPS spectrum
shows large spectral weight at the Fermi level, which is
consistent with the VRH conductivity reported in Sec. IV B.

The experimental data are compared to the calculated
removal (N — 1) spectra. The double cluster model is shown
by the black solid line, whereas the weighted SrTiO; and
SrRuO; single cluster model calculations appear in the gray
line [23]. Both theoretical approaches successfully reproduce
the energy positions and relative intensities of the features
displayed in the spectrum. In spite of that, each calculated
spectrum of STRO is composed of states with different char-
acter, which will be shown in what follows.

Figure 3(b) presents the decomposition of the calculated
removal spectra from the double cluster model into the partial
Ru4d, O2p, and Ti 3d contribution. The dominant configura-
tion of the labeled peaks, projected only into the Ru site, are
displayed in Table IV. Again, the analysis is given in terms
of the different screening mechanisms, from the ground state
to each discrete final state, upon the removal of a TM valence
electron. Peaks A, B, D, and E are mainly composed of the
d°Ld* and d'L.2d* final states, which corresponds to a d*L
state in the Ru site. After the ejection of the photoelectron,
leaving the system with N — 1 electrons, these configurations
can be achieved via three processes: (i) ligand screening on
the Ru site; (ii) ligand screening on the Ti site; but also
(iii) the absence of screening, due to the different relevant
configurations present in the ground state. Peaks C and G
are mainly composed of the d°LCd" final state. Given the
calculated GS, this state can be achieved through (i) lig-
and screening or, (ii) coherent screening. Finally, peak F is
mainly composed of the d°L?d” final state, which arises from
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(i) ligand screening, as well as (ii) absence of screening. For
comparison, Fig. 3(c) shows the calculated removal spectra
from the weighted single cluster model. The dominant config-
uration of the peaks presented in the figure is also displayed in
Table IV. The results for SRO have been previously addressed
elsewhere [30].

It is evident that the character of the peaks displays clear
differences when both models are considered. The most re-
markable one and related to the characters of the peaks is the
reduction and shift to higher binding energies of coherent (C)
and ligand screened states (d°L?). The peaks close to Er are
then composed of a mixture of d*L states in SrTigsRug 503,
rather than d°LC in SrRuQs. Since O 2p states are involved
in the lowest energy charge fluctuation in SrRuOj3 [30,45], we
speculate that the change in the character of the states close
to the Fermi level may be related to the rise in conductivity
despite increasing Ti-Ru disorder, as reported for Sr, TiRuOg
thin films [22].

4. O 1s x-ray absorption spectroscopy

Figure 4(a) displays the O 1s x-ray absorption spectrum of
SrTip sRugsO3. This technique is related to transitions from
O 1s to empty O2p states. Since O2p states are covalently
mixed with Ti and Ru bands (and also with Sr bands), tran-
sitions to these states provide information on the unoccupied
TM bands. The experimental data resemble a linear combina-
tion of both SrTiO; [46] and SrRuOj3 [30] O 1s XAS spectra
and shows the first Ru and Ti features at 529.2 and 531 eV,
respectively, followed by a plateau at 532.3 eV and a peak at
533.6 eV. Finally, the Sr 4d states appear between 537.0 and
540 eV. The Ti3d and Ru4d derived regions of the experi-
mental spectrum are compared to the O 2p character of the
calculated addition (N + 1) spectrum for the double cluster
calculation, shown by the black solid line, and the sum of the
two single cluster model calculations for SrTiO3; and SrRuOs,
shown by the gray dotted line [23]. Both spectral shapes are
similar and reproduce with good accuracy the intensities and
energy positions of the features in the spectrum.

Similar to the analysis performed for the XPS spectra, we
explore the composition of the different final states in the XAS
spectra. Figure 4(b) shows the decomposition of the calculated
O2p addition spectrum for StrTigsRug 503 with the double
cluster model. The total spectral weight is split into Ti and
Ru partial contributions, and the labels indicate the dominant
configuration and the corresponding multiplet of each final
state. In the Ti part of the spectrum, shown in red, the two
main peaks at 531.0 and 533.5 eV are due to the addition of an
electron in the Ti 3d t,, and Ti 3d e, orbitals, respectively. The
energy separation of the two peaks is around 2.5 eV, consistent
with the 10Dgr; value of 1.5 eV. In turn, the Ru component of
the spectrum, shown in purple, presents three main peaks. The
first peak at 529.2 eV is due to the addition of a minority Ru 4d
I, electron, while the other two peaks are due to the addition
of a majority (532.2 V) and minority (536.6 €V) e, electron,
a feature consistent with the splitting of 2Jg, = 1.5 eV. The
separation of the #,, peak and the center of the e, peaks is also
consistent with the value of 10Dgg, =~ 4.3 eV.

For comparison, Fig. 4(c) shows the single cluster model
calculation for SrTiO; and SrRuOj;. According to the labels,

SrTi; ,Ru, O, O 15 XAS spectra

e Experimental
Double cluster

(@)

Single cluster

L Sr4d
t
! S

29

N

Double cluster

4d° (t, % ") 29 o
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FIG. 4. (a) O1ls x-ray absorption spectrum of SrTipsRugsOs.
The labels refer to the metal bands which are covalently mixed with
the unoccupied O 2p states. The experimental results are compared
to double cluster and weighted single cluster calculations. (b) Calcu-
lated O 2p addition spectra with the double cluster, projected into the
Ru and Ti sites. Circles point to extra structures in the spectrum when
the Ti-Ru interaction is included. (c¢) Calculated O 2p addition spec-
tra with weighted SrTiO; and SrRuOj; single cluster calculations. In
(b) and (c), the labels refer to the dominant configuration (multiplet)
in the relevant discrete final states.

the Ti 3d features located at 531 and 533.5 eV correspond to
transitions to 3d ', and 3d'e, states, respectively. The Ru 4d
peaks at 529.2 eV correspond to transitions to minority 4d5t2g
states. The other two peaks at 532.2 and 533.6 eV are due to
majority and minority 4d5€g states, respectively.

It is clear that, in the case of O 1s XAS of SrTigsRu 503,
the spectrum resembles very closely, not only in shape, but
also in the composition of the significant final states, the sum
of the spectra of the SrTiO3 and SrRuO; samples. Neverthe-
less, it is worth noting that there are some small differences
in the final states with Ti contribution close to 533 eV and in
the intensity of satellites at about 539 eV, as highlighted in
Fig. 4(b), even though they are not relevant for the XAS
technique.

5. Screening mechanisms and the Ti-Ru octahedra interaction

After analyzing the results described above, there are three
main aspects we intend to discuss regarding the different
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character of the electronic structure of SrTiypsRugs03 when
the Ru-Ti interaction is explicitly included.

First, the manifestation of the Ti-Ru interaction clearly
depends on the experimental technique used. Indeed, the O 2p
addition spectra calculated with both approaches—single and
double cluster—were able reproduce the O 1s XAS spectra of
this system, assigning almost identical character for each peak
in the spectra, indicating that the inclusion of this interaction
is not relevant to the description of the experimental data. On
the other hand, the character of the structures in core-level and
valence-band photoemission spectra is quite different when
calculated with single or double cluster approaches. In these
cases, the Ti-Ru interaction appears to be relevant and the
main difference emerges from the availability of screening
mechanisms in each case.

Second, whenever the inclusion of this interaction yielded
differences in the screening mechanisms, changes in their
expected energy positions were not realized. In (negative)
charge-transfer materials, it is expected that leading struc-
tures would display screened character, whereas satellite
features would show unscreened/poorly screened charac-
ter [40]. In other words, the screening of the photoelec-
tron would be favorable, and the low-energy features in
the electronic structure of charge-transfer materials would
have mixed character. This is an important result for better
understanding of the character and microscopic origin of
low-energy transitions in TM compounds [3,40]. Then, the
differences obtained in the core-level and valence-band pho-
toemission spectra of SrTipsRugsO3; with the double cluster
calculation lead to a different interpretation of its electronic
structure.

Finally, the other important aspect is the fact that TM
compounds usually show similar trends in both core-level and
valence-band spectra. Namely, both techniques would share
the same type of screening mechanisms [30,47-50]. This is
not what happens in SrTig sRuy 503 when calculated with the
double cluster model. According to our calculations, upon
removal of a Ru4d electron, unscreened and screened states
in the Ti site may contribute to the low-energy region of the
spectrum, along with the usual screening in the Ru site. On
the other hand, each core-level spectrum is composed of states
where the screening takes place only in the respective site. In
other words, the valence-band spectrum shows a coupling of
the different octahedra, while the core-level spectra show no
sign of coupling. It is important to notice that only the explicit
inclusion of the Ti-Ru interaction is capable of capturing
these features. As a comparison, a different behavior of the
screening mechanisms in the core-level and valence-band
spectra was also observed in a double cluster model study on
SrFeMoQOg. While in the valence-band spectrum there is a
clear signature of Fe-Mo nonlocal screening, the character of

the Fe 2p and Mo 3p core-level peaks is similar to the ones
obtained by single cluster model calculations [42], indicating
that the interplay between two different TMOg octahedra
depend on the ZSA [40] classification of each system.

V. SUMMARY AND CONCLUSIONS

We have studied the results of magnetization and electrical
resistivity measurements, as well as studied the electronic
structure of SrTiOs3, SrTip sRug 503, and SrRuO; polycrystals
with x-ray photoemission and absorption spectroscopies. The
spectroscopic results were interpreted by using single and
double cluster models. The M(T) data for SrTigsRugs03
reveal a deviation of the Curie-Weiss behavior just below
160 K, which is consistent with the occurrence of Ru7i and
TiRu defects. The behavior of the p(7) data measured for
SrTigsRug 505 agrees well with a 3D Mott variable range
hopping process, consistent with the emergence of small
metallic regions richer in Ru concentration due to composition
fluctuations. This feature is supported by the finite spectral
weight at the Fermi level seen in the valence-band XPS
spectrum. The core-level, valence-band, and O 1s spectra of
SrTig sRug 503 were simulated with a double cluster (DC) and
by properly weighing the SrTiO; and SrRuOj3 single cluster
calculations (SC). The experimental results for SrTig sRug 503
were found to be correctly reproduced, in terms of relative
intensities and energy position of the different features, with
both the DC and SC approaches. However, the character of
the peaks in the spectra yielded different results, depending
on the theoretical model and on the experimental technique
simulated. While the assignments in the O 1s XAS spectra are
pretty much independent of the explicit inclusion of Ti-Ru
interaction, the character of the core-level and valence-band
photoemission spectral features were clearly modified by
this interaction. Our results indicate that both Ti-Ru disorder
and electronic correlation are important ingredients for the
description of the electronic structure of the SrTi;_,Ru,O3
series close to ~50% substitution.
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