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Abstract. We studied the changes in the electronic structure of SrTi;_;Ru,;O3s across the metal-insulator
transition. The parent compound, SrTiOs, is a well known diamagnetic insulator; whereas the doped
compound, SrTii_;zRu,O3s, becomes a ferromagnetic metal above xc = 0.35. The techniques used in the
study were photoemission (PES) and O 1s X-ray absorption (XAS) spectroscopy. The experimental spectra
were analyzed in terms of band structure and Hubbard model calculations. The PES and XAS spectra of
SrTi;_zRu,O3 show the Ru 4d bands growing in the band gap of SrTiOs. The analysis in terms of the
Hubbard model indicates that the Ti 3d and Ru 4d bands are mostly decoupled. This suggests that the
metal-insulator transition is a percolation transition like that of metals embedded in a rare gas matrix.
Electron correlation effects are present in this system, but they do not seem to play a major role in the
transition.

PACS. 79.60.Bm Clean metal, semiconductor, and insulator surfaces — 78.70.Dm X-ray absorption spectra

— 71.30.+h Metal-insulator transitions and other electronic transitions

1 Introduction

Metal-insulator transitions induced by substitution are a
relatively common occurrence in many early transition
metal oxides [1]. These transitions are influenced by many
factors including electron correlation, potential disorder,
electron-phonon interactions, etc. Metal-insulator transi-
tions are usually classified according to their dominant
driving force: Mott-Hubbard transitions are related to
electron correlation [2,3], whereas Anderson transitions
are related to potential disorder [4]. In general, however,
both electron correlation and potential disorder, as well
as other effects, are simultaneously present in a given sys-
tem. The combination of these effects produce materials
which present a rich variety of phenomena and attracts
considerable attention.

Typical examples of metal-insulator transitions in-
duced by substitution in early transition metal oxides oc-
curs in Lay_,Sr, TiO3 [5] and Y;_,Ca, VOs3 [6] (the sub-
stitution in these materials occurs at the perovskite A-site
giving a compound of the general formula A;_, A/, BOs3).
It is generally accepted that the dominant interaction in
these materials is electron correlation within the d-band.
These electron correlation effects are characterized by the
ratio of the on-site repulsion U to the corresponding band-
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width W. A phase diagram for diverse Ti and V oxides
as a function of the d-band filling and the relative in-
teraction strength U/W can be found in references [7,8].
It is worth noting, however, that important disorder ef-
fects were found in the electronic structure of the related
SrTiO3_s compound [9].

We study here the changes in the electronic structure
of the SrTi;_,Ru, O3 compound induced by Ru substitu-
tion (the substitution, in this case, occurs at the perovskite
B-site giving a material with a AB;_, B}, O3 formula). The
techniques used in this study were photoemission (PES)
and O 1s X-ray absorption (XAS) spectroscopy. The spec-
tra of the doped SrTi;_,Ru;O3 show the Ru 4d bands
growing in the band gap of the parent Sr'TiOs. The anal-
ysis in terms of a Hubbard model indicates that the Ti 3d
and Ru 4d bands are mostly decoupled. This suggests that
the metal-insulator transition is a percolation transition
like that of metals embedded in a rare gas matrix [10].
Electron correlation effects are also present in this system,
but unlike in the usually studied A;_;A! BO3 compounds,
they do not seem to play a major role in the transition.

The physical properties of the SrTiO3 and SrRuQOg ref-
erence compounds are completely different. For instance,
SrTiOg is a diamagnetic insulator with a cubic structure,
whereas SrRuQOg is a ferromagnetic metal (T'c ~ 150 K)
with an orthorhombic structure. Despite these differences
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in their physical properties, these compounds do form a
continuous solid solution of the form SrTi;_,Ru,O35 [11].
The electrical, magnetic and structural properties of the
SrTi;_,Ru,O3 series change dramatically with the Ru
concentration [11-13]. In particular, the SrTi;_,Ru,Os3
system presents an insulator to metal transition for a Ru
concentration above x¢ ~ 0.35. At this critical concentra-
tion, the material becomes also ferromagnetic and presents
a cubic to orthorhombic transition.

2 Experimental details

The SrTi;_,Ru, O3 samples were prepared using the
solid state reaction method [14]. The resulting powders
were pressed into pellets and sintered in air at 1100 °C
for 24 hours. The powder X-ray diffraction (XRD) analy-
sis confirmed that the samples were all single phase [14].
The absence of superstructure in the XRD indicated that
the Ti and Ru ions were randomly distributed. This con-
firms that the samples form a solid solution and are not
a mixture of two compounds. More details on the sample
preparation and characterization will be published else-
where.

The experiment was carried out at the plane-grating
monochromator (PGM) beamline in CAMD [15]. The
base pressure in the experimental chamber was in the
low 10~ mbar range. The photoemission spectra were
measured using an hemispherical electrostatic analyzer.
The photon energy was 40 eV and the Fermi level was
calibrated using a Cu foil cleaned by sputtering. The over-
all energy resolution of PES estimated from the Cu Fermi
edge was approximately 300 meV. The O 1s X-ray ab-
sorption spectra were measured using the total electron
yield method. The energy scale in the XAS spectra was
calibrated using the known peak positions in Sr'TiOs. The
energy resolution at the O 1s X-ray absorption edge was
approximately 0.5 eV. The samples were scraped in situ
with a diamond file to remove surface contamination.

3 Results and discussion
3.1 Photoemission and X-ray absorption

Figure 1 shows the photoemission (PES) spectra of
SrTi;_,Ru,O3 as a function of the Ru concentration z.
In a first approximation the spectra reflect the occu-
pied electronic states in the valence band. The spectrum
of SrTiO3 presents two broad and overlapping bumps
around —5 and —7 eV which are attributed to the O 2p
bands. This spectrum is in good agreement with both
previous photoemission results and LDA band structure
calculations [5,16]. The spectra of the doped compound
SrTi;_,Ru, O3 present changes in the O 2p band region
and a growing shoulder around —9 eV. These changes re-
semble closely the dominant features in the photoemission
spectrum of the end member of the series STRuO3 [17,18].
Moreover, the spectra of the doped compound present ad-
ditional spectral weight close to the Fermi level which is
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Fig. 1. Photoemission spectra of SrTi;_,Ru,O3 as a function
of the Ru concentration x.

attributed to the Ru 4d bands. The absence of spurious
intensity around —10 eV, which is usually attributed to
surface contamination, confirms the surface cleanness [19].

Figure 2 shows the O 1s X-ray absorption (XAS) spec-
tra of SrTi;_,Ru,O3 as a function of the Ru concen-
tration z. In a first approximation the spectra map the
unoccupied electronic states in the conduction band. The
spectrum of SrTiOs presents the Ti 3d band region at
threshold, the Sr 4d region around 536-539 eV, and the
Ti 4sp region around 542-546 eV. This spectrum is in
excellent agreement with both previous X-ray absorption
results and LDA band structure calculations [5,16]. The
spectra of the doped compound SrTi;_,Ru,Ogs present
smooth changes throughout as the Ti derived regions
evolve into Ru derived features. Again, these changes re-
semble very closely the main features in the X-ray absorp-
tion spectrum of the end member of the series StTRuOs3 [17,
18]. The most relevant change is the emerging peak below
the edge of the parent compound around 539.5 eV which
is attributed to the Ru 4d bands.

Figure 3 shows the PES and O 1s XAS spectra of
SrTi;_,Ru, O3 close to the Fermi level as a function of
the Ru concentration z. These low energy states are par-
ticularly relevant because they can be directly related
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Fig. 2. O 1s X-ray absorption spectra of SrTi;—,Ru;0O3 as a
function of the Ru concentration x.

to the physical properties of the compounds. The PES
spectra were normalized to the intensity at —15 eV and
the O 1s XAS spectra to the intensity at 555 eV; this
is justified because the intensity at these particular points
does not depend on the Ru concentration. The Fermi level
in the O 1s XAS spectra was determined by the position of
the absorption edge in metallic SrTig 5Rug 503, this pro-
cedure is justified a posteriori because the resulting band
gap for SrTiOg is in reasonable agreement with experi-
ment.

The PES spectrum of SrTiOs presents the onset of
the O 2p band below —2.2 eV, which corresponds to the
top of the valence band. The O 1s XAS spectrum of
SrTiO3 presents the onset of the Ti 3d band above 1.0 eV,
which corresponds to the bottom of the conduction band.
The unoccupied Ti 3d states are split by crystal field ef-
fects into the to, and e, sub-bands at 2.3 and 4.5 eV (not
shown), respectively. The crystal field splitting 10Dg be-
tween the t2, and ey sub-bands, 2.2 eV, is in good agree-
ment with previous results [16]. The combination of the
band edges in the PES and O 1s XAS spectra gives a band
gap of approximately 3.2 eV for SrTiOs; this value is in
good agreement with the experimental band gap of 3.2 eV
derived from optical measurements [20].

The PES and O 1s XAS spectra of the doped com-
pound SrTi;_;Ru,O3 show an increasing spectral weight
filling the band gap of SrTiOs. This spectral weight in-
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Fig. 3. Photoemission and O 1s X-ray absorption spectra of
SrTii1_Ru,O3 as a function of the Ru concentration z.

crease is attributed to the gradual development of the
Ru 4d derived band. The evolution of the Ru 4d band does
not involve a shift of the Fermi level and is consistent with
the so called in gap states scenario. A (rigid band) shift of
the Fermi level to the bottom of the SrTiO3 conduction
band and the ensuing population of Ti 3d states is not
observed. The overall shape, band width and peak posi-
tion of the Ru 4d derived bands do not change with the
Ru concentration. On the other hand, the total intensity
of the Ru 4d derived bands grows linearly with the Ru
concentration x. In fact, the spectral weight of the doped
compound resembles a linear combination of the spectra
of the two end members. It is worth noting that the DOS
at the Fermi level seems to be finite even for the insulating
samples with z < 0.35, see below.

3.2 Comparison to LDA calculations

Band structure calculations based on the LDA approxi-
mation provides a useful framework to analyze the PES
and O 1s XAS spectra. The assignments in the PES
and O 1s XAS spectra made above are partially justi-
fied by the results of previous LDA calculations [16,17].
The bottom of Figure 4 presents the band structure calcu-
lation of SrTiO3 from reference [16] shifted to match the
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Fig. 4. Band structure calculation for (a) SrTiOs (Ref. [16]),
(b) SrTio.sRuo503 (SrTiOs + SrRuOs), and (¢) SrRuOs
(Ref. [18)).

position of the Ti 3d band (the calculation underestimates
the value of the band gap and places the Fermi level at the
top of the valence band). The top of Figure 4 presents the
band structure calculation of StRuO3 from reference [18]
with the Ru 4d bands located at the Fermi level.

The middle of Figure 4 shows the DOS for
SrTig 5Rug 503 obtained as a 1:1 linear combination of the
results for SrTiO3 and SrRuOs. This method reproduces
reasonably well the main features observed in the PES
and O 1s XAS spectra of Sr'Ti;_,Ru,0O3. The agreement
of the linear combination with the experimental spectra
suggests that the Ti 3d and Ru 4d bands are mostly decou-
pled, which means that the Ti 3d states are not covalently
mixed with the Ru 4d states and wice versa, see below.
This is reasonable because the energy separation between
the bands AE (1.8 eV) is larger than the corresponding
bandwidth W (1.2 eV). An additional justification for the
linear combination used here is provided by the results of
the Hubbard model calculation below.

3.3 Hubbard model calculation

To understand the decoupling of the Ti 3d and Ru 4d
bands in SrTi;_,Ru,O3 we consider a simple Hubbard
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Fig. 5. Calculated spectral function of the Hubbard model for
(a) SI‘TiOg7 (b) SrTio_sRuO_soz,, and (C) SI‘RuOg.

model with one orbital per site:

H = Zeinw - Z tij (CIO Cjo + hC) + ZUZ i1 M|

i (ij)o i

where c;rg (cio) creates (destroys) an electron at site ¢ with

spin o and n;, = cja Cio- The parameters of the model
are the on-site electron energy ¢; , the nearest-neighbor
electron transfer ¢;;, and the on-site electron-electron re-
pulsion U;. The model is solved using the configuration
interaction method in a 2 x 2 X 2 cubic cluster with pe-
riodic boundary conditions. The index ¢ denotes each of
the sites in the cluster lattice and the symbol (ij) denotes
a summation over nearest-neighbors. The Ru sites con-
tribute with one electron, the Ti sites contributes with no
electron, and the ground state is chosen to be ferromag-
netic. The results of the calculation were broadened with
a 0.5 eV Gaussian to take into account the experimental
resolution. The value of the parameters used here were
obtained by matching the features in the experimental
spectra.

The bottom of Figure 5 shows the results of the model
calculation for SrTiO3 obtained with all the sites in the
cluster occupied by Ti ions. The energy erj, 2.1 eV, was
deduced from the peak position in the O 1s XAS spectrum
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and the transfer t;_1i, 0.12 €V, from the peak width [21].
As the ground state in this case corresponds to an empty
band there is no many-body effects and the repulsion Ur;
remains undetermined. The results of the model calcula-
tion for SrTiOg are in reasonable agreement with both the
experimental spectra and the LDA calculation.

The top of Figure 5 shows the results of the model
calculation for SrRuOs3 obtained with all the sites in the
cluster occupied by Ru ions. The energy ery, —0.5 €V,
and transfer tgy_gru, 0.10 eV, were deduced from the peak
position and width in both the experimental spectra and
the LDA calculation. The value of the repulsion U, used
here, 1.1 eV, represents an upper limit as larger values
would result in a correlation gap within this model. As
the ground state, in this case, corresponds to a completely
filled majority spin band there is no many-body satellites.
The results of the model calculation for STRuO3 resembles
reasonably well both the experimental spectra and the
LDA calculation.

The middle of Figure 5 shows the results of the
model calculation for SrTigsRug503 obtained with Ti
and Ru ions occupying alternate sites. The values of the
energies ¢; and repulsion U; for the Ti and Ru ions were
taken from the simulation for SrTiO3 and SrRuO3 above,
and the value of the transfer ¢1;_g, was obtained by inter-
polation of the transfer tTi_1; and try_Rru values. Disper-
sion and double-occupancy are strongly inhibited because
the energy difference er; — er, is much larger than the
transfer ¢;_gy. The restricted dispersion produces nar-
rower bands and the reduced double-occupancy results in
negligible many-body satellites. More important, the rel-
atively large energy difference e1; — ery, with respect to
tTi_ru effectively decouples the Ti 3d and Ru 4d bands.
This can be confirmed by the decomposition of the total
spectral weight into the Ti and Ru partial weight in the
middle of Figure 5. This provides a justification for the
simulation of the SrTigs5Rug 503 band in term of a 1:1
linear combination of SrTiO3 and SrRuO3 made above. It
is worth noting that the spectral weight at the Fermi level
corresponds almost entirely to Ru 4d states. The results of
the model calculation for SrTipsRug 503 reproduces the
main features in both the experimental spectra and the
LDA calculation.

One might question the validity of the conclusions
based on this simple Hubbard model calculations from
various viewpoints. First, the true ground state of this
model is antiferromagnetic because this favors charge fluc-
tuations and lowers the kinetic energy. The ground state
in our case was constrained to be ferromagnetic to take
into account the observed magnetic ordering of the com-
pound. Secondly, the Ru ions are randomly distributed in
the crystal lattice whereas the calculation was performed
using an alternate distribution. The effect of disorder can
be ruled out because calculations with Ru ions located
at random positions gave similar results. Thirdly, the re-
sults might not be representative because of the relatively
small cluster size (2 X 2 x 2) used in the calculations. But
restricted Hartree-Fock calculations on a 4 x 4 x 4 clus-
ter, with the occupancy fixed to that of the configuration
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interaction model, gave similar results. Finally, a model
with only one orbital per site does not take into account
the six-fold degeneracy of the Ru ¢y, sub-band. But the ef-
fect of the degeneracy is not so critical in this case because
SrRuOs is close to be an itinerant band ferromagnet. A
larger size, disordered and degenerate model calculation
would be certainly more realistic, but it is beyond the
scope of the present work.

3.4 Metal-insulator transition

The electronic structure and metal-insulator transition of
early transition metal oxides are influenced by various fac-
tors. These factors include, for example, electron correla-
tion, potential disorder, and electron-phonon interactions,
among others. It is usually accepted that the dominant in-
teraction in these materials is electron correlation within
the transition metal d-band. The relative importance of
these effects is given by the ratio U/W of the on-site re-
pulsion U to the corresponding bandwidth W. In this case,
a metal-insulator transition is expected whenever the ra-
tio U/W is larger than a certain critical value. This is the
case for most A;_,A! BOgs systems like Laj_,Sr;TiOs,
but it is not generally true for a AB;_, B! O3 system like
SrTil_xRuxOg.

In SrTi;_,Ru,Ogs, the energy separation between the
Ti 3d and Ru 4d bands AF is larger than the correspond-
ing bandwidths W (in terms of the Hubbard model pa-
rameters, the on-site energy difference e1; — egry, is larger
than the transfer integral tmi_gry). This effect decouples
the Ti 3d and Ru 4d bands preventing charge fluctua-
tions from the Ru 4d states at the Fermi level to Ti 3d
states. In view of this, we propose that the metal-insulator
transition in SrTi;_,Ru,Og is a percolation transition like
that of metals embedded in a rare gas matrix [10]. This
proposition makes sense because the critical Ru concen-
tration, xc ~ 0.35, is similar to the onset of percolation
on a simple cubic lattice, xc ~ 0.31 [22]. Electron correla-
tion effects are certainly present in this system and affect
the details of the spectral weight distribution close to the
Fermi level. The absence of changes in the shape of the
spectra across xc suggests, however, that these effects do
not play a major role in the transition.

This would represent a different mechanism for a
metal-insulator transition in AB;_, B, O3 early transition
metal oxides. This type of transition would be character-
ized by the ratio AE/W of the band separation AFE to the
corresponding bandwidth W. In fact, this transition could
be regarded as a special case of the metal-insulator transi-
tion driven by potential disorder (Anderson localization).
Below the percolation threshold, a metal-insulator transi-
tion would be expected for a AE/W ratio larger than a
certain critical value. On the other hand, above the per-
colation threshold, the system would be metallic even for
relatively large AE /W ratios. These arguments would ap-
ply only in the absence of other localization effects, like
electron correlation and electron-phonon interactions. It is
worth noting, that the ratio AE/W was already invoked
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to rationalize the differences in the metal-insulator transi-
tion of LaNi;_, M, O3 compounds (M = Mn, Fe, Co) [23].

The experimental spectra show a finite DOS at the
Fermi level even for the insulating samples below the crit-
ical concentration z¢ ~ 0.35. This spectral weight, how-
ever, corresponds to localized Ru 4d states and not to delo-
calized states, because the energy separation between the
bands AF prevents charge fluctuations from Ru 4d states
at the Fermi level to Ti 3d states. The same kind of be-
havior, with a finite DOS at the Fermi level, was observed
in the valence band spectra of insulating Fe-Al,Og [24].
In this granular system, metallic Fe precipitates are em-
bedded, below the percolation threshold, in an insulating
Al;O3 matrix. In fact, the SrTi;_,Ru;O3 solid solution
studied here could be regarded as the dilution limit of a
SrRuOs3-SrTiO3 granular alloy.

The metal-insulator transition around x¢ ~ 0.35 in
SrTi;_,Ru, O3 is accompanied by a crystallographic tran-
sition. In the insulating phase below x¢ the compound is
cubic, whereas in the metallic phase above xz¢ it becomes
orthorhombic. The cubic structure has straight M-O-M
chains which gives rise to a larger bandwidth and favors
metallic behavior. On the other hand, the orthorhombic
structure has distorted M-O-M chains which results in
a reduced bandwidth and is prejudicial to the metallic
state. This means that the crystal structure would fa-
vor the metallic state below x¢ which is at variance with
the observed behavior. This shows clearly that the metal-
insulator transition in this compound is not driven by
the crystallographic transition. This unrelated crystallo-
graphic transition is caused by the differences in the ionic
radii of the Ti and Ru ions [14].

4 Summary and conclusions

In summary, we studied the changes in the electronic
structure of SrTi;_,Ru,Osz across the metal-insulator
transition at xc ~ 0.35. The techniques used in this
study were photoemission (PES) and O 1s X-ray ab-
sorption spectroscopy (XAS). The experimental spectra
were analyzed in terms of band structure and Hubbard
model calculations. The spectra of the doped compound,
SrTi;_;Ru, O3, show the Ru 4d bands growing in the band
gap of SrTiO3. The analysis based on the Hubbard model
indicates that the Ti 3d and Ru 4d bands are mostly de-
coupled. The energy separation between the bands pre-
vents charge fluctuations from the Ru 4d states at the
Fermi level to Ti 3d states. This suggests that the metal-
insulator transition is a percolation transition like that of
metals embedded in a rare gas matrix. Electron correla-
tion effects are present in this system, but they do not
seem to play a major role in the transition.

This work was partially supported by CNPq, PRONEX, and
NSF. The operation of CAMD is supported by the State of
Louisiana.
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