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We investigate the evolution of the electronic structure in SrRu1−xTixO3 as a function of x using high
resolution photoemission spectroscopy, where SrRuO3 is a weakly correlated metal and SrTiO3 is a band
insulator. Increase in x leads to an introduction of a local potential different from Ru-O sublattice. The features
in the bulk spectra could be captured remarkably well using first principles approaches, and the electron
correlation strengths are found to be similar in all the compositions. The surface spectra exhibit a metal-
insulator transition at x=0.5 by opening up a soft gap at the Fermi level �F and a hard gap appears at higher
x values. These results presumably provide an experimental demonstration of the predictions of metal-insulator
transition due to local potential and electron correlation in a two-dimensional bipartite lattice using the ionic
Hubbard model.
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I. INTRODUCTION

The investigation of the role of electron correlation in
various electronic properties is a paradigmatic problem in
solid state physics. Electron correlation localizes the valence
electrons leading the system toward insulating phase. Such
correlation induced insulators, known as Mott insulators,
are characterized by gapped electronic excitations in a
system where effective single-particle approaches provide a
metallic ground state. The band insulators represent insu-
lating phase described within the effective single-particle
approaches. Strikingly, some recent theoretical studies reveal
a correlation induced metallic ground state in a band insu-
lator using the ionic Hubbard model.1–4 Such unusual tran-
sition has been observed in two dimensions by tuning
U /W �U=electron-electron Coulomb repulsion strength,
W=bandwidth� and the local potential �.

Here, we investigate the evolution of the electronic struc-
ture of SrRu1−xTixO3 as a function of x. SrRuO3 is a corre-
lated ferromagnetic metal �TC=165 K�. Ti substitution intro-
duces local potential different from Ru sites in the Ru-O
sublattice �Ru-O sublattice determines the material proper-
ties in these systems�. In SrRu0.5Ti0.5O3, every alternative Ru
site is replaced by a Ti site �unit cell is doubled� similar to a
bipartite lattice considered in the ionic Hubbard model.
Transport measurements5 in this system in the form of thin
films reveal a plethora of novel phases such as correlated
metal �x�0.0�, disordered metal �x�0.3�, Anderson insula-
tor �x�0.5�, soft Coulomb gap insulator �x�0.6�, disor-
dered correlated insulator �x�0.8�, and band insulator �x
=1.0�. Thus, this system is a good candidate to study the role
of electron correlation and different local potential in exhib-
iting varieties of electronic properties.

We have used high resolution photoemission spectroscopy
to probe the density function in the vicinity of the Fermi
level �F and at higher energy scale as well. Since the escape
depth of the photoelectrons is small, we have extracted the
surface and bulk spectra in every case by varying the surface
sensitivity of the technique. The bulk spectra exhibit an un-
usual spectral weight transfer and signature of a pseudogap

at �F at higher x. Interestingly, the surface spectra of
SrRu1−xTixO3 exhibit a metal-insulator transition revealing a
soft gap at �F for x=0.5 and a hard gap for higher x.

II. EXPERIMENT

Photoemission measurements were performed at 300 K
using Gammadata Scienta analyzer SES2002 and monochro-
matized photon sources. The energy resolutions for x-ray
photoemission �XP� and He II photoemission measurements
were set at 300 and 4 meV, respectively. Sample surface was
cleaned by scraping at 3�10−11 torr using diamond files.
High quality samples of SrRu1−xTixO3 with large grain size
were prepared following solid state reaction route using high
purity ingredients6 followed by a long sintering �for about
72 h� in the highly pressed pellet form at the final prepara-
tion temperature. Sharp x-ray diffraction patterns reveal
single phase in each composition with no signature of impu-
rity feature. Magnetic measurements using a high sensitivity
vibrating sample magnetometer exhibit distinct ferromag-
netic transition at each x up to x=0.6 studied, as also evi-
denced by the Curie-Weiss fits in the paramagnetic region.
The fits provide an estimation of the effective magnetic mo-
ment ��=2.8, 2.54, 2.45, 2.18, 2.19, 1.95, and 1.93 �B� and
Curie temperature ��P=164, 156.6, 150.6, 145.3, 139, 138.6,
and 100 K� for x=0.0, 0.15, 0.2, 0.3, 0.4, 0.5, and 0.6, re-
spectively. The values of � and �P for SrRuO3 are observed
to be the largest among those available in the literature and
correspond to well characterized single crystalline materials.7

III. RESULTS AND DISCUSSIONS

In Fig. 1�a�, we show the integral background subtracted
XP valence band spectra exhibiting four distinct features
marked by A, B, C, and D. Features C and D represent den-
sity of states �DOS� having large O 2p character8,9 and re-
main almost the same in the whole composition range as
expected. Peaks A and B appear due to the electronic states
having primarily Ru 4d character. While Ru 4d intensity
gradually decreases with the decrease in Ru concentrations,
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the line shape of Ru 4d band exhibits significant redistribu-
tion in intensity. In order to bring out the clarity, we delineate
the Ru 4d band by subtracting O 2p contributions at higher
energies. The subtracted spectra are normalized by integrated
intensity and shown in Fig. 1�b�. Two features A and B are
distinctly visible in the figure. Feature A corresponds to the
delocalized DOS observed in ab initio results and is termed
as coherent feature. Feature B, absent in the ab initio
results,9 is often attributed to the signature of correlation in-
duced localized electronic states forming the lower Hubbard
band and is known as incoherent feature. The increase in x
leads to a significant change in line shape; relative intensity
of A decreases and subsequently, the intensity of B grows
gradually. Since the bulk sensitivity of valence electrons at
1486.6 eV photon energy is high ��60% �, the spectral evo-
lution in Fig. 1�b� manifests primarily in the changes in the
bulk electronic structure.

In order to discuss the effect due to the surface electronic
structure, we show the Ru 4d contributions extracted from
the He II spectra in Fig. 1�c�, where the surface sensitivity is
about 80%. All the spectra are dominated by the peak at
higher binding energies ��1 eV� corresponding to the sur-
face electronic structure as also observed on thin film
samples10 and demonstrated in the case of SrRuO3.8,11 The
coherent feature intensity reduces drastically with the in-
crease in x and becomes almost negligible at x=0.6. This can
be visualized clearly in the spectral density of states
�SDOS� obtained by symmetrizing �S���= I���+ I�−��;

I���=photoemission spectra, �=binding energy� the He II

and XP spectra. The SDOS corresponding to He II spectrum
of SrRuO3 shown in Fig. 2�a� exhibits a sharp dip at �F,
which increases gradually with the increase in x. The SDOS
corresponding to XP spectra in Fig. 2�b�, however, exhibits a
peak in SrRuO3 presumably due to large resolution broaden-
ing and intense coherent feature. This peak loses its intensity
and becomes almost flat for x=0.15 and 0.2. Further increase
in x leads to a pseudogap at �F, which gradually increases
with the increase in x. Both these results clearly indicate
gradual depletion of SDOS at �F with the increase in Ti
substitution.

The effect of resolution broadening of 4 meV in the He II

spectra is not significant in the energy scale shown in the
figure. The electron and hole lifetime broadening is also neg-
ligible in the vicinity of �F. Thus, S��� in Fig. 2�a� provide a
good testing ground to investigate evolution of the spectral
line shape at �F. The line shape of S��� in Fig. 2�a� exhibits
significant modification with the increase in x. We, thus, re-
plot S��� as a function of ��−�F�	 for various values of 	.
Two extremal cases representing 	=0.5 and 1.25 are shown
in Figs. 2�c� and 2�d�, respectively. It is evident that S��� of
SrRuO3 exhibit a straight line behavior in Fig. 2�c�, suggest-
ing significant role of disorder in the electronic structure. The
influence of disorder can also be verified by substitutions at
the A sites in the ABO3 structure. This has been verified by
plotting SDOS obtained from the XP and He II spectra of
Ca1−xSrxRuO3 in Figs. 2�e� and 2�f�, respectively. Here, the
electronic properties of the end members, SrRuO3 and
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FIG. 1. �Color online� �a� Integral background subtracted XP
valence band spectra of SrRu1−xTixO3 for various values of x. Solid
line represents the O 2p part for x=0.6. The inset demonstrates the
background subtraction procedure. Open circles, solid line, and
closed circles represent raw data and background and subtracted
spectra of SrRu0.4Ti0.6O3. �b� Ru 4d spectra after the subtraction of
the O 2p contributions as shown in �a�. �c� Ru 4d band obtained
from He II spectra.

� � �
� � �

� � �

� � �

� � �

� � � � � � � � �

� � �

� � �

� � �

� � � � � � � � �

� � �

� � �

� � �

� � �
� � �

� � �

� � �

� � �

� � � � � � � � � � � � � � � � � � �
� � �

� � �

� � �

� � �

� � 	 � � � � � � � � � � � � � � � � � �
� � �

� � �

� � �

� � �

� � 


� �  � � � �

� �  � � � �

� � � � �

�
�

ε��
��

�
��
��
	


��

�

� � �

� � � � � � � � � � � � � � � � � � �

� �  � � � �

� � � � �

� �  � � � �

� � �

� � ε� � � ε
�
�
� � �

�

�

�
�

ε��
��

�
��
��
	


��

�

� � � � �

� �  � � � �

� �  � � � �

� � �

� � ε� � � ε
�
�
� � � �

�

�

� � �

� � �

� � �

� � �  α

�
�

ε��
��

�
��
��
	


��

� � � �

! �
� � �
" �

�

# $ %
�

� � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � �

� �  � � � �

� �  � � � �

� � �  α

� & �

" � # $
� � �
' �

�

%
�

� ( �

� � �

� � �

� � �

� � � � �

! �
� � �
" �

�

# $ %
�

�

�

� � � � � � � � � � � � � � � � � � � �

FIG. 2. �Color online� S��� obtained from �a� He II and �b� XP
spectra of SrRu1−xTixO3. �b� S��� in �a� are plotted as a function of
�c� ��−�F�0.5 and �d� ��−�F�1.25. S��� obtained from �e� XP and �f�
He II spectra of Ca1−xSrxRuO3.
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CaRuO3, are known to be strongly influenced by the
disorder12 presumably due to the defects and/or vacancies in
the crystal lattice. Substitution of Sr at the Ca sites is ex-
pected to enhance the disorder effect. The line shape of S���
in both Figs. 2�e� and 2�f� remains almost the same across
the whole composition range. Such disorder induced spectral
dependence is consistent with the observations in other
systems13,14 as well.

The line shape modifies significantly with the increase in
x and 	 becomes 1.25 in the 60% Ti substituted sample. In
systems consisting of localized electronic states in the vicin-
ity of �F, a soft Coulomb gap opens up due to electron-
electron Coulomb repulsion; in such a situation, the ground
state is stable with respect to single-particle excitations when
SDOS is characterized by ��−�F�2 dependence.15,16 Here, Ti
substitution introduces defects in the Ru-O network, where
Ti4+ having no d electron does not contribute in the valence
band. In addition, the reduced degree of Ru-O-Ru connectiv-
ity leads to a decrease in bandwidth W and hence U /W en-
hances. Thus, gradual increase in 	 with the increase in x in
the intermediate compositions is intriguing and indicates
strong interplay between correlation effect and disorder in
this system.

The extraction of surface and bulk spectra requires both
the XP and He II spectra collected at significantly different
surface sensitivities. Thus, we broaden the He II spectra up to
300 meV and extract the surface and bulk spectra analyti-
cally using the same parameters as used before for
CaSrRuO3 system.8 The surface spectra shown in Fig. 3�b�
exhibit a gradual decrease in coherent feature intensity with
the increase in x, and subsequently, the feature around 1.5 eV
becomes intense, narrower, and slightly shifted toward
higher binding energies. The decrease in intensity at �F is
clearly visible in the symmetrized spectra S��� shown in Fig.
3�d�. Intensity at �F in S��� of x=0.5 sample becomes zero

exhibiting a soft gap. A hard gap appears in S��� correspond-
ing to higher x.

The spectral evolution in the surface spectra is remarkably
consistent with the transport properties5 measured on thin
film materials, which has essentially two-dimensional sym-
metry. Although it is assumed that sufficiently thick films
may correspond to the bulk of the material, it is often ob-
served that substrate induced strain remains in the films even
for large number of layers. This is presumably the reason
why the magnetic ordering temperature observed for SrRuO3
films is lower than that observed for bulk materials.7

Significantly different surface and bulk electronic struc-
tures have been observed in various 3d and 4d transition
metal oxides.8,17–20 This can be attributed primarily to three
effects. �i� The crystal symmetry at the surface will be close
to D4h symmetry compared to the close to Oh symmetry
observed in the bulk. Thus, the splitting of the Ru 4d bands
will be stronger in the surface spectra. �ii� The absence of
periodicity along the surface normal leads to significant nar-
rowing of the valence band and, hence, the effective electron
correlation strength will be enhanced at the surface. �iii� Sur-
face reconstruction, defects, etc., also play significant role in
determining the surface electronic structure.

While all the above factors are expected to be important,
the evolution of the electronic structure in SrRu1−xTixO3 will
also be influenced by the introduction of difference in the
local potential � between Ti and Ru sites due to Ti substitu-
tion in the Ru-O sublattice. Interestingly, the soft gap appears
at x=0.5, where the system becomes similar to a bipartite
lattice considered in the theoretical calculations.1–4 Thus,
these results corresponding to two-dimensional surface states
presumably have strong implication in realizing recent theo-
retical predictions.

The picture is strikingly different in the bulk spectra
where the electronic structure is three dimensional. The bulk
spectrum of SrRuO3 exhibits an intense and sharp coherent
feature and the incoherent feature appears around 2 eV. The
enhancement of U /W due to Ti substitution is expected to
reduce the width of the coherent features along with an in-
crease in the incoherent feature intensity. In sharp contrast,
the coherent feature becomes significantly broad and appears
very similar in the bulk spectra of all the intermediate com-
positions. The symmetrized bulk spectra shown in Fig. 3�c�
exhibit a small lowering of intensity at �F with the increase
in x.

Since U is weak in these highly extended 4d systems,8,11 a
perturbative approach may be useful to understand the role
of electron correlation in the spectral line shape. We have
calculated the bare density of states �DOS� for SrRuO3 and
SrRu0.5Ti0.5O3 using state-of-the-art full potential linearized
augmented plane wave method.9,21 The self-energy and spec-
tral functions were calculated using this t2g partial DOS as
done before.22 The real and imaginary parts of the self-
energy are shown in Figs. 4�a� and 4�b�, and the spectral
functions for different U values are shown in Figs. 4�c� and
4�d� for SrRuO3 and SrRu0.5Ti0.5O3, respectively. The in-
crease in U leads to a spectral weight transfer outside the
local-density approximation �LDA� DOS width, creating the
lower and upper Hubbard bands. Subsequently, the total
width of the LDA DOS diminishes gradually. While these
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FIG. 3. �Color online� Extracted �a� bulk and �b� surface spectra
of SrRu1−xTixO3 for various values of x. The SDOs obtained from
bulk and surface spectra are shown in �c� and �d�, respectively.
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results exhibit similar scenario as that observed in the most
sophisticated calculations using dynamical mean field theory,
the separation between the lower and upper Hubbard bands
is significantly larger than the corresponding values of U. It
is important to note here that the band structure calculations
include the electron-electron interaction term within the

local-density approximations. The perturbation calculations
in the present case essentially provide an estimation of the
correction in U already included in the effective single-
particle Hamiltonian.

In order to compare with the experimental spectra, the
calculated spectral functions are convoluted by Fermi-Dirac
distribution function and the Gaussian representing the reso-
lution broadening of 300 meV. The comparison is shown in
Figs. 4�e� and 4�f�. The spectral shape corresponding to
U=0.6±0.1 exhibits remarkable representation of the experi-
mental bulk spectra in both the cases. These results clearly
establish that perturbative approaches and local description
of the correlation effects are successful in capturing elec-
tronic structure of these weakly correlated systems. The
overall narrowing of the valence band observed in the sub-
stituted compounds is essentially a single-particle effect and
can be attributed to the reduced degree of Ru-O-Ru connec-
tivity in these systems. While the high energy scale features
are reproduced remarkably well within this picture, the oc-
currence of a pseudogap at �F with increasing x �not visible
in Fig. 4 due to large energy scale� suggests increasing role
of disorder.

IV. CONCLUSIONS

In summary, the high resolution spectra of SrRuO3 exhibit
signature of disorder in the vicinity of the Fermi level. Ti
substitution influences the spectral line shape of the bulk
spectra and a dip appears at �F �pseudogap�. First principles
approaches are found to be sufficient to capture the bulk
spectra, and U remains almost the same across the series.
The effects are much stronger in the �two-dimensional� sur-
face electronic structure, leading to a soft gap at 50% substi-
tution and eventually a hard gap appears. Thus, this study
provides an example where a metal-insulator transition is
observed in two dimensions as a function of local potential
keeping the electron correlation strength U unchanged as
studied within the ionic Hubbard model.
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FIG. 4. �Color online� Real and imaginary parts of the self-
energy of �a� SrRuO3 and �b� SrRu0.5Ti0.5O3 obtained by second
order perturbation method following the method of Treglia et al.
�Ref. 22�. Spectral functions for various values of U of �c� SrRuO3

and �d� SrRu0.5Ti0.5O3. Calculated experimental spectra for differ-
ent values of U of �e� SrRuO3 and �f� SrRu0.5Ti0.5O3.
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