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a b s t r a c t

We have studied the valence and electronic properties of Mn doped SrRuO3 using electrical transport

measurement, X-ray photoelectron spectroscopy (XPS) and local (spin) density approximation plus

Coulomb interaction strength calculation (LSDA+U). The resistivity data revealed that the system

undergoes transition from metal to insulator at the critical Mn doping level, x�0.2, which is

accompanied by the structural transition from orthorhombic to tetragonal crystal symmetry. Besides,

the significant reduction of the spectral weight at the coherent zone (0.8 eV) of the valence band is

observed for x40.2. The core XPS spectra suggest that both the transition elements exist in the mixed

ionic pair, Ru+ 4/Ru+ 52Mn+ 3/Mn+ 4. The detail analysis of the results suggests that the Coulomb

correlation effect in conjugation with localization of the charge carriers predominate over the mixed

ionic pair effect and responsible for the metal–insulator transition in the series.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

SrRuO3 has received a special attention in the recent years
because of high chemical stability, good metallic and thermal
conductivity, magnetic properties (TC�165 K), and easy epitaxial
growth on various perovskite substrates. Owing to these proper-
ties, SrRuO3 is an important candidate for normal metal layers in
Josephson junctions, as an electrode in microelectronic devices,
etc. [1,2]. Since different kinds of electron mediated phenomenon
such as Coulomb and exchange interactions are controlled by
foreign ions, efforts have been made by doping 3d transition
elements at the Ru-site to further improve magnetic and electro-
nic properties or to introduce new functional properties like
spintronic in SrRuO3 [3,4]. Among 3d elements, Mn and Ru
combination in the crystal lattice of the perovskite compounds
exhibit unique physical properties. Notably, Mn induced ferro-
magnetism in G-type of antiferromagnetic CaRuO3 insulator, Ru
acted as a charge ordering dilutor in Nd0.5Sr0.5MnO3 manganite,
mixed ionic pair between Ru and Mn formed in La0.7Sr0.3Mn0.9

Ru0.1O3, and Ru induced spin rotation in La1.2Sr1.8Mn2O7 layered
manganite [5–9]. These properties are explained based on the
existence of mixed valence states of Ru ions (Ru+ 4 and Ru+ 5), and
their participation in the double exchange ferromagnetic
ll rights reserved.

.

interaction with the mixed valence states of Mn, Mn+ 3/Mn+4

since the eg and t2g parentage of Ru+5 is similar to the Mn+4 ion.
Therefore, the combination of Ru and Mn in the perovskite
manganite systems suggests that these two diagonally placed
elements in the periodic table are efficient and unique pair for
unusual magnetic and electronic properties. However, doping of
Mn in the metallic SrRuO3 drives the system into insulating state
and the properties are same as observed in other 3d transition
elements doped SrRuO3 [10]. The experimental conductivity data
of Mn doped SrRuO3 samples exhibit a large deviation with
respect to the conductivity behavior observed in Ru doped
manganite samples [5–9]. The underlying conduction mechanism
for such deviation is still unknown. This motivates us to study the
valence and electronic properties of SrRu1�xMnxO3 to understand
the associated mechanism related to the metal–insulator transi-
tion at the critical doping concentration, x�0.2.

Recently, Kolesnik et al. [10] have reported the structural and
magnetic phase diagram of the SrRu1�xMnxO3 series studied by
neutron spectroscopic method. They observed that the magnetic
structure of SrRu1�xMnxO3 is equivalent to the magnetic struc-
ture of electron doped manganite system, Sr1�xLaxMnO3. The
different C and G-type of magnetic ordering in SrRu1�xMnxO3 is
discussed based on the mixed Mn+4/Mn+ 3 ions. This suggests that
the formation of the mixed Mn valence can be induced in the
system either by doping Ru at the Mn site or La at the Sr-site.
However, no reports have been emphasized on the correla-
tion parameters to understand the electronic properties of
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SrRu1�xMnxO3. Photoemission spectroscopy is a direct technique
to determine the valence states of an atom and powerful method
to understand about the effect of various electronic interaction
parameters on the conductivity of SrRuO3. For instance, photo-
emission spectroscopic studies revealed that electron correlation
between the d electrons is significant in SrRuO3 in spite of the
relatively extended 4d wave functions compared to the 3d wave
functions in 3d transition-metal oxides [11]. The magnitude of the
on-site Coulomb interaction U is also found to be sizable. Conse-
quently, the observed spectral line shape of the Ru 4d band is
spread over a wide energy range and the emission intensity at the
Fermi level is weakened compared to the band-structure calcula-
tion. Besides, the core level spectra of Ru have been studied
extensively to reveal the Mott transition phenomenon, where
the satellite structure manifested the conduction mechanism of
ruthenates [12]. Therefore, study of the valence band as well as
core level spectra of Mn doped SrRuO3 using photoemission
spectroscopy in association with calculated density of states
would give complete electronic structure of the system, which
would be useful to explain the observed metal–insulator transi-
tion in SrRu1�xMnxO3.

In this article, we have firstly studied the resistivity properties
of the polycrystalline SrRu1�xMnxO3 samples to derive the nature
of doping effect on the conduction properties that shows Mn
drives the system from itinerant metallic state to insulating state
at the critical doping concentration, x�0.2. Secondly, we have
investigated valence band near the Fermi edge, and core Ru 3d,
Ru 3p, Mn 2p, and Mn 3s peaks of SrRu1�xMnxO3 using photoemis-
sion spectroscopy to understand about the factors such as valence
states of transition elements and effect of electron correlation
parameters on the metal–insulator transition of the series. Thirdly,
we have studied the valence band electronic structure using local
(spin) density approximation plus Coulomb interaction strength
(LSDA+U) calculation to support the experimental findings pertain-
ing to the XPS results. The combination of experimental and
theoretical data explains the origin of metal–insulator transition
in SrRu1�xMnxO3.
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Fig. 1. Resistance as a function of temperature for SrRu1�xMnxO3.
2. Experimental and computational details

Samples were prepared by solid state reaction route followed
by sintering in the form of pellets at 1200 1C for about 72 h with
four times intermittent grinding to achieve large grain sizes
and obtain phase purity samples. The purity of the samples was
checked by the XRD technique (Bruker, D8 DISCOVER) using
Co-Ka as an X-ray source (l¼1.79 Å). The transport properties
were measured using four-point probe method. Photoelectron
spectroscopy measurements at room temperature were carried
out using SPECS spectrometer, GmbH, Berlin, Germany. The
measurements were performed using Al-Ka monochromator
X-ray source (hn¼1486.6 eV). The base pressure of the chamber
was 2.3�10�10 Torr and during data acquisition the pressure was
�5�10�9 Torr. The total resolution for XPS was �0.6 eV at pass
energy of 25 eV. Photoelectron measurements were performed on
freshly fractured samples and the charging effect, if any, was
checked using electron flood gun attached to the spectrometer.
The deconvolution of the Ru peak was carried out using the
following procedure; each peak was represented by symmetric
function generated by a Lorentzian function convoluted with a
Gaussian. The Lorentzian function represents the lifetime broad-
ening effect while the Gaussian function supposes to account for
all other broadening including resolution broadening. Besides,
one function for Sr 3p1/2, two more doublets were used; one
doublet for the main Ru 3d spin–orbit split peaks and the other
for the weak satellite feature, with the intensity ratio between the
spin–orbit split components being fixed at 1.5 which determined
by the degeneracy ratio. The full width half maximum of all the
peaks pertaining to Ru 3d peak was kept constant (1.9 eV).

The spin polarized electronic structure calculations of SrRuO3

and Sr0.75Mn0.25RuO3 compounds were carried out using LmtArt
6.61 [13]. For calculating charge density, full-potential linearized
muffin-tin orbital method working in plane-wave representation
was employed. In the calculations, we have used the muffin-tin
radii of 3.119, 2.134, 1.61, and 1.615 a.u. for Sr, Ru (Mn), O1, and
O2, respectively. The charge density and effective potential were
expanded in spherical harmonics up to l¼6 inside the sphere and
in a Fourier series in the interstitial region. The initial basis set
included 5s, 4p, and 4d valence, and 4s semicore orbitals of Sr; 5s,
5p, and 4d valence, and 4p semicore orbitals of Ru; 4s, 4p, and 3d

valence, and 3p semicore orbitals of Mn; and 2s and 2p valance
orbitals of O. The exchange-correlation functional of the density-
functional theory was taken after Vosko et al. [14]. (6, 6, 6)
divisions of the Brillouin zone along three directions for the
tetrahedron integration were used to calculate the DOS. Self-
consistency was achieved by demanding the convergence of the
total energy to be smaller than 10–4 Ry/cell.
3. Results and discussion

Fig. 1 shows the temperature dependence of resistance for
polycrystalline bulk SrRu1�xMnxO3 samples. The parent SrRuO3

compound shows the metallic behavior (where dr/dT40) and a
kink is observed close to the Curie temperature, TC�165 K.
This kink has been attributed to the spin scattering of the carrier
electron in the ferro-paramagnetic transition regime [15].
The similar resistivity behavior against temperature prevails in
the system up to 10% of Mn doping. However, the temperature
dependence resistance data for xZ0.2 show that the resistance
increases (where dr/dTo0) with decreasing temperature. It is
observed that the resistance increased several folds for x40.2
at below T¼50 K. These results indicate that Mn doping drives
the SrRuO3 system from metallic state to insulating state at the
critical doping, x�0.2. The resistivity data and the critical doping
concentration for the metal–insulator transition in polycrystalline
Mn doped SrRuO3 are consistent with the data reported earlier by
Kolesnik et al. [10]. The metallic property of SrRuO3 is explained
based on the appearance of strong spectral weight near the Fermi
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level caused by strong hybridization between Ru 4d and O 2p

orbitals, and itinerant character of 4d electrons. Substitution of
Mn is expected to increase the spectral weight of SrRuO3 by virtue
of increasing charge carrier delocalization since Mn forms mixed
ionic pair with Ru (Mn+ 3/Mn+ 42Ru+ 4/Ru+5) and the mixed pairs
mediate double exchange ferromagnetic interaction as discussed
earlier [5–9]. However, the resistivity of SrRuO3 increases with
Mn doping, which suggests a detail study is required to under-
stand the role of doping ion on the electronic properties.

Extensive studies of the similar Mn based perovskite systems
show that structural phase transition is also one of the factors
responsible for the metal–insulator transition even though the
mixed ionic pair (Mn+3/Mn+ 4) persists in the system [16–18].
Therefore, we have checked the phase transition structurally of
these samples using XRD technique (Fig. 2) before we go for the
detail analysis of the resistivity data. It is observed that the crystal
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Fig. 2. Observed (symbol) and calculated (solid line) X-ray powder diffraction

pattern for SrRu1�xMnxO3 measured at room temperature.
symmetry of the parent SrRuO3 retains as an orthorhombic crystal
symmetry with space group Pnma up to the doping concentration
x�0.2. Above the critical doping concentration, there is a clear
splitting of the 040 peak into 004 and 220 peaks. In addition, the
Rietveld analysis show that the experimental peaks are matched
with the calculated peaks considering tetragonal crystal symme-
try with space group I4/mcm. This suggests that the system
undergoes transformation from orthorhombic crystal symmetry
to tetragonal crystal symmetry at x40.2. It can be noted from
the XRD peaks that the base of the peaks of SrRu0.8Mn0.2O3 is
broadened compared to the SrRuO3 peaks due to chemical doping,
indicating lattice strain induces before the structural transition in
the system. The structural transition is due to increasing of the
tolerance factor, t¼(Sr�O)/O2(B�O) (B¼Ru, Mn). The tolerance
factor for the parent SrRuO3 is 0.99 and it increases with Mn
doping that can be explained based on the existence of redox
ionic pair between Ru and Mn (Ru+4 (0.62 Å)+Mn+ 4

(0.545 Å)2Ru+5 (0.565 Å)+Mn+ 3(0.645 Å). At an equal distribu-
tion of Ru and Mn in the crystal lattice i.e. SrRu0.5Mn0.5O3, the
average ionic radius of these ions to be 0.596 Å by assuming
the ratio among all the ions is same which is smaller than the
radius of the Ru+ 4 ion (0.62 Å) in SrRuO3. The tolerance factor (t)
increases due to Mn doping, which favors to stabilize the crystal
structure of the doped SrRuO3 in tetragonal crystal structure.
The obtained lattice parameters and crystal symmetries are also
matched with the neutron data of the series reported by Kolesnik
et al [10]. We first make the correlation between transport and
structural data up to the critical concentration, x�0.2, where the
crystal symmetry remains orthorhombic. The obtained bond
angle data from the Rietveld analysis shows that the B–O–B angle
changes from lower angle side (for SrRuO3�1621) to higher angle
side (1801) due to Mn doping. In general, the increase in the bond
angle of the perovskite manganite systems effectively increases
the atomic orbital overlapping of the transition elements that
enhances electron delocalization, and hence the conductivity of
the system increases [19]. In contrast, the conductivity decreases
due to Mn doping though the bond angle increases up to the
critical doping concentration (x�0.2). This suggests that crystal
structure does not play a major role on the metal–insulator
transition of SrRu1�xMnxO3 below the critical doping level.
At xZ0.2, the crystal structure may attribute to the conduction
mechanism up to some extent as the structure changes from
orthorhombic to tetragonal. This suggests that some other factors
apart from the crystal structure dominate the conduction
mechanism in the series.

Next we turn to discuss the disorder effect on the electronic
properties as suggested by several authors that existed in strongly
correlated Mott–Hubbard ferromagnetic metallic systems [20,21].
Since SrRuO3 is strongly correlated metallic system, doping of
other transition elements may induce disorder magnetically or
structurally in the host material that would increase the Coulomb
repulsion strength (U) and reduce bandwidth (W). The uprising of
the resistivity with Mn doping is suggestive of a gap opening near
the Fermi level, e.g., due to a critical value U/W for a Mott-like
transition in the Hubbard model. To understand the conduction
mechanism, we have analyzed the resistivity data by fitting the
Mott’s variable range hopping (VRH) model, r¼r0 exp(T0/T)1/n,
where r0 is the pre-factor and T0 represents the characteristic
temperature [22]. However, it is found that the experimental data
based on the VRH model do not give linear plot for x¼0.2 and
the data fits with the polaron model, r¼r0T exp(Ep/kBT) shown
in Fig. 3a. It is observed that there is two slopes in the measured
temperature region, 4.2 KoTo100 K and 100 KoTo300 K.
This can be explained based on the thermally assisted polaron
hopping model. The Ru 4d orbital splits into two subsets, t2g

(three fold degeneracy) and eg (two fold degeneracy) in octahedral
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environment. In general, the t2g electrons are more localized than
eg electrons. Mn doping induces lattice distortion as observed
from the XRD data (base of the SrRu0.8Mn0.2O3 peaks broadened).
Therefore, distortion of the octahedral cage of O atoms lowers the
symmetry and further splits the eg and t2g levels. The electron is
now more tightly bound, forming a so-called lattice polaron. The
polaron behaves as a negatively charged particle with a larger
mass and lower mobility than an isolated electron. Consequently,
the conductivity is low at low temperature. At T4100 K, the
thermal energy overcomes the trapping energy associated
with the polaron that enhances the conductivity. On the other
hand, the resistivity data for x40.2 obeys the VRH model and
gives linear dependence plot (Fig. 3b) when the power factor to be
n¼4 i.e. three-dimensional hopping. It can be noted that the VRH
mechanism dominates the conduction in the temperature range
4.2 KoTo200 K. The data show that the slope of the curve
increases with increase of the Mn doping concentration, indicat-
ing the carrier hopping energy increases with the doping content.
The increase of Mn content creates spin fluctuation and Columbic
potential fluctuation. So, the charge carriers experience potential
difference while moving from one site to another site. The
localization of the charge carriers in a random potential can be
calculated using VRH model in which the parameter T0 is related
to localization length x and magnetic potential Um. Here, x (¼1/a)
can be calculated using the following equation, kT0¼171a3Umn,
where Um is 2 eV and n, the lattice volume per manganese ion
is 5.7�10�29 m3 [23]. It is found that the localization length
decreases with increasing Mn concentration, 8.1 nm for x¼

0.3–3.1 nm for x¼0.5. These values are physically plausible since
the localization length exceeds the ionic radius of Ru and Mn.
Correlation of transport properties with VRH model parameters
suggests that the random magnetic potential due to weakening of
the long range ferromagnetic ordering plays substantial role on
the conduction properties of Mn doped SrRuO3.

We have studied the valence band spectra and core spectra of
Ru and Mn using XPS technique to understand the conduction
mechanism spectroscopically. Before discussing the valence band
spectra, we will address the very basic question of what is the
valence of Ru and Mn in SrRu1�xMnxO3. This would be supportive
to construct the possible charge carrier hopping mechanism in
the framework of Zener’s double exchange theory and would be
useful to understand the effect of Mn on the conduction proper-
ties of SrRuO3. Moreover, no detail study pertaining to valence
states using XPS technique is available for this series. The parent
compound is ionic with valence Sr+2, Ru+ 4, and O�2, which would
suggest that Mn would be in Mn+ 4 valence state upon doping for
the charge neutralization. Also, it has been observed from several
experimental techniques like neutron diffraction, Compton scat-
tering measurement and mössbauer spectroscopy that the coex-
istence of trivalent 3d transition elements (M+3) and Ru+5 seems
to be a common phenomenon in the CaRu1�xMxO3 system [24,25].
Therefore, it is plausible expectation that some part of the doped
Mn has the +3 oxidation state rather than +4 and some part of Ru
has the +5 oxidation state for the charge neutralization. As a
result, it is expected that Ru and Mn may form mixed valence
ionic states (Ru+ 4/Ru+52Mn+3/Mn+ 4). XPS binding energy is
sensitive to the valence states of element as well as local
environment. The concept of mixed valence states between Ru
and Mn has been invoked while discussing the unusual role of Ru
in manganite systems, La1�xAxMnO3 [5–9]. The possible existence
of mixed valence states will have different chemical bonding
combinations such as Ru+ 4–O–Mn+ 4, Ru+ 4–O–Mn+ 3, Ru+ 4–O–
Ru+5, Ru+4–O–Ru+ 4, Ru+ 5–O–Ru+ 5, Mn+ 4–O–Mn+ 3, Mn+ 3–O–
Mn+3, Mn+ 4–O–Mn+ 4. Therefore, we can imagine that the possi-
bility of multi peak structure under the broad envelope due to the
chemical environment effect in XPS studies. Consequently, the
analysis of peak binding energy and doublet peak energy separa-
tion would be an important ingredient to determine the valance
state of Ru and Mn in this series and to understand the correlation
effect. Fig. 4 shows the XPS Ru 3d and Ru 3p peak of
SrRu1�xMnxO3. Previously reported XPS data of Ru based com-
pounds show that the core 3d peak of Ru+ 5 appears at higher
binding energy than Ru+4 and the difference is nearly 1.4 eV [26].
Moreover, the doublet peak energy separation (DEB.E¼B.E 3d5/2�

B.E 3d3/2) of Ru+ 5 is smaller than the Ru+4 ion since Ru+ 5 has
weak spin–orbit coupling constant than Ru+ 4(l¼900 cm�1).
Since C 1s peak appears at the same position where the Ru 3d3/2

peak appears, therefore, all the peaks were normalized based on
the Sr 3p3/2 peak (268.4 eV). Considering all these facts, we carry
out the analysis of Ru 3d spectra in details and the peak positions
were determined by fitting the theoretical profiles of the data. In
the case of a compound containing Ru+ 4 ion, Ru 3d5/2 locates at
280.8 eV and Ru 3d3/2 peak locates at 284.9 eV. These energy
positions are matched with the parent SrRuO3 compound, there-
fore, we consider Ru exists only in Ru+ 4 state in SrRuO3. However,
a chemical shift is observed due to Mn doping. The doublet peaks
of Ru 3d shift towards higher binding energy, could arise from the
two factors namely; neighboring ion effect of Mn or valence
effect. In the case of neighboring Mn ion, the peak is expected to
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Table 1
Parameters obtained from deconvolution of XPS core Ru 3d spectra using CASA

XPS software. The spectrum is normalized based on the Sr 3p3/2 peak binding

energy. DEspin�orbit: spin–orbit splitting of the Ru 3d peak; Ru DEsatellite: energy

separation between the Ru main peak and the corresponding satellite peak;

Isatellite/Imain: ratio of the intensities between the Ru 3d satellite and the main peak.

Compound

name

Ru 3d5/2 B.E.

(eV)
DEspin�orbit

(eV)

Ru

DEsatellite

Isatellite/

Imain

SrRuO3 280.8 4.1 2.2 0.35

SrRu0.8Mn0.2O3 281.1 4.1 2.0 0.25

SrRu0.5Mn0.5O3 281.4 3.85 2.1 0.15
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shift towards lower binding energy since Ru is having more
electronegativity value than Mn that would increase electron
density at the Ru ion. Consequently, the binding energy of Ru 3d

peak supposes to be decreased due to neighboring Mn ion effect.
Moreover, the chemical shift occurs in the range of binding
energy 70.2 eV when any electron donor or acceptor is directly
attached to the Ru ion [27]. In contrast, we observe chemical shift
towards higher binding energy and the shifting is significant,
indicating the chemical shift is due to the change of valency
rather than neighboring Mn ion effect. For 50% Mn doped SrRuO3

sample the chemical shift of the main peak of Ru 3d is
DEB.E¼0.6 eV with respect to the SrRuO3 sample (Table 1). The
similar chemical shift without resolved peak between Ru+ 4 and
Ru+ 5 was observed earlier in CaRu1�xMnxO3 [28]. The chemical
shift indicates that Ru exits in Ru+4 and Ru+ 5 valence states. It is
also observed from the Ru 3d spectrum that an asymmetric type
of peak shape (called satellite peak) which appears at about 2.1 eV
to the higher binding energy side of each of the Ru 3d doublet
peaks. This indicates a significant deviation of the local environ-
ment of the emitting atom with respect to the bulk phase. Cox
et al. [29] attributed the satellite peak to many body electrons and
these effects can be understand based on the theory proposed by
Kotani and Toyazawa [30]. To extract more information from the
asymmetric shape of the main peak we carried out the spectral
deconvolution mentioned in the experimental section. The calcu-
lated peaks are matched with the experimental data. The results
of these spectral decompositions are shown in Fig. 4a, b, and c
and the corresponding parameters are summarized in Table 1.
It is to be noted that the minimum w2 value obtained for the
SrRu0.5Mn0.5O3 when the doublet peak energy separation was
considered 3.85 eV in contrast to 4.1 eV for SrRuO3, indicating
suppression in the average spin–orbit coupling of x¼0.5 sample.
Besides, it is observed from the fitting data that the intensity ratio
between the satellite peak to the main peak decreases with
increasing Mn content. Earlier study of Ru based oxide system
shows that the intensity of satellite peak for Ru+5 based oxides is
lower than the Ru+4 based oxides [31]. This is due to the electron
correlation effect since nearly 40% of electron reduces when the
valence state of Ru changes from Ru+ 4 to Ru+5 [32]. To support
the conclusion drawn about the valence states of Ru from the
peak decomposition, we have also recorded Ru 3p core level
spectrum (Fig. 4d). Both the Ru 3p peaks (Ru 3p3/2 and Ru 3p1/2)
for SrRu0.5Mn0.5O3 appear nearly 0.5 eV above than the peaks for
SrRuO3. The detail analysis of XPS core peak suggests that Ru
exists as Ru+4 and Ru+5 ionic states in the Mn doped samples.

Next we analyze the Mn 2p and Mn 3s XPS peak for
SrRu0.5Mn0.5O3 (Fig. 5). To determine the valence states of
Mn, we compare the binding energy and doublet peak energy
separation of Mn 2p with the spectrum of reference sample,
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La0.67Sr0.33MnO3, where Mn exists in mixed valence states (Mn+3

and Mn+ 4) (Fig. 5a). Because of strong spin–orbit coupling, the Mn
2p peak splits into Mn 2p3/2 and Mn 2p1/2 with the doublet peak
energy separation, DEs�o¼11.7 eV. Moreover, a shake up peak at
the position of �5 eV higher energy side of the main peak appears
in the spectra. The features such as position of 2p peak binding
energy, doublet peak energy separation and shake up peak are
well matched with the features of La0.67Sr0.33MnO3, indicating Mn
exists in mixed valence states (Mn+3/Mn+ 4). Besides, the value of
the Mn 3s exchange splitting was used to determine the Mn
valence in a more quantitative way than is possible by means of
the Mn 2p signal (Fig. 5b and c). The doublet peak energy
separation depends on the redistribution of the valence states
of the Mn ions since the spin–orbit coupling constant is 180 and
138 cm�1 for Mn+3 and Mn+4 ion in octahedral environment,
respectively. XPS study of manganite sample indicates that there
is a linear relation between the Mn valence and the Mn 3s

exchange splitting energy by the equation; nMn¼9.67�1.27
DE3s/eV [33]. The DE 3s value was estimated for both
SrRu0.5Mn0.5O3 and La0.67Sr0.33MnO3 from the peak fitting proce-
dure, in which the same constraint was imposed for both the
samples. It is found from the peak fitting that the DE 3s is 5.1 eV
for SrRu0.5Mn0.5O3 and 5.3 eV for La0.67Sr0.33MnO3. Further, the
oxygen stoichiometry is nearly same in both the samples since
the peak position and shape of the O 1s spectrum is identical
(Fig. 5d). The calculated average valence state of Mn in
SrRu0.5Mn0.5O3 using the empirical equation is +3.5, indicating
Mn exists both in Mn+4 and Mn+ 3 valence states. These XPS data
suggest that Ru and Mn tend to form mixed ionic pair in the Mn
doped SrRuO3. However, the existence of mixed valence state of
Mn enhances the delocalization of electron which ultimately
shows good conductivity via double exchange process that
observed in La0.67Sr0.33MnO3 [16]. In contrast, SrRu0.5Mn0.5O3

consisting of mixed Mn+4 and Mn+ 3 valence states exhibits
insulating behavior. An increase in the resistivity of Mn doped
SrRuO3 in spite of the existence of the mixed ionic pair, suggest-
ing some other factors are responsible for the metal–insulator
transition in SrRu1�xMnxO3.

Valance band spectrum of SrRuO3 is well studied using
photoemission spectroscopy to understand the conduction
mechanism of the sample. Based on the simulation studies, it
has been concluded that the valence peak consists of screened
peak caused by coherent band (the quasiparticle band near EF)
and unscreened peak related to the incoherent band (the remnant
of the Hubbard band between 1 and 2 eV) of the valence band [11].
The intensity ratio between the screened peak and unscreened
peak has become a tool to distinguish between metallic and
insulating ruthenates. In the case of metallic ruthenates, the
screened peak becomes more pronounced over the unscreened
peak and it is reversed in the case of insulating ruthenates.
Therefore, study on the valence band spectra using photoelectron
spectroscopy would be useful further to explain the doping
induced metal–insulator transition. Fig. 6 shows the valence band
spectra obtained using Al Ka source. The spectrum of SrRuO3

measured at T¼300 K exhibits an intense coherent peak around
�0.8 eV, consistent with the earlier report [13]. The spectral
analysis as per the observed features of the earlier reported data
for SrRuO3 suggests that the feature below �3 eV is predomi-
nantly contributed by Ru t2g and the peak at �6 eV mainly arises
from the O 2p. The closer view of the data below 4 eV after the
subtraction of O 2p character indicates that the intensity of
coherent peak decreases significantly with Mn doping (Fig. 6b)
and the peak position coincides with the unscreened peak that
observed earlier in insulating ruthenates [11]. These results are



12 10 8 6 4 2 0 -2

Ef

In
te

ns
ity

 (a
. u

.)

 x = 0.0

VB Spectra

B. E (eV)

 x = 0.2

6 5 4 3 2 1 0 -1 -2
B.E (eV)

 x = 0.2
 x = 0.0

EFVB Spectra

In
te

ns
ity

 (a
. u

.)  x = 0.5

 

12 8 4 0 -4

In
te

ns
ity

 (a
. u

.)

B.E (eV)

x = 0.2  

Fig. 6. (a) Valence band spectra of SrRu1�xMnxO3 measured using XPS technique

at room temperature. The inset showing the deconvolution procedure of valence

band spectrum for x¼0.2 in order to know the amount of O 2p contribution. The

same deconvolution procedure was followed for other samples. (b) Valence band

spectra of SrRu1�xMnxO3 after the subtraction of the O 2p contributions.

-8 -6 -4 -2 0 2

2

4

6
Sr0.75Mn0.25RuO3

 LSDA
 LSDA+U

Energy (eV)

-8 -6 -4 -2 0 2

2

4

6

T
D

O
S 

(S
ta

te
s 

eV
-1
 f

u-1
)

T
D

O
S 

(S
ta

te
s 

eV
-1
 f

u-1
)

 LSDA
 LSDA+U

SrRuO3

Fig. 7. Total density of states of (a) SrRuO3 and (b) SrRu0.75Mn0.25O3 obtained from

LSDA and LSDA+U calculations.

R.K. Sahu et al. / Journal of Solid State Chemistry 184 (2011) 523–530 529
consistent with the results reported recently by Horiba et al. [34].
This implies that doping of Mn drives the system from metallic to
insulating state. Therefore, it can be concluded that electron
correlation effect plays a major role on the doping induced metal
to insulator transition in SrRu1�xMnxO3 [12].

In order to understand the electron correlation factors dom-
inate the metal–insulator transition, we have calculated density
of states (DOS). Total DOS (TDOS) for SrRuO3 obtained from LSDA
and LSDA+U calculations are shown in Fig. 7a. On comparing the
TDOS corresponding to LSDA calculation with the valence band
spectrum shown in Fig. 6a one can easily make out that LSDA
result is not the true representation of the experimental data. The
experimental data show a peak around 0.8 eV whereas TDOS
show a peak around the Fermi level. Moreover, the magnetic
moment obtained from LSDA calculation is �0.8mB/fu, which is
significantly less than the experimental value of �1.7mB/fu [35].
These results clearly show the inadequacy of LSDA in expressing
the electronic and magnetic properties of SrRuO3, and suggest
the importance of on-site Coulomb correlation in deciding these
electronic properties. On considering U¼2 eV for the Ru 4d

electrons in the calculation, the value of magnetic moments is
found to be �2mB/fu and the TDOS obtained from LSDA+U

calculation provide a good representation of the experimental
valence band spectrum with a peak around 0.7 eV. The small
discrepancy in the peak position of the experimental spectrum
and calculated TDOS may be attributed to the surface contribu-
tion to the experimental data as reported by Maiti and Singh [36].
It is important to note that the on-site Coulomb interac-
tion strength of about 2 eV provides a good representation of
the electronic and magnetic properties of other 4d electron
system [37].

As mentioned earlier that the doping of Mn at the Ru sites
reduces the intensity of the coherent peak and it moves to the
higher binding energy, Fig. 7b. In order to understand the doping
effect we have calculated the TDOS of one of the Mn doped
samples having composition Sr0.75Mn0.25RuO3 to describe the role
of Coulomb interaction. The TDOS data by LSDA calculation does
not show the correct representation of the experimental data.
Therefore, we extend the calculation by imposing Coulomb
interaction in the equation. The TDOS obtained from LSDA+U

(UMn
3d
¼5 eV and URu

4d
¼2 eV) are shown in Fig. 7b. It is important

to note that the 3d electrons are more localized than the 4d

electrons, therefore the values of on-site Coulomb interaction of
Mn 3d electrons is expected to be more than that of the Ru 4d

electrons. On comparing the TDOS of Sr0.75Mn0.25RuO3 compound
with that of SrRuO3 one can easily find the decrement in the
intensity of the coherent peak along with its shift to the higher
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binding energy of 1.1 eV. Thus, our LSDA+U results give the
qualitative understanding of doping induced metal–insulator
transition observed in this series of compound and the electron
localization caused by Coulomb correlation appears to be the
driving mechanism for the metal–insulator transition.

The metal–insulator transition at xZ0.2 is confirmed from the
electrical transport and spectroscopic results. We first describe
the origin of metallic properties of the parent SrRuO3 compound.
SrRuO3 crystallizes in an orthorhombic structure with 4 formula
units per cell. In the ionic model, the four d electrons of Ru+4

occupy the triplet t2g (dxy, dyz, dzx) and leave the higher eg doublet
(dx

2–y
2, dz

2) empty under the octahedral crystal field. The total
bandwidth is about 3.1 eV due to the splitting of the t2g band in
distorted octahedral environment. However, the extent of distor-
tion is not very strong in SrRuO3. As a consequence, the system
shows metallic behavior and it lies near the boundary of Mott–
Hubbard system. Since 3d orbitals are less extended compared to
4d orbitals, Mn doping in SrRuO3 induces strong Coulomb inter-
action (U). Consequently, the electron correlation effect increases
with increasing Mn doping that reduces the spectral weight near
the Fermi energy level as observed from valence band spectra and
DOS calculation wherein the intensity of screened peak decreases
and intensity of unscreened peak intensity increases with doped
ions. The electron correlation effect ultimately opens a gap near
the Fermi level. Further, XPS data show the presence of mixed
valence states of Ru and Mn in doped SrRuO3, Ru+4/Ru+ 52Mn+ 4/
Mn+ 3. However, the charge carrier hopping between Ru+4

(t2g
3 mt2g

1 keg
0) and Mn+4 (t2g

3 meg
0) or Ru+ 4 (t2g

3 mt2g
1 keg

0) and Mn+3

(t2g
3 meg

1) is energetically unfavorable since spins down electrons
of Ru need to be spin flip along the spin up direction during the
exchange process as per the rule of spin conservation [38]. The
possible energetically favorable charge carrier hopping sites are
Mn+ 3 (t2g

3 meg
1) and Ru+5 (t2g

3 meg
1), and Mn+ 3 (t2g

3 meg
1) and Mn+4

(t2g
3 meg

0) because of spin symmetry. The presence of non-hopping
sites disrupts the network of delocalization path for the charge
carriers by which the charge carriers get localized, which reduces
the number of hopping sites (Z). Besides, Mn doping induces spin
fluctuation, which creates random potential that further reduces
mobility of the charge carrier (t). As a result, Mn doping reduces
one electron bandwidth (W) of SrRuO3 since W�2Zt where Z is
the number of hopping sites and t is the transfer integral. There-
fore, the Coulomb correlation effect in conjugation with localiza-
tion of the charge carriers caused by decrease the number of
hopping sites reduces the spectral weight near the Fermi level.
Such a progressive reduction in W with increasing Coulomb
repulsion strength leads to the value of U/W to cross the critical
value for the metal–insulator transition that creates soft band gap
for x¼0.2 and hard band gap for x¼0.5. Hitherto, the resistivity
increases several folds by Mn doping and SrRuO3 exhibits insulat-
ing behavior at the critical doping level, xZ0.2.

In summary we have investigated the effect of Mn doping on
valency and electronic properties of SrRuO3 to understand the
mechanism associated with the metal–insulator transition in the
series. Valence band spectra in conjugation with the electrical
measurement indicate that the parent SrRuO3 undergoes metal
to insulator transition at the critical Mn doping concentration
x�0.2. The X-ray photoelectron spectroscopy data show that Ru
and Mn exhibit mixed valency state, Ru+ 4/Ru+ 52Mn+ 3/Mn+4.
Though mixed valence ionic pair is the key ingredient for
enhancement of the conductivity based on the framework of
Zener’s double exchange theory, the results reveal that Mn
doping does not favor the double exchange interaction in SrRuO3.
The detail analysis of the data implies that Mn doping increases
the Coulomb repulsion interaction and reduces the number
of hopping sites in SrRuO3. Consequently, the doping of Mn
decreases the spectral weight near the Fermi energy level thereby
the system undergoes metal–insulator transition at xZ0.2.
This study helps to understand the metal–insulator transition in
SrRu1�xMnxO3 and can be extended to support for understanding
the conductivity mechanism in the case of doping of other 3d

transition elements in SrRuO3.
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