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Electronic structures of LaFe1−xNixO3 sxø0.6d have been studied by x-ray absorption near edge
structure spectra of OK, FeL2,3 and LaM4,5 edges. Upon substitution of Ni at Fe site in LaFeO3,
the OK-edge spectra show a feature about 2.0 eV lower than that of LaFeO3. This feature is
growing as the concentration of Ni is increasing. This is consistent with our resistivity data which
show that the resistivity decreases very fast with Ni substitution from GV cm for LaFeO3 to a few
mV cm for the sample with 60% Ni substitution. The resistivity data have been fitted with a
variable-range hopping model and it is found that the gap parameter reduces from 2 eV to 2.1 meV
with the Ni substitution. This gap parameter decreases very systematically with the increase in Ni
concentration. The structural analysis of these samples shows that they have single-phase
orthorhombic structure with space-groupPnma in the studied ranges0øxø0.6d. The study of
Fe L2,3-edge structures confirm the trivalent state of Fe. The observed features have been explained
on the basis of charge-carrier doping in LaFeO3. The disorder-induced localization is found to
effectively control the resistivity behavior. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1884754g

I. INTRODUCTION

During the last few decades, there has been a resurgence
of interest in the study of the transition-metal oxidessTMOd
which exhibit a spectacular variety of inspiring physical
properties, such as dielectric, magnetic, optical, and transport
properties, owing to the strong electron-correlation effect in
the system. The discovery of high-Tc superconductivity1 in
cuprate systems, metal-insulatorsMI d transition, colossal
magneto resistance, and charge ordering in manganites2 and
many other phenomena in other TMO systems further regen-
erated the efforts to understand the electronic structure of
TMO and the effect of disorder on the electronic correlation
effects. Most of these properties are due to the close inter-
play between the magnetic and electronic properties arising
from the simultaneous presence of strong electron-electron
interaction potential within the transition metald orbital and
a sizeable hopping interaction between the transition metald
and oxygenp orbitals. During the past few years, many ef-
forts have been attributed to understand the electronic struc-
ture of perovskite-based TMO systems, such as LaFeO3,
LaCoO3, LaCrO3, LaNiO3, and LaMnO3,

3–6 and also of
doped manganites.7–11 It is appealing to note that while
LaNiO3 has rhombohedral perovskite structure and is a
Pauli-paramagnetic metal with high electrical conductivity at
room temperature,12 the other TMO systems are generally

insulators. This provides an interesting occurrence of MI
transition as one goes from LaNiO3 to the end member of
another TMO systemsfor instance LaFeO3d at a critical sub-
stitution concentration of the corresponding transition-metal
elementsviz., Fe in LaNi1−xFexO3d.13,14This presents a pros-
pect to explore Mott’s criteria of dependence of MI transition
on the critical charge-carrier density by moving in one such
series from one end member of LaNiO3 to the other. It has
also been recognized that the MI transition phenomena, oc-
curring in the mixed systems, correspond to the structural
transition as well.3 These aspects have generated several mo-
tivating studies in this direction in the mixed composition of
LaNi1−xMxO3 sM =Cr, Mn, Fe, or Cod.15–17 ln the present
study we report our observations of the dependence of Ni
concentration on the electrical and structural evolution in the
LaFe1-xNixO3 s0øxø0.6d compound in the semiconducting
substitutional range. The semiconducting region in the com-
position has been chosen with the incentive to avoid any
disorder effects due to the structural transition.

LaNiO3 has the carrier density of about 831018 cm3 and
is electrically conducting at room temperature.1,2 On the
other hand, LaFeO3, having orthorhombic perovskite struc-
ture, is an insulator and shows weak ferromagnetic transition
at Néel temperatureTN,750 K.18 Rao et al.15 have shown
that in the LaNi1−xFexO3 series, with the increase in Fe con-
centration, the itinerancy ofd electrons decreases and these
oxides become semiconducting for Fe concentration higher
than 20%. They also observed that structural transition takes
place from rhombohedralsLaNiO3d to orthorhombic
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sLaFeO3d at Fe concentration of,50% or above in LaNiO3.
Gangulyet al.13 studied the series of LaNi1−xMxO3 sM =Cr,
Mn, Fe, or Cod, observing that there was a characteristic
critical compositionsxcd to bring in transition from metallic
to nonmetallic status. For Fe-substituted series, they too re-
ported the structural transition as Raoet al.15 did, and thexc

was in the range of 0.25,xc,0.35. The reportedxc was
different for different transition-metal elements, indicating
the MI transition to be due to disorder effects. Chainani
et al.14 reported in their work that the semiconducting com-
positions sFeù0.3d exhibit variable-range hoppingsVRHd
model at high temperatures, confirming the role of disorder
in causing the MI transition. The electronic structures of the
LaNi1−xMxO3 sM =Mn, Fe, and Cod series have been inves-
tigated by Sarmaet al.16 with the help of x-ray absorption
spectroscopysXASd at the oxygenK-edge. They suggested
that in these systems the MI transition is due to the potential
mismatch between the substituent metal ion and Ni+3 ion
which causes the transferring of hole states from nearEF to
an energy position aboveEF. Recently, Massaet al.19 have
studied in detail the infrared properties of LaNi1−xFexO3 to
understand the phonon structure yields to the carrier contri-
butions as the system undergoes metal-to-insulator behavior.
With these reports available in the literature, it seems that the
series has been well studied across the metallic phase of
LaNiO3 to the insulating phase of LaFeO3. However, it
would be useful to study systematically the dependence of Ni
concentration on the evolution of electronic phase vis-à-vis
the effect of disorder on the electronic property of the
LaFe1−xNixO3 series while remaining in the semiconducting
region of the compositionsi.e., without crossing the critical
composition for the insulator-to-metal transitiond. In the
present paper, we have investigated the electrical transport
and the crystallographic and electronic structure of
LaFe1−xNixO3 sxø0.6d. The emphasis is on the understand-
ing of its electronic properties and electronic structure in a
stable phase.

II. EXPERIMENT

The samples of LaFe1−xNixO3 s0øxø0.6d were synthe-
sized using standard solid-state reaction technique. The sto-
ichiometric amounts of high-purity La2O3, FeO, and NiO
powders were mixed thoroughly and precalcinated for 12 h
at 1000 °C. The precalcinated materials were again ground
and calcinated at 1250 °C for 24 h. Finally, the samples
were ground to fine powder, pressed to the pellet form, and
sintered at 1300 °C for 24 h. This sintering procedure was
repeated three times to get the better homogeneity in the
samples. Powder x-ray diffraction measurements were per-
formed using Philips diffractometer PW 3020 with CuKa
radiation at room temperature. All the samples exhibit single-
phase orthorhombic structure. Electrical resistivity measure-
ments were performed using standard four-probe technique
in the temperature range 9–300 K using a close-cycle refrig-
erator sCTI 8200d, and the temperature was controlled at
±50 mK using a Lakeshore temperature controller. All the
resistivity measurements were carried out in the warm-up
cycle. The x-ray absorption measurements on these samples

along with Fe2O3 and NiO at OK, FeL2,3, and LaM4,5

edges were made using the high-energy spherical grating
monochromatorsHSGMd beam line of the National Synchro-
tron Radiation Research CentersNSRRCd, Taiwan, operating
at 1.5 GeV with a maximum storage current of 200 mA. The
spectra were measured using the sample drain current mode
at room temperature and the vacuum in the experimental
chamber was in low range of 10−9 torr. The resolution of the
spectra was better than 0.2 eV.

III. RESULTS AND DISCUSSION

A. X-ray diffraction „XRD…

Figures 1sad and 1sbd show the experimental and calcu-
lated XRD patterns using Rietveld refinement technique for
LaFe1−xNixO3 sx=0, 0.1, 0.3, 0.4, 0.5, and 0.6d samples. The
analysis of powder XRD patterns at room temperature shows
that all the samples are formed in single phase with ortho-
rhombic crystal symmetry having space groupPnma. How-
ever, as the concentration of Ni substitution increases to 0.5
and above, the line widths as well as the difference between
the intensities of the measured and calculated spectra in-
crease. It indicates that the system is getting distorted and the
crystal symmetry is approaching its form to the point of a
phase transformation. Hence, we can say that the samples
exhibit single-phase orthorhombic crystal symmetry below
60% Ni substitution, which is in agreement with the
results12,15,19–21reported earlier. Table I gives the calculated
lattice parameters and the unit-cell volume for these samples.
It is clearly evident from these values that parametera is
decreasing with the increase in Ni concentration, whereas
parameterb shows only a slight decrease for the sample with
50% Ni substitution and parameterc shows a small irregular
variation. The overall unit-cell volume is found to decrease
with the increase in Ni concentration, obviously because of
the replacement of Fe+3 shigh spind with Ni+3 slow spind
having a smaller radius. From these observations we find
that, in this substitution range, our samples are in single
phase with orthorhombic structure.

B. Electrical resistivity

In order to understand the effect of the carrier doping by
Ni substitution in LaFeO3, we have measured the electrical
resistivity as a function of temperature in the temperature
range 9–300 K. The pure LaFeO3 sample shows resistivity
around GV cm at room temperature, and at low temperature
it is immeasurably high, showing that the sample is insulator.
Figure 2 shows the resistivity as a function of temperature
for the samples LaFe1−xNixO3 sx=0.1, 0.2, 0.3, 0.4, 0.5 and
0.6d. It is clearly evident in the plots that the resistivity at
room temperature is decreasing with increasing Ni substitu-
tion, and for 60% Ni substitution it drops to 5 mV cm at
room temperature, which is a demonstration of their semi-
conducting nature. It is evident that the resistivity value
spans in the range of a few GV cm to 5 mV cm sa change of
12 orders of magnituded as one goes from LaFeO3 to
LaFe0.4Ni0.6O3. To understand this nature of resistivity data,
we have analyzed our results in Mott’s variable-range hop-
ping sVRHd model. Figure 3 shows the lnr versusT−1/4 plot
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for all the samples. These plots reveal that higher tempera-
ture data fit very well with VRH model. The slope of the
curve decreases with the increase in the Ni concentration,
which indicates that the activation energy or overall hopping
potential decreases with the carrier doping via Ni substitu-
tion. Table II shows the temperature down to which the VRH
model fits the data well, the resistivity value at the lower
limit of temperature, and the activation energy calculated
using the VRH model. It has been noticed that the activation
energy decreases very fast with the Ni substitution from
9.10 meVsfor 10% Nid to 2.15 meVsfor 60% Nid, whereas
for pure LaFeO3 it is around 2 eVsreported in literature6 and
also shown by our XAS data; see next sectiond. These obser-

vations are consistent with the earlier reported data in the
literature wherein it has been suggested that, as long as the
members of this series are in semiconducting region, they
obey the VRH model over a limited range of
temperature.15,13 This observation indicates that the elec-
tronic property in the system is driven by the induced disor-
der effect due to the presence of two different homovalent
transition-metal elementssFe and Nid. It can be explained on
the basis that pure LaNiO3 has a carrier density around 8
31018 cm3. As we are substituting the Ni in LaFeO3, we are
doping the carrier in the system; for example, we have doped
the carrier in the range 831017 sfor 10% Nid to 4.8
31018/cm3 sfor 60% Nid. This increase in carrier density in

FIG. 1. sad XRD pattern of the compound LaFe1−xNixO3 sx=0.0, 0.1, and 0.3d. Dots plus line indicate the experimental data, and calculated profile is the line
overlying them. The lowest curve shows the difference between experimental and calculated patterns. The vertical bars indicate the expected reflection
positions.sbd XRD pattern of the compound LaFe1−xNixO3 sx=0.4, 0.5, and 0.6d. Dots plus line indicate the experimental data, and calculated profile is the
line overlying them. The lowest curve shows the difference between experimental and calculated patterns. The vertical bars indicate the expected reflection
positions.

TABLE I. The lattice parameters and the unit-cell volume for different compositions of LaFe1−xNixO3 sx
=0.0, 0.1, 0.3, 0.4, 0.5, and 0.6d.

Composition Crystal symmetry asÅd b sÅd c sÅd Unit cell volumesÅ3d

LaFeO3 Orthorhombic 5.57111 7.87368 5.53483 242.786
LaFe0.9Ni0.1O3 Orthorhombic 5.55485 7.85359 5.55254 242.233
LaFe0.7Ni0.3O3 Orthorhombic 5.53904 7.81601 5.53835 239.773
LaFe0.6Ni0.4O3 Orthorhombic 5.53221 7.80138 5.51003 237.804
LaFe0.5Ni0.5O3 Orthorhombic 5.51897 7.80099 5.50539 237.025
LaFe0.4Ni0.6O3 Orthorhombic 5.49442 7.80367 5.52043 236.698
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the system decreases its energy gap. ln general, for these
systems the degeneracy level reaches aroundNc=5
31018 cm3 and so we can say that with 63% Ni substitution
the system will undergo insulator-to-metal transitionsalso
observed from earlier reported electrical resistivity
measurement13,14 and infrared reflectivity studies by Massa
et al.19d The decrease in the gap parameter can also indicate
that the correlation length in the conducting network is in-
creasing. These result, together with the VRH model, tend to
suggest that the conduction in these materials is governed by
the disorder-induced localization of charge carriers, as also
proposed by Sarmaet al.17 in LaNi1−xMxO3 sM =Mn and Fed
and MacEachernet al.22 in LaTiO3.

C. X-ray absorption spectroscopy

We have measured the x-ray absorption spectra at OK
edge and FeL2,3 edges. To investigate the electronic struc-

ture of LaFe1−xNixO3 close to Fermi level, which is domi-
nated by the transition metal 3d and O 2p states. Figure 4
shows the normalized spectra measured at OK edge for
LaFe1−xNixO3 samples forx=0 tox=0.5 at room temperature
s300 Kd. The spectra of NiO and Fe2O3 are also shown in
Fig. 4 for comparison. These spectra are normalized to have
the same area in the energy range of 550–560 eVsnot fully
shownd after following the standard procedure for back-
ground subtraction. It is well known that the x-ray absorption
spectra at OK edge probe the unoccupied states with the
O 2p symmetry due to the dipole selection rules. This arises
mainly from the hybridization of O 2d states with the differ-
ent states of neighboring atoms, namely, the 3d state of Fe
and Ni and also thed state of La in the present case. First of
all, we would like to understand the spectrum of pure
LaFeO3. The well-defined doublet in the spectrum of pure
LaFeO3 markeda anda8 arises from the covalent or hybrid-
ization mixing ofp states of oxygen with the Fed density of
states. They may occur due to the crystal-field splitting of Fe
3d level in t2g

and eg levels by the presence of local cubic
field around the Fe site. In the energy region of 534–537 eV

TABLE II. Resistivity and activation energy for different compositions of
LaFe1−xNixO3 sx=0.1 to 0.6d.

Composition aTd rsV cmd at Td Ec smeVd

LaFe0.9Ni0.1O3 142.41 4.57393106 9.10
LaFe0.8Ni0.2O3 114.54 6.83473104 6.84
LaFe0.7Ni0.3O3 54.76 6.68123104 6.63
LaFe0.6Ni0.4O3 55.97 6.20903102 4.90
LaFe0.5Ni0.5O3 75.29 5.20213100 3.09
LaFe0.4Ni0.6O3 85.22 5.3001310−1 2.14

aThe temperature below which VRH model is not applicable.

FIG. 3. Plot of lnr against T−1/4 of the resistivity data for samples
LaFe1−xNixO3 sx=0.1 to 0.6d. Line plus dot indicate the experimental data,
while solid line shows the calculated linear fit in the variable-range hopping
model. FIG. 4. Normalized OK-edge XAS spectra of LaFe1−xNixO3 sx=0.0 to 0.5d.

FIG. 2. Resistivity as a function of temperature for different compositions of
LaFe1−xNixO3 sx=0.1 to 0.6d.
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the features marked asb andb8 can be assigned to the mixed
states of O 2p and Lad state, whereas the broad features in
higher-energy region may be attributed to the mixing of
Fe 4sp and La 5sp states. All these features observed in the
pure LaFeO3 spectrum are consistent with the reports of ear-
lier workers.7,23

Now, we discuss the spectra of Ni-substituted LaFeO3

samples. It has been noticed that in the spectrum forx=0.1
s10% Ni substituted a small feature appears at 527 eV, which
is about 2 eV lower than the energy of the preedge peak in
the pure LaFeO3 system. This feature grows in intensity as
the concentration of Ni increases. With the increase in inten-
sity of this new feature, the relative intensity of the doublet
structure decreases, and at 50% Ni substitution the doublet is
hard to resolve from that of the LaFeO3 and appears as a
broad structure. The spectrum in the high energy region re-
mains the same. To understand these observed features in our
spectra fromx=0.1 tox=0.5, we have compared our results
with the results reported in literature on the pure LaFeO3 and
LaNiO3 using Bremsstrahlung isochromatsBId spectra,
which can be easily compared with the x-ray absorption
data.8 As reported by Sarmaet al.,6 the spectral features for
LaFeO3, dominated by Fe 3d states, appear at 3 eV and
4.4 eV, whereas in the case of pure LaNiO3 a narrow feature
appear at 1 eV due to the existence of strong correlation
effects within the metallic conduction band derived from the
interaction between Nid and Op states.8 Similar effects
have been observed in our OK-edge x-ray absorption spec-
tra for Ni substituted samples. The clear distinction between
the two peak, i.e., the peak from the Ni states and Fe states
have been observed and the energy difference between them
is also about 2 eV, as reported in BI spectra. It can also be
seen from Fig. 4 that the Ni states’ character dominates as the
Ni substitution concentration is increased This indicates that
the metallic conduction bandwidth is increasing, which is
supported by our electrical transport studies showing a sharp
decrease in resistance with the substitution of Ni in LaFeO3.
Accordingly, the activation energy also decreases. It is re-
called here that Sarmaet al.16 have also investigated the
XAS study of this series at OK edge for the pure LaFeO3
and for 30% and 50% of the Ni substitution in LaFeO3 of our
interest. Their findings are consistent with ours; however, we
note that the spectra do not clearly resolve the spectral fea-
tures of Fe and Ni ions distinctly, which may be due to the
resolutions,0.4 eVd. On the contrary, in the presented data
the resolution is better than 0.2 eV, and hence we can clearly
observe the evolution of the Ni 3d character as Ni concen-
tration is increased in LaFe1−xNixO3 as well as the distinct
features of Fe 3d levels.

It is a well-known fact that the multiple valence states of
3d transition metals are characterized by x-ray absorption
spectra measured atL2,3 edges. The 3d transition metals also
exhibit a valence-specific multiplet structures and chemical
shift towards higher energy losses with increasing oxidation
state.24,25Also, theL2,3 edges are very strongly influenced by
the core-hole potentials.26,27 To understand the valence state
of Fe and Ni in these samples and also the effect of core-hole
potential, which changes with the Ni substitution in LaFeO3,
we have measured the x-ray absorption spectra of FeL2,3

edges. Figure 5 shows the FeL2,3 spectra of pure LaFeO3
and Ni-substituted samples fromx=0.1 to x=0.5, together
with the spectra for Fe2O3 as reference. It is evident that the
valence state of Fe in these compounds is +3 as their spectra
have similar features with the Fe2O3 spectra. All these spec-
tra show two broad multiplet structures,L3 andL2, separated
by spin-orbit splitting of the Fe 2p core hole. The spectra can
be very similar and, as Ni replaces Fe, the shoulderlike sat-
ellite structure becomes broadersinset in Fig. 5 shows the
broadening of theL2-edge XAS spectra features for the
samples withx=0.0 and 0.5d which may be due to the in-
crease in the delocalized nature of Fe 3d electrons. Also, the
intensity is increasing with Ni concentration indicating the
insulator-to-metallic behavior, which is consistent with the
resistivity data. However, the valency of Fe remains consis-
tently the same since the position of peak remains constant
within the resolution of our measurements. Since there is
interference of the LaM4,5 edge with the NiL2,3 edges, the
data of Ni 2p is not presented and discussed. However, the
La M4,5-edge spectrasnot shown hered resemble any other
trivalent La.

IV. SUMMARY

To summarize, we have synthesized the single phase of
LaFe1−xNixO3 sxø0.6d materials and studied their electronic
structure using the x-ray appearance near-edge structure
sXANESd spectra of OK, FeL2,3, and LaM4,5 edges. Upon
substitution of Ni at Fe site in LaFeO3, the OK-edge spectra
show a new structure about 2.0 eV lower than that of
LaFeO3. This new feature is growing as the concentration of

FIG. 5. Normalized Fe L2.3-edge XAS spectra of LaFe1−xNixO3 sx=0.0 to
0.5d. The inset shows theL2-edge XAS spectra features for thex=0.0 and
0.5 samples.
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Ni is increasing. This is consistent with the results of the
resistivity data, which show that the resistivity decreases
very fast from GV cm for LaFeO3 to a few mV cm for the
sample with 60% Ni substitution. The resistivity data have
been analyzed using the variable-range hopping model and it
is found that the gap parameter reduces systematically with
the Ni substitution. This gap parameter decreases very sys-
tematically with the substitution concentration. The struc-
tural analysis also reveals that the samples exhibit single-
phase orthorhombic structure with space groupPnmaup to
the 60% substitution level. From the FeL2,3-edge structures
we have found that the Fe ions are in the trivalent state. The
observed features have been explained on the basis of the
charge-carrier doping in LaFeO3. From the above-mentioned
observations, it is evident that the disorder-induced localiza-
tion is found to effectively control the resistivity behavior.
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