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Electronic structures of LakgNi,O; (x<0.6) have been studied by x-ray absorption near edge
structure spectra of &, Fel, ; and LaM, 5 edges. Upon substitution of Ni at Fe site in LaRgO

the OK-edge spectra show a feature about 2.0 eV lower than that of LaFd@s 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 frdind® for LaFeQ to a few

m¢ 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-grolfmmain the studied rangé0<x<0.6). The study of

FeL, sedge structures confirm the trivalent state of Fe. The observed features have been explained
on the basis of charge-carrier doping in Lake®he disorder-induced localization is found to
effectively control the resistivity behavior. ©2005 American Institute of Physics

[DOI: 10.1063/1.1884734

I. INTRODUCTION insulators. This provides an interesting occurrence of Ml
transition as one goes from LaNj@o the end member of
During the last few decades, there has been a resurgeng@other TMO systen(for instance LaFe at a critical sub-
of interest in the study of the transition-metal oxid&#0)  stitution concentration of the corresponding transition-metal
which exhibit a spectacular variety of inspiring physical element(viz., Fe in LaNiL_XFq(Og).le"”This presents a pros-
properties, such as dielectric, magnetic, optical, and transpofect to explore Mott's criteria of dependence of MI transition
properties, owing to the strong electron-correlation effect ingn the critical charge-carrier density by moving in one such
the system. The discovery of high-superconductivityin  series from one end member of LaNi@ the other. It has
cuprate systems, metal-insulato¥l) transition, colossal 150 peen recognized that the MI transition phenomena, oc-
magneto resistance, and charge ordering in mangarites curring in the mixed systems, correspond to the structural
many other phenomena in other TMO systems further regery,sition as welf These aspects have generated several mo-

erated the efforts to un.derstand the electronip structurg 0[]‘vating studies in this direction in the mixed composition of
TMO and the effect of disorder on the electronic correla‘uonl_aNi M,O; (M=Cr, Mn, Fe, or les_n In the present
1-x"Vix - 1 ] [l

effects. Most of these properties are due to the close mters—tudy we report our observations of the dependence of Ni

play betwe.en the magnetic and electronic properties ansiNg,ncentration on the electrical and structural evolution in the
from the simultaneous presence of strong eIectron-eIectroEaFel Ni,O, (0=x=<0.6) compound in the semiconducting
XN I3 ATV

interaction potential within the transition methbrbital and o . . Lo
. S . " substitutional range. The semiconducting region in the com-
a sizeable hopping interaction between the transition naetal o ) . ; :
position has been chosen with the incentive to avoid any

and oxygerp orbitals. During the past few years, many ef- gisorder effects due to the structural transition
forts have been attributed to understand the electronic struc- . ) ) :
LaNiO; has the carrier density of abougL0'® cm® and

ture of perovskite-based TMO systems, such as LaFeO. ) )
LaCoO,, LaCrO;, LaNiOs, and LaMnQ 36 and also of IS electrically conducting at room temperatdreOn the

doped manganites! It is appealing to note that while other hand, LaFe§) having orthorhombic perovskite struc-

LaNiO; has rhombohedral perovskite structure and is dure, is an insulator and shows weak ferromagnetic transition
4 18 15

Pauli-paramagnetic metal with high electrical conductivity at&t Neel temperatur&,~750 K. Raoet al.” have shown

room temperaturéz, the other TMO systems are generally that in _the LaNi___xFexos series, with the increase in Fe con-
centration, the itinerancy da electrons decreases and these

a . _Pxides become semiconducting for Fe concentration higher
Author to whom correspondence should be addressed; electronic mail; o i
ranade@nsc.emet.in than 20%. They also observed thgt structural transmon_takes

Ppermanent address: Nuclear Science Center, New Delhi 110067, India. place from rhombohedral(LaNiO;) to orthorhombic
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(LaFeQ) at Fe concentration 0f50% or above in LaNi@Q  along with FgO; and NiO at OK, Fel,; and LaM,s
Gangulyet al®® studied the series of LaNiM,O; (M=Cr, edges were made using the high-energy spherical grating
Mn, Fe, or C9, observing that there was a characteristicmonochromatofHSGM) beam line of the National Synchro-
critical composition(x.) to bring in transition from metallic tron Radiation Research Cent®fSRRQ, Taiwan, operating
to nonmetallic status. For Fe-substituted series, they too reat 1.5 GeV with a maximum storage current of 200 mA. The
ported the structural transition as Rebal *° did, and thex,  spectra were measured using the sample drain current mode
was in the range of 0.25x.<0.35. The reporteck, was at room temperature and the vacuum in the experimental
different for different transition-metal elements, indicating chamber was in low range of 10torr. The resolution of the
the MI transition to be due to disorder effects. Chainanispectra was better than 0.2 eV.
et al reported in their work that the semiconducting com-
positions (Fe=0.3) exhibit variable-range hopping/RH)  lll. RESULTS AND DISCUSSION
model gt high temperatgres, confirming t.he role of disorder, X-ray diffraction (XRD)
in causing the MI transition. The electronic structures of the
LaNi;-,M,O; (M=Mn, Fe, and Cpseries have been inves- Figures 1a) and 1b) show the experimental and calcu-
tigated by Sarmaet al® with the help of x-ray absorption lated XRD patterns using Rietveld refinement technique for
spectroscopyXAS) at the oxygerK-edge. They suggested LaFe-,Ni,O; (x=0, 0.1, 0.3, 0.4, 0.5, and 0.6amples. The
that in these systems the Ml transition is due to the potentiadnalysis of powder XRD patterns at room temperature shows
mismatch between the substituent metal ion ant Non  that all the samples are formed in single phase with ortho-
which causes the transferring of hole states from figailo ~ rhombic crystal symmetry having space grd@pma How-
an energy position aboves. Recently, Massat all® have ever, as the concentration of Ni substitution increases to 0.5
studied in detail the infrared properties of LaNFe,O; to  and above, the line widths as well as the difference between
understand the phonon structure yields to the carrier contrithe intensities of the measured and calculated spectra in-
butions as the system undergoes metal-to-insulator behavidgiease. It indicates that the system is getting distorted and the
With these reports available in the literature, it seems that therystal symmetry is approaching its form to the point of a
series has been well studied across the metallic phase §hase transformation. Hence, we can say that the samples
LaNiO; to the insulating phase of LaFgOHowever, it €xhibit single-phase orthorhombic crystal symmetry below
would be useful to study systematically the dependence of N90% Ni substitution, which is in agreement with the
concentration on the evolution of electronic phase vis-a-vigesults>*>**?'reported earlier. Table I gives the calculated
the effect of disorder on the electronic property of thelattice parameters and the unit-cell volume for these samples.
LaFe_,Ni,O; series while remaining in the semiconducting It is clearly evident from these values that parametes
region of the compositiofii.e., without crossing the critical decreasing with the increase in Ni concentration, whereas
composition for the insulator-to-metal transitiorin the  parameteb shows only a slight decrease for the sample with
present paper, we have investigated the electrical transpd®0% Ni substitution and parameteshows a small irregular
and the crystallographic and electronic structure ofvariation. The overall unit-cell volume is found to decrease
LaFg_Ni,O; (x<0.6). The emphasis is on the understand-With the increase in Ni concentration, obviously because of
ing of its electronic properties and electronic structure in ahe replacement of F& (high spin with Ni*® (low spin)
stable phase. having a smaller radius. From these observations we find
that, in this substitution range, our samples are in single
phase with orthorhombic structure.
Il. EXPERIMENT

The samples of LaRgNi,O; (0=<x=<0.6) were synthe- B. Electrical resistivity

sized using standard solid-state reaction technique. The sto- In order to understand the effect of the carrier doping by
ichiometric amounts of high-purity L&, FeO, and NiO Ni substitution in LaFe@ we have measured the electrical
powders were mixed thoroughly and precalcinated for 12 hresistivity as a function of temperature in the temperature
at 1000 °C. The precalcinated materials were again grounchnge 9—-300 K. The pure LaFg@ample shows resistivity
and calcinated at 1250 °C for 24 h. Finally, the samplesaround @) cm at room temperature, and at low temperature
were ground to fine powder, pressed to the pellet form, and is immeasurably high, showing that the sample is insulator.
sintered at 1300 °C for 24 h. This sintering procedure wag-igure 2 shows the resistivity as a function of temperature
repeated three times to get the better homogeneity in thir the samples LaRgNi,O5 (x=0.1, 0.2, 0.3, 0.4, 0.5 and
samples. Powder x-ray diffraction measurements were pef.6). It is clearly evident in the plots that the resistivity at
formed using Philips diffractometer PW 3020 with ®&  room temperature is decreasing with increasing Ni substitu-
radiation at room temperature. All the samples exhibit singletion, and for 60% Ni substitution it drops to 5{ncm at
phase orthorhombic structure. Electrical resistivity measureroom temperature, which is a demonstration of their semi-
ments were performed using standard four-probe techniqueonducting nature. It is evident that the resistivity value
in the temperature range 9—300 K using a close-cycle refrigspans in the range of a fewd&scm to 5 m() cm (a change of
erator (CTIl 8200, and the temperature was controlled at12 orders of magnitudeas one goes from LaFgOto
+50 mK using a Lakeshore temperature controller. All theLaFg 4Nip¢O5. To understand this nature of resistivity data,
resistivity measurements were carried out in the warm-upve have analyzed our results in Mott’s variable-range hop-
cycle. The x-ray absorption measurements on these samplpsg (VRH) model. Figure 3 shows the mversusT*# plot
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FIG. 1. () XRD pattern of the compound LaEgNi,O; (x=0.0, 0.1, and 0.3 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 reflect
positions.(b) XRD pattern of the compound LafgNi,O; (x=0.4, 0.5, and 0)6 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 theflegfiented re
positions.

for all the samples. These plots reveal that higher temperasations are consistent with the earlier reported data in the
ture data fit very well with VRH model. The slope of the literature wherein it has been suggested that, as long as the
curve decreases with the increase in the Ni concentratioomembers of this series are in semiconducting region, they
which indicates that the activation energy or overall hoppingopbey the VRH model over a limited range of
potential decreases with the carrier doping via Ni substitu{emperaturéff_"13 This observation indicates that the elec-
tion. Table Il shows the temperature down to which the VRHtronic property in the system is driven by the induced disor-
model fits the data well, the resistivity value at the lowerder effect due to the presence of two different homovalent
limit of temperature, and the activation energy calculatedransition-metal element§e and NJ. It can be explained on
using the VRH model. It has been noticed that the activatiorihe basis that pure LaNiChas a carrier density around 8
energy decreases very fast with the Ni substitution fromx 10'® cm?. As we are substituting the Ni in LaFgQwve are

9.10 meV(for 10% Ni) to 2.15 meV(for 60% Ni), whereas
for pure LaFeQit is around 2 eMreported in literatur®and
also shown by our XAS data; see next sectidrhese obser-

doping the carrier in the system; for example, we have doped
the carrier in the range 810 (for 10% Ni to 4.8
X 10'8/cm? (for 60% Ni). This increase in carrier density in

TABLE |. The lattice parameters and the unit-cell volume for different compositions of |La¥igO; (x
=0.0, 0.1, 0.3, 0.4, 0.5, and 0.6

Composition Crystal symmetry @) b (R) c(A) Unit cell volume(A3)
LaFeG Orthorhombic 5.57111 7.87368 5.53483 242.786
LaFe oNig 05 Orthorhombic 555485  7.85359  5.55254 242.233
LaFe 7Nig 03 Orthorhombic 5.53904 7.81601 5.53835 239.773
LaFe) ¢Nig O3 Orthorhombic 5.53221 7.80138 5.51003 237.804
LaFe, eNig {05 Orthorhombic 551897  7.80099  5.50539 237.025
LaFe, NigOs Orthorhombic 5.49442  7.80367  5.52043 236.698
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22 F T T T T T T ] TABLE Il. Resistivity and activation energy for different compositions of
20 La Fe1_XNiXO3 1 LaFe_Ni,O; (x=0.1 to 0.8.
18 | 7] Composition Ty p(Qlcm) at Ty E. (meV)
16 | s
1al b LaFe oNig 103 142.41 4.573% 10 9.10
=, ] LaFe gNig 05 114.54 6.834% 10* 6.84
E I ] LaFe Nig 03 54.76 6.681% 10° 6.63
a1or X=0.1 LaFe, Nig .05 55.97 6.2090¢ 107 4.90
g 8r y LaFe, Nig 05 75.29 5.202% 10° 3.09
£ 6}, X=0.2] LaFe, Nio Os 85.22 5.300K 107! 2.14
4r X=0.3] ®The temperature below which VRH model is not applicable.
2| ]
of =0.4- . . e .
°l \\.)’ég'g_- ture of LaFg_Ni,O; close to Fermi level, which is domi-
al X=0.6 | nated by the transition metad3and O 2 states. Figure 4
L L shows the normalized spectra measured & @dge for

0 50 100 15°T 2K°° 250 300 350 LaFe_Ni,O; samples fox=0 tox=0.5 at room temperature
(%) (300 K). The spectra of NiO and E©®; are also shown in
FIG. 2. Resistivity as a function of temperature for different compositions of Fig- 4 for comparison. These spectra are normalized to have
LaFg_Ni,O3 (x=0.1 to 0.6. the same area in the energy range of 550—-56@re¥ fully
shown after following the standard procedure for back-
the system decreases its energy gap. In general, for thegeound subtraction. It is well known that the x-ray absorption
systems the degeneracy level reaches arodid-5  spectra at K edge probe the unoccupied states with the
% 10'8 cm? and so we can say that with 63% Ni substitution O 2p symmetry due to the dipole selection rules. This arises
the system will undergo insulator-to-metal transitiG@so  mainly from the hybridization of O @ states with the differ-
observed from earlier reported electrical resistivity ent states of neighboring atoms, namely, tliesgate of Fe
measuremeft’ and infrared reflectivity studies by Massa and Ni and also thel state of La in the present case. First of
et al’®) The decrease in the gap parameter can also indicatall, we would like to understand the spectrum of pure
that the correlation length in the conducting network is in-LaFeQ,. The well-defined doublet in the spectrum of pure
creasing. These result, together with the VRH model, tend thaFeQ, markeda anda’ arises from the covalent or hybrid-
suggest that the conduction in these materials is governed hiyation mixing ofp states of oxygen with the Fdensity of
the disorder-induced localization of charge carriers, as alsstates. They may occur due to the crystal-field splitting of Fe
proposed by Sarmet al’ in LaNi;_,M,03 (M=Mn and F¢  3d level in t, ande, levels by the presence of local cubic

and MacEacheret al?* in LaTiOs. field around the Fe site. In the energy region of 534-537 eV

C. X-ray absorption spectroscopy

: LaFe, Ni O
We have measured the x-ray absorption spectra Kt O O K-edge L

edge and Fé&, ; edges. To investigate the electronic struc-

24 LaFe NiO. . . 1
22 1-X X" 3 =

Normalized Absorption (arb. units)

0.30 0.35 0.40 0.45 0.50 0.55 0.60

[T(K)](_V4) b I I | I ) I ] I Lt i 1 I | S T | I Lt 1 1
FIG. 3. Plot of Inp against T-Y* of the resistivity data for samples 525 530 535 540 545 550
LaFe_,Ni,O; (x=0.1 to 0.6. Line plus dot indicate the experimental data, Photon Energy (eV)
while solid line shows the calculated linear fit in the variable-range hopping
model. FIG. 4. Normalized CK-edge XAS spectra of LakgNi, O3 (x=0.0 to 0.5.
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the features marked &sandb’ can be assigned to the mixed
states of O p and Lad state, whereas the broad features in
higher-energy region may be attributed to the mixing of LaFe, NiO,
Fe 4pand La Sp states. All these features observed in the
pure LaFeQ spectrum are consistent with the reports of ear-
lier workers’*3

Now, we discuss the spectra of Ni-substituted LafeO
samples. It has been noticed that in the spectrunxfd.1
(10% Ni substitutga small feature appears at 527 eV, which
is about 2 eV lower than the energy of the preedge peak in
the pure LaFe@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 LaFg@nd 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 Lafafd
LaNiO; using Bremsstrahlung isochromdBl) spectra,
which can be easily compared with the x-ray absorption
data® As reported by Sarmat al.® the spectral features for
LaFeQ,, dominated by Fe@® states, appear at 3 eV and
4.4 eV, whereas in the case of pure Lali#®narrow feature
appear at 1 eV due to the existence of strong correlatioR|. 5. Normalized Fe jyedge XAS spectra of LakgNi,O; (x=0.0 to
effects within the metallic conduction band derived from the0.5). The inset shows the,-edge XAS spectra features for the 0.0 and
interaction between Nil and Op state$ Similar effects 0.5 samples.
have been observed in our K3edge x-ray absorption spec-
tra for Ni substituted samples. The clear distinction betweeredges. Figure 5 shows the [Eg ; spectra of pure LaFeQ
the two peak, i.e., the peak from the Ni states and Fe stated Ni-substituted samples fror=0.1 to x=0.5, together
have been observed and the energy difference between themith the spectra for F©5 as reference. It is evident that the
is also about 2 eV, as reported in Bl spectra. It can also bgalence state of Fe in these compounds is +3 as their spectra
seen from Fig. 4 that the Ni states’ character dominates as tHgave similar features with the §@; spectra. All these spec-
Ni substitution concentration is increased This indicates thatra show two broad multiplet structurds; andL,, separated
the metallic conduction bandwidth is increasing, which isby spin-orbit splitting of the Fe j2core hole. The spectra can
supported by our electrical transport studies showing a sharpe very similar and, as Ni replaces Fe, the shoulderlike sat-
decrease in resistance with the substitution of Ni in LaFeO ellite structure becomes broad@nset in Fig. 5 shows the
Accordingly, the activation energy also decreases. It is rebroadening of thel,-edge XAS spectra features for the
called here that Sarmat al® have also investigated the samples withx=0.0 and 0.5 which may be due to the in-
XAS study of this series at ® edge for the pure LaFeQ crease in the delocalized nature of Feéedectrons. Also, the
and for 30% and 50% of the Ni substitution in LaRe@our  intensity is increasing with Ni concentration indicating the
interest. Their findings are consistent with ours; however, wénsulator-to-metallic behavior, which is consistent with the
note that the spectra do not clearly resolve the spectral fedesistivity data. However, the valency of Fe remains consis-
tures of Fe and Ni ions distinctly, which may be due to thetently the same since the position of peak remains constant
resolution(~0.4 eV). On the contrary, in the presented datawithin the resolution of our measurements. Since there is
the resolution is better than 0.2 eV, and hence we can clearijpterference of the L, 5 edge with the NL, ; edges, the
observe the evolution of the Nid3character as Ni concen- data of Ni 2 is not presented and discussed. However, the
tration is increased in LakgNi,O; as well as the distinct La M, sedge spectranot shown hereresemble any other
features of Fe 8 levels. trivalent La.

It is a well-known fact that the multiple valence states of
3d transition metals are characterized py X-ray absorptioqv_ SUMMARY
spectra measured b} ; edges. The @transition metals also
exhibit a valence-specific multiplet structures and chemical To summarize, we have synthesized the single phase of
shift towards higher energy losses with increasing oxidatiorLaFe _,Ni,O5 (x<0.6) materials and studied their electronic
state?* % Also, thel, ; edges are very strongly influenced by structure using the x-ray appearance near-edge structure
the core-hole potentiaf$:’ To understand the valence state (XANES) spectra of OK, FeL, 5 and LaM, 5 edges. Upon
of Fe and Ni in these samples and also the effect of core-holsubstitution of Ni at Fe site in LaFeQthe OK-edge spectra
potential, which changes with the Ni substitution in LakeO show a new structure about 2.0 eV lower than that of
we have measured the x-ray absorption spectra oL f¢ LaFeQ,. This new feature is growing as the concentration of

705 708 L71 1 714

Normalized Absorption (arb. units)

700 710 720 730
Photon Energy (eV)
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