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Mössbauer spectroscopy has been used for following the insulator→metal transition versus temperature in
ANiO3 perovskitessNdNi0.98

57Fe0.02O3 and LuNi0.98
57Fe0.02O3d. The evolution of the number of57Fe sites and

the isomer-shift value at the transition bring important local information taking into account the role of the
different factorssstructural, geometrical, and bond covalencyd. Mössbauer measurements have been made as a
function of temperature to study electronic and vibrational behavior of the57Fe probe atoms in the nickelate
structure.

DOI: 10.1103/PhysRevB.71.054409 PACS numberssd: 71.30.1h, 33.45.1x

INTRODUCTION

The study of electronic phenomena in solids is an impor-
tant goal in physics. It is possible to classify the main elec-
tronic phenomena in two principal categories: intra-atomic
phenomena when only the orbitals of the same atoms are
concernedsfor example, the change of electronic configura-
tion low spin→high spind and interatomic phenomena in-
volving different atoms in the latticescharge transfer,
insulator→metal transition, disproportionationd.

Perovskite-type oxides containing Jahn-Teller ions such
as high-spin Fe4+: t2g

3eg
1 and Mn3+: t2g

3eg
1 or low-spin

Ni3+: t2g
6eg

1 attract considerable interest due to their remark-
able electronic properties.1 The electronic configurations
with one electron in a twofold-degenerateeg orbitals intro-
duce a specific instability leading to different phenomena:sid
a cooperative Jahn-Teller effect observed for Mn3+-oxide
perovskites,2 sii d a charge disproportionation 2Fe4+→Fe3+

+Fe5+ in ferrates CaFeO3
3 and Ca1−xLaxFeO3

4 with a
second-sor higher-d order phase transition from the ortho-
rhombic charge-delocalized statesFe4+d to the monoclinic
charge-disproportionated stateswith two iron sites
Fe3+/Fe5+d beginning belowTt.

5

Due to the low-spin configuration of Ni3+ in oxygen lat-
tices st2g

6eg
1d, the ANiO3sA=Nd→Lu;Yd perovskites first

prepared in 1971 by Demazeauet al.6 are an important
model for studying the above electronic phenomena. The
structural distortion of the perovskite latticeANiO3 plays a
key role on the localization of theeg

1 electron and conse-
quently two different factors being involved:sid the ionic
radius ofA3+ cations along the whole seriessLa3+→Lu3+d
and sii d the temperature for a constantA3+ cation.

The increase of the structural distortion from La3+ to Lu3+

induces for the smallest rare-earthsHo→Lud7 and Y,8 Tl9

cations a partial charge disproportionation 2Ni3+→Nis3+ad+

+Nis3−ad+ observed first through high-resolution neutron dif-
fraction through a phase transition: orthorhombicPbnm
→monoclinic P21/n. On the other hand, for a constant
ANiO3 composition a thermally driven insulator-metalsMId
transition at aTIM

10 and a transition to an unusual long-

range antiferromagnetic order below aTNsA=Pr,Ndd or TN

,TMIsA=Sm→Lu,Yd have been detected.11,12

As the main characterizations of these phenomena are
based on structural or magnetic studies—both involving
macroscopic characterizations—the objective of our work is
to develop Mössbauer spectroscopy as a local characteriza-
tion. Recently, Mössbauer investigation of the57Fe-doped
nickelatesANi0.98Fe0.02O3 sA=Lu, Y, Tld has provided inde-
pendent evidence for the existence of two different nickel
sites.13,14The57Fe spectra of these nickelates were described
as a superposition of two subspectra, which indicate that the
57Fe probe atoms are stabilized in two nonequivalent crystal-
lographic positions. On the other hand, the57Fe spectra of
large rare-earth nickelatesA=Pr, Nd, Sm showed the exis-
tence of only one nickel chemical species, thus underlying
the absence of any disproportionation process for the NiIIIO6
subarray. In the magnetic ordering domainsT,TNd, the57Fe
spectra are resolved into two magnetic sextets with the same
isomer shift but considerably different magnetic hyperfine
fields.15 On the base ofdx2−y2/dz2—orbital ordering model of
Ni3+: t2g

6eg
1 cations, such a particular magnetic environment

of Fe3+ cations located in the same crystallographic sites has
been attributed to the unusual magnetic ordering inANiO3
sPr, Nd, Smd caused by the presence of magnetic frustrated
interactions.15

In this paper we report results of57Fe Mössbauer investi-
gations both above and below the metal-insulator transition
for the two types nickelates: NdNi0.98Fe0.02O3 having TMI
coinciding with the paramagnetic-antiferromagnetic transi-
tion sTNd and LuNi0.98Fe0.02O3 for which TN is lower than
TMI, leading to the existence of an intermediate regime
TNøTøTMI, with the insulating and paramagnetic state.
Mössbauer measurements have been made as a function of
temperature to study electronic and vibrational behavior of
the 57Fe probe atoms in the nickelate structure.

EXPERIMENT

NdNi0.98Fe0.02O3 sample was prepared by the high oxygen
pressure treatment of precursors obtained from sol-gel
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method. Appropriate amounts of Nd2O3, NisNO3d2·6H2O,
57Fe metal, and citric acid were dissolved in dilute nitric
acid. Then, the solution was evaporated while maintaining a
pH of 5–6 until a gel was formed. This gel was decomposed
at 750 °C in air. At the last stage, the homogeneous precur-
sor mixture was annealed for several days at 850 °C and at
an oxygen pressure of 100 MPa.

The synthesis of LuNi0.98Fe0.02O3 sample involved two
stages. In the first stage, nickel and iron hydroxides were
coprecipitated by a 3M KOH solution from an acid solution
of a stoichiometric mixture of NisII d and57FesIII d salts. The
homogeneous hydroxide mixture was washed, dried, and an-
nealed in air at 300 °C until the formation of57Fe-doped
Ni0.98Fe0.02O oxide. At the second stage, a stoichiometric
mixture of Lu2O3 and Ni0.98Fe0.02O swith the addition of a
small amount of KClO3d was annealed in a gold capsule at
900 °C and 6 GPa.

Powder x-ray-diffraction profiles were recorded on a Phil-
ips PW 1050 diffractometer using graphite-monochromated
Cu-Ka radiation. X-ray diffraction diagrams for Nd and Lu
samples have been analyzed in the space groupPbnm. No
additional peaks, which could indicate the presence of super-
structures or departure from the mentioned symmetry, were
observed in any of the examined diagrams.

dc magnetic susceptibility was measured using a SQUID
magnetometersQuantum Desing MPMSd in the temperature
range 5–300 K at 10 000 G after zero-field cooling. The
57Fe-doped NdNi0.98Fe0.02O3 sample shows lower value of
TN=150 K than that for undoped NdNiO3 nickelate
s200 Kd.11 One of the possible reasons for the effect of small
amounts of the paramagnetic iron impurity onTN can be
associated with the perturbation of Ni3+-O-Ni3+ couplings
by Fe3+ cations.15

The 57Fe Mössbauer spectra were recorded at various
temperatures using a conventional constant acceleration
Mössbauer spectrometer. The radiation source57CosRhd was
kept at room temperature. All isomer shifts refer to the
a-Fe absorber at 300 K.

RESULTS AND DISCUSSION

NdNi0.98Fe0.02O3

All the 57Fe Mössbauer spectra of NdNi0.98Fe0.02O3, re-
corded over the temperature rangefT.TIMs=TNdg, were this
nickelate is paramagnetic metal, can be described as a single
quadrupole doubletsFig. 1d. The small value of the quadru-
pole splitting D=0.06±0.01 mm/s indicates that substitu-
tional iron cations are located in sites with the high symme-
try of the nearest anionic surrounding, thus underlining the
nearly regular NiO6 octahedra in the first members of the
ANiO3 family sA=Pr, Nd, Smd.7,16

The isomer shiftsISd d=0.22±0.01 mm/ss300 Kd for the
NdNi0.98Fe0.02O3 spectrum is found to be significantly
smaller thand=0.37 mm/s observed early for the high-spin
Fe3+: t2g

3eg
2 cations in the NdFeO3 orthoferrite with the same

orthorhombic structure.17 Such a difference could be attrib-
uted to the increase of the iron valency from “3+” to “4+”
due to the electron-transfer reaction

Fe3+Ni3+ ↔ Fe4+ + Ni2+. s1d

Since the Fe4+/3+:3d5 redox level is known to be at least
1 eV below the Ni3+/2+:3d8 redox couple in oxides18 as il-
lustrated schematically in Fig. 2, the equilibrium of the
charge-transfer reactions1d is biased strongly to the left, thus
stabilizing formally trivalent Fe3+ ions. Therefore, the de-
crease of the IS value cannot be attributed to the stabilization
of tetravalent Fe4+ cations.

Taking into account that the57Fe valence is equal to 3+,
two different factors can influence the IS value:sid a chemi-

FIG. 1. 57Fe Mössbauer spectrum of NdNi0.98Fe0.02O3 at
300 K.

FIG. 2. Semiempirical impurity-level scheme for Fen+ and Nin+

ions in oxides.
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cal one, including the covalency of the Fe3+-O chemical
bond directly correlated to the competition with the Ni3+-O
bond sinductive effectd19 and sii d a geometric one corre-
sponding to the Fe3+-O distance in the NdNiO3 lattice.

According to independent measurements of the ESR spec-
tra of TiO2:Fe and TiO2:Ni,20 the substitutional iron impu-
rities would have the Fe4+/3+ redox energy some 0.5 eV
above the narrow Ni4+/3+:3d7 band as a result of the smaller
effective nuclear charge experienced by 3d electrons on the
lighter iron atoms. The result is an increase of the ionicity of
the Fe3+-O bonding along the Fe3+-O-Ni3+ bonds due to the
presence of more covalent competing Ni3+-O bonding, which
should decrease a population of iron 4s orbitals, and thus
increase the IS value.19 However, this prediction contradicts
with the observed decreasing of the IS value for Fe3+ cations
in ANi0.98Fe0.02O3 samples as compared to IS value in iron
oxides. Therefore, the inductive effect introduced by the
competition between the covalent Ni3+-O bonds and
Fe3+-O cannot explain the change of the IS value for triva-
lent iron cations in the nickelate matrix.

Another mechanism is related to the overlap of the iron
inner ns-shells sn=1–3d with oxygen 2ps wave functions
which produces a significant change ins-electron density
rss0d at the iron nucleus. This mechanism, called the overlap
distortion effect,21 is a consequence of the Pauli exclusion
principle which forces the electrons to keep out of the over-
lap region enhancingrss0d valuesreducing IS valued. Taking
into account that the57Fe doping into the NdNiO3 matrix
introduces a shrinking of the Fe-O distancessrNi3+<0.54 Å,
rFe3+<0.63 Åd,22 the overlap distortion effect would play the
main contribution on the observed decrease of the IS value.

In order to obtain an evaluation of the influence of the
bond-length change IS value, we estimated the change in
charge densityDrovs0d produced by this distance reduction
on account of the overlap distortion effect. It was demon-
strated by Simaneket al.21 that overlap distortion of the iron
ns orbitals in ionic compounds can be obtained using a
Schmidt orthogonalization procedure which does not contain
any covalency electron transfer effects. In this case, the
change in the charge density at iron nucleus in octahedral
oxygen coordination is given by

Drovs0d = 2Fo
n=1

3
6

1 + R8
Sns

2 fns
2 s0d

+ 2 o
n,m=1

3
6

1 + R8
SnsSmsfnss0dfmss0dG , s2d

whereR8s<0.4d is the oxygen-oxygen overlap integrals and
Sns=kfnsuf2pl are the overlap integrals, which are strongly
dependent on the iron-oxygen distancesTable Id. We take
f1s=73.30,f2s=−22.21, andf3s=8.31 a.u., as given by the
computations of Watson for Fe3+ cations.23 By taking into
account the overlap effect and the fact that the Fe-O distance
in NdNi0.98Fe0.02O3 is about 7% shorter than that in NdFeO3,
we obtain from Eq.s2d an increase inDrovs0d by about
1.34a0

−3. Using an isomer shift calibration constanta
=]IS/]rss0d<0.2,24 the value of DIS=sdNdFeO3

−dNdNiO3
d

was found to be 0.19 mm/s. This theoretical value is in
agreement with experimental difference IS=0.15 mm/s. It
should be noted that, in addition to the overlap distortion, the
decrease of Fe-O distance is accompanied by an increase of
a population of iron 3d and 4s orbitals, which influence on
the IS value in the wrong direction.19 It is, however, very
difficult to obtain a good quantitative estimate of the relative
amount of electron transfer to the 3d and 4s orbitals and we
neglected them in analyzing the above data. Hence, by ne-
glecting the covalency effects, we actually underestimate the
increase inDr0s0d with reduction of the Fe-O bond length.

The second part of the discussion is devoted to the dis-
cussion of the variation versus temperature of the IS value
for T.TMI. In the rangeT.TMI, the IS value exhibits the
usual increase with the decreasing of temperaturesFig. 3d
due to the second-order Doppler shiftsdSODd, which adds to
the ISsdeld depending on the electron density at57Fe nucleus
to give the total measured shiftsdd:19

dsTd = del + dSODsTd. s3d

The observed temperature dependence of IS in the tempera-
ture range 100øTø300 K is well fitted by a linear relation-
ship indicated by the solid line in Fig. 3. The temperature
coefficient]d /]T=−5.2310−4 mm/s K, calculated from the
slope ofdsTd dependence is in agreement with the average
slope k]d /]Tl=−4.2310−4 mm/s K early obtained for the
orthoferriteAFeO3 family sA=rare earthsd.17

From a chemical point of view the temperature depen-
dence of experimental IS value related to thedSODsTd is in-
teresting with respect to its simple relation with a recoil-free
fraction sfd and a force constantsKd experienced by Möss-

TABLE I. The average Fe-O distances and the values of overlap
integralssSnsd in NdNi0.98Fe0.02O3 and NdFeO3.

Compounds kRsFe-Odl Å S1s S2s S3s

NdNi0.98Fe0.02O3 1.94 0.00314 0.02337 0.11216

NdFeO3 2.03 0.00263 0.01976 0.09575

FIG. 3. Temperature dependence of the57Fe isomer shift for
NdNi0.98Fe0.02O3.
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bauer nucleus, which significantly depends on chemical
bonding and the local structure of iron cations25

]dSODsTd
]T

= S 3"2

2MEg
2KD ] ln fsTd

]T
, s4d

wheresid Eg is the nuclear transition energy for57Fe nucleus,
sii d M is atomic mass of iron, andsiii d fsTd is the recoil-free
fraction sor Debye-Waller factord. In a Debye approximation
fng, the temperature dependence of thefsTd is given by the
equation

ln fsTd = −
3ER

2kBQD
F1 + 4S T

QD
D2E

0

QD/T xdx

ex − 1G , s5d

wheresid kB is the Boltzmann constant,sii d ER=0.002 eV is
the recoil energy of the free57Fe nucleus, andsiii d QD is the
Debye temperature. At low temperaturessT!Q /2d, the
zero-phonon fraction is nearly constant, and nearQD shigh-
temperature limitd it shows approximately a linear decrease.

For a thin absorber the temperature of recoil-free fraction
is well represented by the temperature dependence of the
areasAd under the resonance curve. The thermal evolution of
the logarithm of normalized absorption area for57Fe dopant
in NdNi0.98Fe0.02O3 is shown in Fig. 4. The observed slop of
this linear dependence] lnfAsTd /As100dg /]T=−5.02310−4,
allows one to determine the Mössbauer lattice temperature
sQMd as probed by the57Fe atoms, using the relationship
valid in the high-temperature limit26

] ln AsTd
]T

=
] ln fsTd

]T
= −

3Eg
2

kBMc2QM
2 . s6d

The least squares fitted to experimental points leads to
QM =450±10 K. This value agrees well with those probed
by the 57Fe dopant in other structures of transition metal
compounds.27,28 However, it should be noted that this value
is not to be compared with Debye temperatures from inde-
pendent specific-heat data, because they are determined by
different weighted averages over the frequency spectrum.

Substitution of] ln fsTd /T, obtained from the temperature
dependence of the resonant areasFig. 4d into Eq. s4d, yields
the force constantK=0.973105 dyn/sm, experienced by
57Fe probe atoms in NdNi0.98Fe0.02O3 lattice. This value can
be compared toK=1.53105 dyn/sm for NdFeO3,

17 ob-
tained by the same procedure, using the experimental values
k]d /]Tl=−4.2310−4 mm/s K andQM =720 K fsee Eq.s6dg.
The observed large differenceDK=0.533105 dyn/sm, in
the force constant values between iron and oxygen atoms in
the two perovskites having the same local environments of
57Fe atoms suggests a very different covalent contribution in
the Fe-O bonds in these oxides.

The third part of the discussion is devoted to the analysis
of the change of IS value at the transition temperature.
Around T<TMIs=TNd, the IS value undergoes an abrupt de-
crease and the slope of the thermal dependence fordsTd also
shows a significant changesFig. 3d. Since the experimentally
derived IS is the sum of a term depending on the electron
density at 57Fe nucleus sdeld and of the temperature-
dependent second-order Doppler shiftdSOD fsee Eq.s3dg it is
only possible to conclude that either or both are undergoing
anomalous change in the vicinity ofTMI =TN. However,
we supposed that the observed discontinuity in ISsDd
=0.12 mm/sd could be attributed to the structural anomalies
across theMI transition in Pr, Nd nickelates,29 which induce
significant electron-density redistribution such that the
s-electron density at57Fe nucleus is enhanced byDrss0d
,0.6 a.u.sRef. 30d in the insulator phase.

In fact, according to neutron-diffraction data for PrNiO3
and NdNiO3, on cooling throughTIM its volume expands by
,0.2% due to a slight increase of the average Ni-O distances
s,0.004 Åd and decrease in the Ni-O-Ni bond angle
sDu<−0.5°d.29 We believe the reduced IS for57Fe3+ probe
ions in insulator regimesT.TMId reflects an enhanced cova-
lent contribution to Fe-O bonds due to a reduction of the
Fe-O-Ni angle which reduces the competition effect for the
same O2−:2ps orbitals by the bridged Fe3+ and Ni3+ cations.
The covalent electron back transfer from the O2−:2ps to
Fe3+:4s orbitals would increasesr4ss0d charge-density at the
iron nucleus and therefore reduces the IS from the value
observedT.TMI. This change ofr4ss0d is pronounced
enough to overcompensate the some covalent transfer to
empty Fe3+:3d orbital, which increases the screening of the
core ns electronssn=1–3d from nuclear charge, thus increas-
ing the IS value. This conclusion is qualitatively consistent
with observation that in high-spin Fe3+: t2g

3eg
2 cations, all 3d

orbitals are singly occupied so that the net gain energy re-
sulting from electron transfer from the oxygen to these orbit-
als is not as large as for the empty 4s orbitals.

Figure 3 shows the significant change in the slope
]dsTd /]T<−8.1310−4 mm/s K atT,TNs=TMId. According
to Eq. s4d, this change can be attributed to a magnetization-
dependent Lamb-Mössbauerf factor for lattice temperature
sQMd, see Eq.s6dg probed by the57Fe atoms in the nickelate
structure. Some authors have observed the same abrupt
change below the magnetic ordering temperature of the slope
of the curve fsTd, which physically means that the mean
square displacement of the57Fe atoms decreases.31,32 The
large increase of thef factor can be related to a strong

FIG. 4. Thermal evolution of the logarithm of the57Fe normal-
ized absorption area for NdNi0.98Fe0.02O3
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magnon-phonon couplingssee the works of Eremenkoet al.
cited in Ref. 33d, thus underlying the important role of mag-
netic and electron-lattice interactions as a driving force for
the insulator-metal transition.

It should be noted that in a recent Mössbauer study of
NdNi0.98Fe0.02O3 sRef. 15d at T,TIM, the Mössbauer spectra
have been resolved into two magnetic Zeeman spectra with
the same isomer shift values, and quadrupole splitting which
underlined that all the Fe sites are crystallographically
equivalent. Only the magnetic hyperfine fieldsH1 andH2 are
very differentsH1<430–450 kOe,H2<15–22 kOed. These
results support the orbital ordering in the whole NdNiO3
sRefs. 11 and 12d lattice instead of the charge ordering.34,35

LuNi 0.98Fe0.02O3

The 57Fe spectra of LuNi0.98Fe0.02O3 recorded in the insu-
lator paramagnetic regionTN,T,TIM, consist of two quad-
rupole doubletsfFig. 5sadg thus indicating that57Fe dopant
are located in two nonequivalent Fes1d and Fes2d crystallo-
graphic sites. This result is consistent with early observed
monoclinic symmetry for the small rare-earth nickelates be-
low TIM,7,16 which implies the existence of two types of al-
ternating Nis1dO6 and Nis2dO6 octahedra.

The isomer shifts d1=0.31±0.01 mm/s and d2
=0.15±0.01 mm/ssT=300 Kd for both Fes1d and Fes2d
states fall within the range ofd values corresponding to for-

mally trivalent iron cations in oxide compounds.19 However,
the observed difference betweend1 andd2 values reflects the
different covalent character of the Fe-O bonding in Fes1dO6

and Fes2dO6 polyhedra. Taking into account that the decrease
of the formal oxidation state of iron cations normally leads to
the increase of the corresponding isomer shift, the quadru-
pole doublet with the higherd1 value can be assign to the
Fes1d cations substituted for nickel in Nis1dO6 polyhedra. In
this case, the second quadrupole doublet with the smallerd2
value should arise from the Fes2d cations substituted for
nickel cations in the electron-enriched Nis2dO6 polyhedra.

It is very interesting to elucidate how the difference be-
tween the formal chargessnid of the Fen+s1d and Fen+s2d
dopant ions, manifesting itself as the difference in corre-
sponding isomer shiftssd1 andd2d, correlates with the charge
redistribution sad between the Nis3−ad+s1d and Nis3+ad+s2d
cations caused by the monoclinic distortion of small-earth
nickelate lattice. For this purpose, we proposed14 an empiri-
cal expression relating the mean formal charge of high-spin
Fen+ cations in octahedral FeO6 polyhedra to the correspond-
ing isomer shift value

d = s1.25 − 0.303 nd ± 0.03 fmm/sg, s7d

where thed value refers toa-Fe at room temperature and
3ønø4 is the mean formal charge of the iron cations on a
time scalet.10−8 s. Substituting the experimentald1 andd2
values in the relations7d, the formal valencesn1=3.13 and
n2=3.67 for Fes1d and Fes2d cations, respectively, were cal-
culated. The effective charge values thus obtained clearly
indicate the two chemically different Fes1d and Fes2d sites
for iron probe atoms. Moreover, the difference between these
valuesDn=0.54 is consistent with the differenceDn=0.66
between the formal valences for Nin+s1d s2.58d and Nin+s2d
s3.24d ions in LuNiO3 calculated using bond-valence
Brown’s model.16 This finding provides independent quanti-
tative evidence for a charge disproportionation phenomenon
associated with the insulating phase of LuNiO3 perovskite.

It should be noted that the ratio of the areasAs1d /As2d
<2 under the Fes1d and Fes2d sub-spectra considerably dif-
fers from unity and therefore indicates the lack of random
distribution of dopant iron cations over two crystallographic
positions in the monoclinic lattice of LuNi0.98Fe0.02O3. A rea-
son for this can be “steric” effects caused by the fact that
average iron-oxygen distances in trivalent iron oxides
kFe3+-Ol=2.03 Å,22 are close to that in Nis1dO6 polyhedra in
the monoclinic LuNi0.98Fe0.02O3 structure, kNis1d-Ol
=2.00 Å.16 This seems to result in the preferable substitution
of trivalent iron for Nis1d cations rather than for Nis2d cat-
ions located in considerably smaller Nis2dO6 polyhedra,
kNis2d-Ol=1.92 Å.12 Moreover, in our previous work13,14

it has been found that theAs1d /As2d ratio remains
constant within the experimental error forANi0.98Fe0.02O3
sA=Lu,Y,Tld nickelates with a varied degree of monoclinic
distortion. This finding is qualitatively consistent with the
data of Alonsoet al.33 who showed that the effective charge
of the Nis1d and Nis2d cations and, hence, the sizes of the
Nis1dO6 and Nis2dO6 polyhedra, respectively, remain unal-

FIG. 5. 57Fe Mössbauer spectra of LuNi0.98Fe0.02O3 at sad T
,TIM and sbd T.TIM.
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tered while the degree of monoclinic distortion increases in
ANiO3 nickelates seriessHo→Lu, Yd.

The analysis of the temperature-dependent57Fe Möss-
bauer datasd ,Dd has allowed us to follow the structural
changes of the local environments of iron dopant ions con-
comitant with the electronic delocalization in the NiO6
subarray as the LuNi0.98Fe0.02O3 sample is heated through
the insulator-metal transition. Figure 6 shows the thermal
dependence ofd1 and d2, which are very sensitive to the
electronic state of Fes1d and Fes2d ions, respectively. In the
temperature rangeTNøTøTIM, the d1 and d2 values de-
crease monotonically upon increasing temperature with the
slope ]d /]T<−0.48310−4 mm/s, which can be related to
the second-order Doppler effect. It suggests a very weaksif
anyd thermal dependence of effective charge for the iron dop-
ant cations in the Fes1dO6 and Fes2dO6 polyhedra. This con-
clusion is very consistent with the recent high-resolution
neutron data for undoped LuNiO3,

36 in which the degree of
charge disproportionationssd of Nis3−ad+s1d and Nis3+ad+s2d
cations, defined by the size difference between large,
Nis1dO6, and small, Nis2dO6, polyhedra, reaches a maximum
already at room temperature.

One of the main findings is that upon heating of
LuNi0.98Fe0.02O3 sample well aboveTIM, the 57Fe spectrum
shows the abrupt convergence of the two Fes1d and Fes2d
subspectra, in the monoclinic-insulating phase, to one quad-
rupole doublet in the orthorhombic-metallic phasefFig.
5sbdg. This result would suggest the formation of a unique
state for iron probe atoms and could, therefore, imply that
the charge disproportionation in NiO6 subarray completely
vanishes at theMI transition.

The isomer shift valued=0.08±0.02 mm/ss653 Kd, cor-
responding to a single Feknl+ site in the high-temperature
orthorhombic phase, is intermediate between those deter-
mined by extrapolation of thed1sTd andd2sTd curves in the
insulating-monoclinic phase if no electronic effects were
present atTMI sFig. 6d. We supposed that upon the mono-
clinic distortion, the Fes1d dopant cations substituted for
nickel cations in the octahedral Nis1dO6 sites with a larger
volume will decrease their formal positive charge with re-

spect to the reference Feknl+ state bys, i.e., Fesknl−sd+O6 sFig.
7d. Therefore, the Fes2d cations substituted for nickel in the
smaller Nis2dO6 polyhedra will increase their charge bys,
i.e., Fesknl+sd+O6. Substitution ofd298 K=0.23 mm/s, calcu-
lated by correction of thed653 K=0.08±0.02 value for the
second-order Doppler shiftd298 K=d650 K+]d /]T3DT, into
Eq. s7d, yields the formal effective chargeknl=3.40. Using
this value, the changes in the effective chargess= uknl−nu
were calculated for the Fes1d: s1=0.27 and Fes2d: s2=0.26
with respect to the reference Feknl+ site.

An interesting point is thes1 ands2 values obtained us-
ing the above empirical formulas7d appear to be in good
agreement with the degree of charge disproportionation,
a= uknl−nu, for the two nickel sites Nis1d: a1=0.32 and
Nis2d: a2=0.34, in the monoclinic-insulating phase defined
with respect to the single Niknl+ sites with knl=2.90 in the
orthorhombic-metallic phase. We are thus led to conclude
that the charge state and the local environment of57Fe probe
atoms are very sensitive to the variation of electronic struc-
ture in the NiO6 subarray of LuNi0.98Fe0.02O3 nickelate. Tak-
ing into account the very different electronic configurations
and chemical properties of trivalent Ni3+ and Fe3+ cations,
this result is very surprising. Calculations of the57Fe doped
nickelate electronic structure in the local-density approxima-
tion 1U approach are under investigation to confirm our
results.
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FIG. 6. Temperature dependence of the57Fe isomer shift for Fe
s1d and Fes2d subspectra for LuNi0.98Fe0.02O3. The dashed lines are
calculated from the average slope]d /]T=−4.6310−4 mm/s K ssee
textd.

FIG. 7. Schematics of the change in the local environment of
Fe3+ ions upon the monoclinic-orthorhombic transition of
LuNi0.98Fe0.02O3 structure.
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