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Charge disproportionation in YNiO 3: ESR and susceptibility study
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We present a study of the magnetic properties of YNiO3 in the paramagnetic range above and below the
metal-insulator~MI ! transition. The dc susceptibilityxdc ~measured up to 1000 K! is a decreasing function of
T for T.150 K ~the Néel temperature! and we observe two different Curie-Weiss regimes corresponding to the
metallic and insulating phases. In the metallic phase, this behavior seems to be associated with the small ionic
radius of Y31. An electron spin resonance~ESR! spectrum compatible with Ni21 is visible in the insulating
phase but only a fraction of the Ni ions contributes to this resonance. We explain the ESR andxdc behavior for
T,TMI in terms of charge disproportionation of the type 2Ni31→Ni211Ni41, associated with the previously
observed structural transition acrossTMI . Effects of thermally excited electronic configurations onxdc are
discussed.
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I. INTRODUCTION

The perovskite systemRNiO3 ~with R trivalent rare earth
or Y! is a very attractive family of compounds around whi
an intense research activity was developed in the 19
Their most studied property was the metal-insulator~MI !
transition1 at TMI , from a high-temperature metallic materi
to a charge-transfer insulator. As is seen in the phase diag
of Fig. 1, TMI increases as the ionic radius ofR31 (r R)
diminishes. In the insulating phase the oxides show a c
plex antiferromagnetic~AFM! order, below a Ne´el tempera-
ture (TN) also dependent onr R . In spite of all the performed
studies, the nature of the MI transition is not complete
understood2 and a model describing structural, magnetic, a
transport properties for the wholeRNiO3 series is still lack-
ing. The difficulties found in the synthesis ofRNiO3 are
more severe for the smaller-r R compounds2,3 and only
recently,4 with new synthesis techniques, samples withR
5Dy, Y, Ho, Er, and Lu could be studied. Besides, synch
tron x-ray diffraction ~SXRD! techniques have allowed
more precise description of the structural changes2 accompa-
nying the MI transition.

In this paper we present a magnetic study of YNiO3. Due
to the nonmagnetic character of Y, the properties of the
lattice can be analyzed above and belowTMI without inter-
ference with other magnetic species. Notice that LaNiO3,
where La is also nonmagnetic, was found5 to be metallic for
all T>1.4 K. Alonsoet al.2 have determined the MI trans
tion for YNiO3 at TMI5582 K. They observed a structura
transition from the orthorhombicPbnmphase~aboveTMI) to
a monoclinicP21/n phase~below TMI). This transition was
compatible with a charge disproportionation in the insulat
phase2,4 where 2Ni31→Ni31d1Ni32d (d'0.35). In this in-
terpretation, the two Ni species are localized in two differe
crystalline sites characterized by expanded~Ni1 site! and
contracted~Ni2 site! NiO6 octahedra. The AFM spin con
figuration belowTN was determined by neutron diffraction2
0163-1829/2003/68~2!/024429~5!/$20.00 68 0244
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finding different magnetic moments associated with the t
Ni sites. In this work we study theT dependence of the
electron spin resonance~ESR! and the magnetic susceptibi
ity. Our aim is to describe the changes in the magnetic pr
erties associated with the MI transition. We discuss our
sults considering the effects of charge disproportionation
thermal population of the excited electron configurations.

II. EXPERIMENTAL DETAILS

Powder YNiO3 samples were prepared under hig
pressure and high-temperature conditions. A stoichiome
mixture of Y2O3 and Ni(OH)2 powders was ground with
30% of KClO4 and packed into an 8-mm-diam gold capsu
placed in a cylindrical graphite heater. The reaction was c
ried out in a piston-cylinder press, under a pressure of
kbar at 1173 K for 20 min. The reaction product, in the for
of blackish dense polycrystalline pellets, was ground and
resulting powder washed with water to dissolve KCl. T
sample was characterized by x-ray diffraction. The magn
zationM (T) was measured with a superconducting quant
interference device~SQUID! magnetometer forT,300 K
and with a Faraday balance magnetometer in the range 2
1000 K. The ESR spectrum was measured with a Bru
ESP300 spectrometer operating at a frequencyn
'9.3 GHz. We detected the derivative spectrum and de
mined theT dependence~up to 800 K! of the three ESR
parameters: resonance fieldH0(T), peak-to-peak linewidth
DHpp(T), and double-integrated intensityI ESR(T). Notice
that, alternatively, the intensity can be obtained6 as I ESR
5W@DHpp)

23hpp] wherehpp is the height between peak
of the derivative spectrum and the constantW is dependent
on the line shape (W53.63 for Lorentzian lines!. This
method was preferred to the double integration for lo
signal-to-noise ratio spectra in order to minimize possi
spurious effects due to the cavity background. We took c
to check the agreement betweenI ESR(T) derived in both
ways in the region of good signal-to-noise ratio. The sp
©2003 The American Physical Society29-1
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trum intensity was compared to that of well-characteriz
standard samples (MnF2 single crystal and Gd2 BaCuO5
powder7! in order to determine the absolute value of the E
susceptibility xESR(T)}I ESR(T), which is expected to be
equal toxdc(T) if all the magnetic species contribute equa
to the resonance. The detected lines were of relatively
intensity, and 100-mg samples were used in order to ob
low-noise spectra.

III. RESULTS AND DISCUSSION

In agreement with the pioneering experiment by D
mazeauet al.,3 M (T) shows a peak atTN5150 K attributed
to an AFM transition. AboveTN , M (T) presents a paramag
netic ~PM! behavior withM (T)5xdc(T)H, where the sus-
ceptibility xdc(T), measured forH510 kG, follows a Curie-
Weiss- ~CW-! like law ~see Fig. 2!. In the ordered phase
M (T) showed also a linear dependence onH ~up to 50 kG!
although with a very small extrapolated componentM0
.1024mB /f.u., which saturates aboveH>1 kG. This ferro-
magneticlike contribution may arise from uncompensated
moments or an imperfect AFM alignment. Besides, bel
'20 K an extra Curie contribution toxdc(T) is observed, as
in other perovskites.8,9 In our case, the smallness of the me
sured Curie constantC50.003 emu K/mol (YNiO3) indi-
cates that it could originate in impurities or defects and d
not affect the results in the PM regime. This value forC
would correspond to a minority phase of less than 0.03%~if
the magnetism comes from rare-earth impurity ions! or at
most '0.3% ~if it arises from paramagnetic Ni21 ions!.
These level of impurities was not detected by XRD.

In the paramagnetic range (T>TN), xdc(T) presents
a small anomaly in the slope ofxdc

21(T) aroundTMI ~see
inset of Fig. 2!. For T.TMI , a Curie constantC

FIG. 1. TMI ~open circles! and TN ~open triangles! vs r R for
RNiO3 ~taken from Refs. 1 and 4!. Crossed and solid symbols in
dicate, respectively, the results for YNiO3 ~present work! and for
La12xEuxMnO3 ~Ref. 27!. Solid lines are guides to the eye. Th
dashed line separates regions whereT-dependent (xCW) and
T-independent (x0) susceptibilities are observed in the metal
phase.
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50.79(2) emu K/mol and a CW temperatureQ52210 K
were obtained. BelowTMI , C50.90(2) emu K/mol andQ
52310 K. These values are larger than those derived
Demazeauet al.3 from data obtained in the range 70–480
Notice that the crystalline parameters vary according to
preparation method: e.g., at room temperature the mo
clinic angleb590.08(1) ° for the samples of Alonsoet al.4

andb593.6° for the samples of Demazeauet al.3

In the simplest ionic picture for the magnetic properti
all Ni sites are equivalent and expected to be occupied
Ni31 ions (3d7). In the metallic states we may usually d
scribexdc(T) in terms of a sum ofT-independent (x0) and a
CW-like (xCW) susceptibilities10 corresponding to itineran
and localized electrons, respectively. ForRNiO3 these would
be theeg and t2g

6 electrons of low spin~LS! Ni31(t2g
6 eg

1).
Then, only a temperature-independent susceptibilityx0 is ex-
pected forT.TMI since the localizedt2g

6 core has fully com-
pensated spins. This behavior has been indeed observe5 in
LaNiO3. Instead, as was mentioned above, we have m
sured a CW-like susceptibility for the metallic phase
YNiO3 up to 1000 K, with a relatively large effective mo
ment (me f f52.5mB). Within the same ionic picture, the M
transition occurs when the itineranteg electrons become lo
calized. Here, again, the experimental results fail to valid
this simple model. Our value ofme f f52.7mB is much larger
than the expectedme f f51.73mB (C50.375 emu K/mol) for
S51/2. Thus, thexdc(T) results ask for a different approac
including the effects of charge disproportionation2 and the
contribution of the excited levels of the Ni ions. We wi
discuss this issue after the analysis of the ESR results.

In Fig. 3 we show ESR spectra taken at different tempe
tures. The spectrum is observed between 145 K and 56
and, forT.TN , consists of a single Lorentzian line withg
52.16(2). This value for theg factor suggests11 that the
resonance species is Ni21. In Fig. 4 we plotDHpp vs T. In
the rangeTN,T,450 K the linewidth increases with a lin
ear dependenceDHpp(T)5a1bT with a'1300 G andb

FIG. 2. Solid line:xdc(T). Circles:xESR(T). The dashed line is
a guide to the eye. In the insetxdc

21(T) is plotted and the dashe
~dotted! line is the fitting to a CW-like behavior forT,TMI (T
.TMI).
9-2
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'1.5 G/K. Above 450 K some narrowing of the linewidth
observed. A linear dependence forDHpp(T) vs T is charac-
teristic of Ni21 ions, as is discussed in Ref. 12 for the cub
perovskite KNiF3, where a linear dependence was fou
aboveT>1.4TN . In KNiF3, a crossover to a critical behav
ior takes place at this temperature and, in the rangeTN,T
,1.4TN , DHpp(T) narrows with a dependence (T2TN)a

with a>1.1, as in the case of RbMnF3.12,13 This kind of
critical behavior is observed only in compounds where
magnetic lattice has sc or bcc cubic symmetry.14 Otherwise,
including the case of fcc cubic lattices, a critical broaden
(a,0) is measured.14 In the case of YNiO3, below T

FIG. 3. ESR spectra at different temperatures. ForT5560 K,
the open circles show the central part of the spectrum after sub
tion of cavity background. The spectrum of dpph~dyphenil pycril
hydrazil! is a marker forg52.0036. The spectra forT5149 K and
560 K were amplified 10 times (310).

FIG. 4. Temperature dependence of the linewidthDHpp(T). In-
set: monoclinic angleb(T) vs T from Ref. 2.
02442
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'1.3TN , DHpp(T) abandons the linear dependence a
tends to broaden up~see Fig. 3!. Since in the perovskite
structure the Ni ions are arranged in an approximately
cubic lattice, the broadening observed may be an indica
that not all the Ni contribute to the resonance, besides
effects arising from the small monoclinic distortion. We w
return to this point later in connection with the ESR intens
measurements. Notice that, forT<TN , a different broaden-
ing effect is expected for polycrystalline samples.15 In these
cases the splitting of the PM mode into several anisotro
branches and the opening of aT-dependent energy gap com
bine to give progressively broader inhomogeneous li
widths and lower intensity spectra that are finally lost with
the noise, in agreement with our observation~see Fig. 3!.
Then, the maximum ofxESR establishes that the resonant N
ions order AFM belowTN in coincidence with the dc sus
ceptibility peak.

In Fig. 2 we show thatxESR(T) decreases continuousl
with T in the whole range 150–560 K and vanishes arou
600 K. The disappearance of the ESR line is coincident w
the transition observed2 at TMI5582 K. The absence of an
ESR spectrum in the metallic phase is compatible with
Ni31 configuration where theeg electrons are itinerant an
the localized t2g electrons have compensated spins. T
same behavior~lack of ESR! has been observed16 for metal-
lic LaNiO3. A comparison ofxESR(T) with xdc(T) in the
insulating phase shows~see Fig. 2! that xESR is, for all tem-
peratures, significantly smaller thanxdc . The ratioxESR/xdc
is T dependent: it increases with decreasingT and reaches a
value'0.5 aroundTN . The change of behavior acrossTMI
is compatible with a charge disproportionation forT,TMI ,
as proposed in Ref. 2. For a complete disproportionat
2Ni31→Ni211Ni41, the Ni1 sites would be occupied b
Ni21 (3d8) and the Ni2 sites by Ni41 (3d6) ions. Notice
that Ni41 is isoelectronic with Co31, and attempts to ob-
serve its ESR spectrum in LaCoO3 were unsuccessful.17 The
absence of the ESR spectrum may be due to theS50 char-
acter of the LS configuration (t2g

6 ) of Ni41 ions, appropriate
for a strong crystal field.18 Thus, the observed ESR woul
correspond to the Ni21 in the Ni1 sites.

The proposed disproportionation predicts a Curie cons
C50.50 emu K/mol forxdc(T) since only half of the Ni ions
would contribute as Ni21 (t2g

6 eg
2 , S51). This value is sig-

nificantly smaller than the experimental C
50.90(3) emu K/mol. On the other hand, if we were to co
sider the possibility of a high-spin~HS! ground state (t2g

4 eg
2 ,

S52) for Ni41, as in the free ion, the resultingC
52 emu K/mol would be now much larger than observed.
this point it is then important to analyze the effects of t
thermal population of excited states. In order to explain o
experimental results we should explore possible states
Ni41 with intermediate-spin~IS! values. Korotin et al.19

have recently calculated the electronic structure for the
electronic Co31 in LaCoO3 and found that the IS configura
tion (t2g

5 eg
1) with S51 is indeed the first-excited level due t

the strong hybridization of 3d states with the oxygen 2p
orbitals. Notice that in a purely ionic picture the HS state
the first-excited level and the IS level is expected to lie

c-
9-3
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least 1 eV above the ground state.8 We have calculated
xdc(T) for an admixture of equal amounts of Ni21 and Ni41

ions. For Ni41 we assumed, as in Ref. 8, that the magne
contribution arises from a thermally populated IS state ly
at an energyD above the LS ground state. In this ca
xdc(T) is expected to follow a CW-like law withC5@C2
1C4f (T)#/2, whereC25C451 emu K/mol correspond to
Ni21 and IS Ni41, respectively, andf (T)5pe2D/kBT/(1
1pe2D/kBT), with p being the degeneracy of the IS excite
level.8 Our observation, forT.TN , of a T-independentC
50.90(3) emu K/mol suggests thatf (T)50.80(6). This is,
within the experimental uncertainty, consistent with a va
of D/kB!TN and a degeneracy 3<p<6 for the IS state.8 To
complete this picture we may associatexESR with the Ni21

susceptibility. Here, the ground state of Ni41 does not con-
tribute to the ESR. On the other hand, the excited states
expected to present very short relaxation times~large line-
width! due to the strong phonon modulation of the crystall
field.20 Then, the corresponding ESR signal would have
very low amplitude, which would be lost within the nois
and not included in our line integration. According to o
calculation the ratioxESR/xdc would be slightly larger than
0.50, close to our findings for the lowest PM temperatur
Our interpretation of the experiments is then in agreem
with the existence of two different Ni sites in the monoclin
structure, occupied by Ni21 and Ni41 ions. TheT depen-
dence ofxESR/xdc suggests a strong correlation of the sp
distribution with the monoclinic distortion, parametrized b
the angleb(T) shown in the inset of Fig. 4. This correlatio
is consistent with the decrease ofDHpp(T) for T>450 K
since the ESR narrowing may be a consequence of the
crease of the site symmetry.21 The variation of
xESR(T)/xdc(T) is associated, in this picture, with a progre
sive disproportionation asT is lowered ~and b increases!
below TMI .

If the observed CW temperatureQ52310(15) K were
dominated by first-neighbor interactions—i.e., between N
and Ni2 sites—the predicted AFM order atTN would be of
the G type, contrary to the neutron diffraction results.2 The
order proposed in Ref. 2 implies the division of the syst
into two fcc interpenetrated lattices of Ni1 and Ni2 sites a
has been suggested that Ni1-Ni1 interactions are essentia
the stabilization of the magnetic structure,2,22 due to the less
magnetic character of Ni2 sites.2 The proposed AFM order2

of the Ni1 sublattice corresponds to the second kind
scribed by Smart23 for a fcc lattice. In this case,TN
528J2 /kB andQ5(16J118J2)/kB . From the experimen-
tal Q and TN , AFM exchange constantsJ1 /kB5
210(1) K andJ2 /kB5219(1) K are deduced for first an
second Ni1-Ni1 neighbors, respectively. In this kind of o
dering the effective field due to first neighbors cancels
and the magnetic structure is stabilized by second neighb
o
ie
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This interaction corresponds schematically to t
Ni21-O22-Ni41-O22-Ni21 path and may represent an effe
tive AFM interaction favored by the strong hybridization
Ni 3d and O 2p orbitals.24

Finally, we may analyzexdc(T) in the orthorhombic me-
tallic phase, where all Ni sites are equivalent. T
T-independent susceptibility in LaNiO3 has suggested that i
this phase the Ni31 ions are in the LS ground statet2g

6 eg
1 with

the eg electrons fully delocalized. A similar behavior wa
proposed for NdNiO3, after subtraction of the large Nd
contribution.25 However, in the case of SmNiO3, a CW-like
Ni susceptibility was deduced26 for the metallic phase as in
our case (YNiO3), although with a smaller effective mag
netic moment (me f f'1.5mB). It is interesting to revisit here
the behavior ofxdc(T) for the La12xEuxNiO3 series27 where
a transition from aT-independent to a CW-like susceptibilit
was observed as a function ofx. Up to x.0.4, xdc5x0 and,
for larger values ofx, a CW component becomes increa
ingly important. If we look at the phase diagram of Fig.
we find that the transition from aT-independent to a CW-like
susceptibility occurs in a relatively narrow region arou
r R.1.1 Å. This evolution suggests that, for smallerr R radii,
the thermal excitations of electronic configurations withS
Þ0 become important also in the metallic phase. This ob
vation reminds the calculations of Korotinet al.19 who found
that the relative energies of the different electron configu
tions of Co31 in LaCoO3 are strongly dependent on the la
tice volume. A similar situation may be present for the ca
of Ni31 in theRNiO3 series. Thus, a calculation of the ele
tronic structure ofRNiO3 for different spin states would be
worthwhile.

In summary, we have studied the PM properties of the
lattice in YNiO3. In the metallic phase, at variance wit
LaNiO3, we observed aT-dependent susceptibility and w
associate this behavior with the small Y31 ionic radius. In
the insulating phase, we have observed that Ni ions bec
resonant and the characteristics of the ESR spectrum co
spond to Ni21. The ESR integrated intensity indicates th
only a portion of the Ni ions are observed. Our results
consistent with a charge disproportionation of the ty
2Ni31→Ni211Ni41, accompanying the MI transition, pos
sibly incomplete andT dependent. In this description th
Ni41 ions contribute toxdc through thermally excited con
figurations but are not detected by ESR techniques.
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