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Electron diffraction and Raman scattering evidence of a symmetry breaking
at the metal-insulator transition of NdNiO3
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NdNiO3 is studied by electron diffraction and by Raman scattering, and drastic changes are observed at the
metal-insulator transition. These features are explained in the framework of a charge disproportionation of
nickel, which is at variance from earlier results, but consistent with recent studies on smaller rare earth
nickelates. The Raman spectra in the insulator phase are discussed with respect to the elpasolite arrangement.
It is shown that several frequencies directly probe the charge transfer, which leads us to conclude that this
parameter evolves over about 50 K below the transition.
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Since the discovery of metal-insulator~M-I ! transition in
RNiO3 perovskites (R5Pr, Nd, Sm, Eu!,1 many studies have
focused on its origin. Using the classification developed
Zaanen, Sawatsky, and Allen, Torranceet al. have shown
that these compounds are in the vicinity of the bound
between ‘‘low-Dmetal’’ and ‘‘charge-transfer insulator.’’2

The conduction was thus thought to arise from elect
transfers between Ni3d and O2p orbitals. The transition w
attributed to an electronic localization accompanied by
increase of Ni-O bond without any symmetry change.
date, the structure of these rare-earth nickelates was tho
to be orthorhombic~space groupPbnm!3 in both the metallic
~high temperature! and the insulator regimes~low tempera-
ture!. However, a recent study ofRNiO3 with the smallestR
~Ho, Y, Er, Tm, Yb and Lu! in the insulator phase by syn
chrotron x-ray and neutron powder diffraction revealed
monoclinic distortion~space groupP21 /n).4–6 This arrange-
ment implies two independent Ni positions and the prese
of a charge disproportionation (2Ni31→ Ni31d1Ni32d) in
the insulating regime, while nickel is uniformly trivalent i
the metallic regime. The existence of such a charge dis
portionation in the lighter rare-earth nickelates has b
questioned, and, if any, was considered to be very har
detect.6 In this paper we show, by electron diffraction an
Raman scattering, that such a symmetry breaking does
exist in NdNiO3, and thus most probably in the whole rar
earth series of perovskite nickelates. In addition, the pre
study provides a way to probe the charge disproportionat

Electron diffraction ~ED! was performed on a cerami
sample synthesized with the process described in Ref. 1.
terns were recorded on a Jeol 2010 transmission elec
microscope~200 kV! fitted with a cooling sample holde
working at liquid nitrogen~Gatan!. The Raman spectra wer
performed on a NdNiO3 thin film ~about 0.15mm thickness!,
grown on Si~100! by RF magnetron sputtering at 600°C a
subsequent annealing under oxygen pressure~190 bar! at
800°C for 2 days. X-ray analysis reveals a highly textur
material.7 Resistivity measurements show that the M-I tra
sition occurs at 210 K upon heating~see Refs. 7–9 for more
details!. Raman spectra were measured with a T64000 sp
trometer from Jobin-Yvon~multichannel with a cooled CCD
0163-1829/2001/64~8!/081102~4!/$20.00 64 0811
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detector! in the triple substractive configuration using a 6
tr/mm grating. The incident wavelength was the 514.5
line of an argon-krypton laser with about 50 mW on t
sample; the scattered light was collected in the 90° geome
Measurements were performed down to 40 K in a cry
cooler, under vacuum.

The reconstruction of the complete reciprocal space fr
ED patterns is consistent with cell parametersa5apA2, b
5apA2, c52ap , whereap refers to the cubic average pe
ovskite cell. At room temperature, the limiting reflectio
conditions are: no condition forhkl, k52n for 0kl, andh
1 l 52n for h0l ; this confirms the space group to bePbnm,
as previously reported.3 Figures 1~a! and 1~b! show ED pat-
terns along the@100#* direction at room temperature and
97 K, respectively. Extra reflections clearly emerge at
forbidden (0kl) positions fork odd, which indicates a sym
metry change within the same cell parameters set. The re
struction of the low-temperature reciprocal space shows
the conditions limiting reflections forhkl and h0l remain
unchanged. This leads us to propose theP21 /n space group
for the low-temperature phase, similar to the nickelates w
small rare earths.4–6 These investigations also showed th
the phase transition is reversible with a small hysteresis
agreement with the resistivity and thermal studies. The sa
results have been observed on different grains and for dif
ent cooling and heating cycles.

Raman spectra at several temperatures are shown in
2. At the lowest temperatures, the lines are fairly intense
narrow, and important changes occur on heating through
M-I transition. The most prominent change are the follo
ing:

~i! The very intense line in the low-frequency range~63
cm21 at 60 K! softens and strongly decreases in intensity
the vicinity of theM-I transition temperature,

~ii ! The two lines at 300 and 320 cm21 move towards
each other and tend to merge atTMI ,

~iii ! The intense lines located at 400 and 460 cm21 shift
toward the line at 430 cm21, and they strongly decrease i
intensity,

~iv! A band in the vicinity of 620 cm21 ~at 60 K! under-
goes a strong broadening and shifts towards lower frequ
cies when the temperature increases.
©2001 The American Physical Society02-1
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The temperature dependence of the intensities of fou
these lines~Fig. 3! and of the individual frequency shift
~Fig. 4! clearly show a singularity in the vicinity of 210 K
Some other lines also exhibit frequency discontinuity atTMI
~lines at 200, 300, and 400 cm21), but their intensity varia-
tions remain weak in both phases.

Therefore, both the ED and Raman scattering results g
evidence for a symmetry breaking associated with the
transition. As shown below, these features are consiste
explained as a consequence of a charge disproportionatio
nickel ion, as found by Alonsoet al. in heavy rare-earth
nickelates. Below such a transition, two kinds of nickel io
(Ni31d and Ni32d) and thus two kinds of Ni-O bond length
are expected. This induces the loss of theb mirror of Pbnm
which uniquely leads to theP21 /n space group. Concernin
the vibrational properties, 24 Raman-active modes are
dicted in the Pbnm space group (7A1g% 7B1g% 5B2g
% 5B3g). Only nine of them are intense enough to be o
served~although some overlaps cannot be excluded!. In the
P21 /n space group 12Ag and 12Bg Raman actives mode
are predicted and it can be shown that they result from
(7A1g% 5B3g) and (7B1b% 5B2g) modes ofPbnm, respec-

FIG. 1. Electron-diffraction patterns of the@100#* zone above
and below the M-I transition. The arrows show the diffraction sp
emerging below the transition, indexed by (0kl) with k odd. Extra
reflexions at 0k0 and 00l with k and l odd are due to double dif
fraction.
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tively. Hence no extra lines are expected. The 14 lines
served belowTMI remain consistent with this monoclini
space group; however, this does not explain the obser
drastic changes which, on the other hand, can be unders
through the following analysis. TheP21 /n space group can
be obtained as derived from the cubic perovskite with firs
a2a2c1 octahedra rotation in Glazer’s notation10 (Pbnm

s

FIG. 2. Raman spectra of the NdNiO3 thin film at several tem-
peratures.

FIG. 3. Variation with temperature of the absolute intensity
the Raman modes located~at low temperature! around 63~a!, 320
~b!, 460 ~c!, and 620 cm21 ~d!. A1g , Eg, and T2g refer to the
corresponding modes in an elpasolite structure~see text!.
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space group!, and then a charge disproportionation~loss of b
mirror!. However, the same symmetry could also be obtai
when the cubic perovskite first undergoes the charge dis
portionation, and then, the octahedra rotation. The first s
would be a cubic-perovskite/cubic-elpasolite phase transi
~the elpasolite-type structure corresponds to the orderin
two cations with different charge and/or size in the pero
skite octahedral sites!. With regard to the resulting dispropo
tion of the bond polarizability, this~virtual! transition must
give rise to stronger Raman signals than that for octahe
tilts alone ~elapasolites are known to give rise to inten
Raman signals!. The Raman spectra of the low-temperatu
phase can hence be described mostly with respect to tho
the cubic elpasolite, just perturbed by additional octahe
rotations. Four lines are predicted in the cubic elpaso
(A1g% Eg% 2T2g) and, according to Table I, their characte
istics can be inferred from the phonon spectrum of the cu
perovskite~only modes becoming Raman active are cons
ered here!; G, X, M, and R refer to the~0,0,0!, ~1/2,0,0!,
~1/2,1/2,0!, and ~1/2,1/2,1/2! points of the cubic Brillouin
zone, respectively. According to previous works11,12 they
mainly consist of a low-frequency intenseT2g line ~involv-
ing Nd displacements in NdNiO3), a high-frequency intense
A1g octahedra breathing mode, and two medium freque
T2g ~intense! andEg ~weak! modes involving octahedra dis
tortions ~the three later modes can be considered as the
ternal modes of the free Ni31dO6 octahedron!. Hence, a tran-
sition by octahedra rotations fromFm3m to P21 /n gives
rise to a triplet and a doublet in the frequency range of

FIG. 4. Variation with temperature of the Raman shifts
NdNiO3 . A1g , Eg , andT2g refer to the corresponding modes in a
elpasolite structure~see text!.
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T2g modes andEg mode, respectively~Table I! ; all of them
are already active in thePbnm symmetry phase~Table I!
but, as explained above, they are expected to be enha
thanks to the charge transfer. The experimental results
totally in agreement with such a scheme. The lines be
100 cm21 and in the range 400–450 cm21 are attributed to
the splitting of T2g modes, while the doublet around 30
cm21 results from theEg mode. Such ‘‘multiplets’’ tend to
collapse atTMI and mostly, their intensities strongly de
crease. These attributions are also supported by the calc
tion of the phonon spectrum in the cubic perovskite usin
rigid-ion model.15 In the framework of the above description
the following additional comments and predictions can
done.

~i! The low-frequency mode that exhibits a soft behav
could have also been attributed to an octahedra liberat
This would be unexpected since octahedra has already
dergone static rotations around the three axes~corresponding
to modesR158 and M3 of the cubic perovskite!. Only the
a2a2c1 → a2b2c1 octahedra tilts could be invoked, bu
this would be associated with theP21/m space group,10 not
consistent with the condition limiting reflections found b
ED.

~ii ! The line centred at 620 cm21 at 40 K is attributed to
the A1g mode of the cubic elpasolite since this correspon
to the octahedron breathing, which usually exhibits the hi
est frequency among theg symmetry vibrations~i.e., the
Raman-active modes in the present case!. The effect of a
charge transferd on the vibrational properties can qualita
tively be deduced from previous works16 ~PtCl chains with
Pt31d/Pt32d): an increase ofd gives rise to an increase o
the Ni31d-O interaction greater than the decrease of
Ni32d-O one, so that the vibrational frequency, that depe
on the sum, increases. An important consequence is that
vibration closely probes the charge disproportionation. T
softening observed over a large temperature range~50 K! on
approachingTMI indicates a progressive decrease ofd; its
broad character and the strong broadening it undergoes
gests a disorder.

TABLE I. Compatibility relations between the Raman activ
modes of the rare-earth nickelates~Pbnmand P21/n space groups
with o and m subscripts, respectively!. ~M, X, R refer to points of
the Brillouin zone ~see text!. Mode of the cubic perovskite is
Pm3m, ~c subscript!. Mode of the cubic elpasolite isFm3m, ~e
subscript!. The normal coordinates are given in Ref. 13 and part
the diagram is inferred from Ref. 14.
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~iii ! The transition of NdNiO3 can be described in term
of an electronic or a structural instability. In the later case
~secondary! order parameter can be the normal coordina
of a mode that becomes totally symmetric in the low sy
metry phase, i.e., a mode withB3g symmetry in thePbnm
space group~see Table I!. It appears that in addition to th
M5 distortion mode~at high frequency!, only the modes
characteristic of the cubic elpasolite can be invoked. Con
tently, they are the most sensitive to the transition~Figs. 3,
4!, which supports the attribution. To our knowledge, it is t
first vibrational evidence for a perosvkite-elpasolite pha
transition.

To conclude, the present study of NdNiO3 shows that the
metal-insulator transition is associated with importa
changes of structural and vibrational characteristics. T
electron diffraction patterns and the set of Raman singul
ties can consistently be described in the framework of
Pbnm-P21 /n phase transition resulting from the charge d
proportionation of nickel. Here a symmetry breaking is ide
tified in the large rare-earth perovskite nickelates. It n
appears that the charge disproportionation is not limited
small rare-earth compounds, but is most probably presen
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all RNiO3 perovskites (RÞLa), thus giving a more coheren
pattern along the whole rare-earth series. The attribution
the Raman lines is given on the basis of a distorted elpas
structure. It shows that the frequency variations offer a s
sitive approach to probe the transition mechanism
NdNiO3. There is no doubt that key information will be ob
tained from compared studies of all the rare-earth nickela
More generally, electron diffraction and Raman spectrosc
appear to be alternate convenient ways to study trans
effects in such cases where structural modifications are
faint that they are undetectable by x-ray and neutron diffr
tion, as it was the case for NdNiO3. It is worth noting that
Raman scattering investigations of NdNiO3 have become
possible mainly thanks to the availability of thin films, pr
pared by sputtering,17 which offers very compact material
able to avoid any significant heating in spite of irradian
high enough to give a good signal-to-noise ratio.

This work was partly supported by the Re´gion Pays de la
Loire, the CNRS, the FEDER and the INTAS Project N
970177. We thank Dr G. Banerjee for her help during t
work.
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