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We present a high-resolution synchrotron powder-diffraction investigation on NdNiO3 that confirms the
presence on long-range charge order below the metal-insulator transition previously reported at TMI=205 K.
The monoclinic symmetry of the insulating state is unambiguously proved. A detailed description of the
true crystal structure in the antiferromagnetic phase �TMI=TN� was obtained that proves the occurrence
of two octahedral sites below TMI. Antiferromagnetic NdNiO3 presents long-range charge order with
��0.2–0.3�1. The breathing distortion observed in the octahedra reduces the repulsion U at Ni sites, avoids
Jahn-Teller effect, and allows charge segregation. The phonon-assisted partial charge disproportionation is a
common mechanism in RNiO3 oxides. With the exception of LaNiO3, the compounds of the whole family of
RNiO3 perovskites must be considered band insulators with a charge ordered ground state at low temperature.
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The unconventional electronic and magnetic properties of
the nickel perovskites RNiO3 �R: rare-earth� have been the
object of extensive investigations.1–12 A sharp insulator-to-
metal transition occurs at a temperature that increases as the
ionic radii of the lanthanide ion is reduced.1–3 In these oxides
the transformation from localized electron into delocalized
electron states can be induced by temperature, chemical, or
hydrostatic pressure,13–15 and it is in great contrast with the
Mott transition in more conventional oxides. Initially, the
metal-to-insulator transition at TMI was attributed to a charge
transfer gap due to bandwidth narrowing.2,3,5 The reported
magnetic order in the insulating phase suggested an orbital
ordered state.5–7 But several works demonstrated the absence
of orbital or Jahn-Teller �JT� order.6,9,16 It was then apparent
that any of these two common mechanisms in narrow band
oxides were breaking down the twofold degeneracy of the
singly occupied eg orbital �in the low spin Ni3+�t2g

6 eg
1� state�.

The scenario changed after the detection of a subtle sym-
metry change in YNiO3 signaling charge order in the insu-
lating phase.17 Charge disproportionation and a subtle sym-
metry change from orthorhombic to monoclinic was
unambiguously observed at the metal-insulator transition in
the heaviest rare-earth nickelates �RNiO3, from Y to Lu, the
smallest member of the family�.17–19 These perovskites with
simple structure are very attractive examples of how orbital
degeneracy can be lifted through charge ordering instead of
Jahn-Teller distortion if the system is close to the itinerant
state boundary.17,20 This mechanism is based on charge seg-
regation and does not require orbital ordering. It is driven by
the Hund’s coupling and is favored by a limited delocaliza-
tion of the eg electrons �a certain band broadening that trans-
forms the levels into bands�.20 AgNiO2 has been shown to be
a 2D analog to RNiO3 �Ref. 21�.

After the discovery of long-range-ordered charge segrega-
tion in heavy RNiO3 perovskites �from Y to Lu� many
efforts were made to detect charge disproportionation

�long- or short-ranged� in RNiO3 compounds of large
rare-earth cations �light rare earths�. The coexistence of
contracted/expanded NiO6 octahedra in the compounds with
lighter �from Dy to Pr� lanthanides is a long-standing open
question, given that the difficulties for detecting the expected
symmetry breaking at TMI increase extraordinarily for large
rare earths. At present, some available results are contradic-
tory. Neutron-diffraction studies across TMI were reported in
Ref. 3 for R=La, Pr and Nd, and in Ref. 9 for Sm and Eu.
They did not detect symmetry changes, and using the Pbnm
description, an isotropic expansion of the cell and the Ni-O
bonds ��dNi-O� +0.004 Å� was reported across the
transition.3 A crossover in the nature of the metallic phases
has been proposed by several groups on moving from heavy
to light RNiO3 nickelates.22–24 On the other hand, recent Ra-
man spectra, electron diffraction,25 and resonant x-ray
scattering26 on NdNiO3 thin films were compatible with an
orthorhombic-to-monoclinic transition. Moreover, from a
x-ray-absorption study of PrNiO3 and NdNiO3, Piamonteze
et al.27 concluded that the insulating phase of these com-
pounds presents two different Ni sites and charge order, at
least at the short-range scale. Some examples of challenging
issues in slightly distorted RNiO3 perovskites are �1� rule out
or confirm a possible phase boundary in the origin of the
insulator state on going from the small to the large rare-earth
cations nickelates; �2� distinguish between the possibility of
two different Ni sites organized in short-range or long-range
charge order, �3� provide a correct detailed structural descrip-
tion that permit the comparison with the smaller members of
the family; �4� quantum critical characteristics in their T-P
phase diagram. In this work we have tried to give answer to
the first three questions. We present a high-resolution syn-
chrotron diffraction study on NdNiO3 that has permitted us
to obtain its true insulating structure. After several attempts,
it is the first time that its low-temperature distorted structure
is properly described.
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Polycrystalline NdNiO3 was synthesized under high oxy-
gen pressure �200 bar� following the procedure described in
Ref. 28. The sample was extensively characterized by labo-
ratory x-ray powder diffraction, magnetic and electric mea-
surements, and synchrotron diffraction, which confirmed its
quality. High-resolution synchrotron x-ray powder-
diffraction �SPD� measurements were performed at the
ESRF in Grenoble �BM16�. Good quality diffraction patterns
were collected at 290 and 50 K, using a short wavelength of
�=0.518056�3� Å. Polycrystalline NdNiO3 was loaded in a
borosilicate glass capillary ��=0.5 mm� and rotated during
data collection. The counting time was about 3 h to have the
desired statistics over the angular range 4 to 42 degrees in
2�. The data were analyzed by the Rietveld method using the
FULLPROF �Ref. 29� program. A minor residual NiO phase
was detected and accounted for appropriately in the refine-
ments.

The electrical resistance shown in Fig. 1 illustrates
the abrupt change in the resistance �about 3 orders of mag-
nitude� at the metal-insulator transition, TMI�205 K.
The hysteretic behavior of the resistivity extends along the
interval 110–205 K and suggests a possible coexistence of
metallic and insulating phases over that temperature range.
Although there is not yet a proper explanation of the change
in the spectral properties of NdNiO3 down to temperatures as
low as �0.5TMI �Ref. 22�, they appear to be related to elec-
tronic inhomogeneities in that temperature range. On the
contrary, in the compounds with TN�TMI �like SmNiO3 or
EuNiO3� no changes were observed in the photoemission
spectra below TMI �Ref. 22�. Figure 1 also shows the hyster-
etic small anomaly in the susceptibility ��T� at TN=TMI.

Synchrotron diffraction data were collected at both sides
of the metal-insulator transition. 50 K is far below the tem-
perature interval with hysteretic behavior of the resistivity.
Diffraction data collected a 290 K �metallic phase� were re-
fined using the orthorhombic Pbnm symmetry. The room

temperature �RT� structure, interatomic distances, and angles
reported in Ref. 3 were confirmed. The corresponding atomic
coordinates are given in Table I. Selected interatomic dis-
tances and angles are shown in Table II, where we have also
reproduced for comparison the values reported in Ref. 3
from neutron data using the Pbnm group. The high angular
resolution of the synchrotron x-ray data allowed us to
determine the cell dimensions with high precision. NdNiO3
cell is highly pseudocubic �a�=5.3871 Å��b�=5.3826 Å�
�c / �2�=5.3807 Å��; it is the member of the RNiO3 family
with the highest metric pseudocubicity. This is shown in
Fig. 2, where RT cell parameters and the orthorhombic strain
obtained for NdNiO3 are compared to those of other nick-
elates.

Regarding the insulating phase, we have tested the ortho-
rhombic Pbnm and monoclinic P21 /n symmetries against
the data recorded at 50 K �see Fig. 3�. Although differences
in the reliability factors were not huge, we obtained better
fitting indices with the P21 /n than with the Pbnm descrip-
tion: RB=5.26�5.59� and �2=5.07�6.60� in the refined mono-
clinic �orthorhombic� model. However, a more direct and
definitive evidence of the real symmetry was achieved by
visual examination of the high-resolution SPD profile below

TABLE I. �a� Refined atomic coordinates for NdNiO3 at 290 K
in space group Pbnm. �b� Refined atomic coordinates for NdNiO3 at
50 K in space group P21 /n.

�a� a=5.38712�2�, b=5.38267�2�, c=7.60940�3� Å

Atom x y z
B

�Å2�

Nd �4c� 0.9958�2� 0.0350�1� 1/4 0.65�2�
Ni �4b� 1/2 0 0 0.32�2�
O1 �4c� 0.0692�9� 0.4896�9� 1/4 0.72�8�
O2 �8d� 0.7165�9� 0.2870�9� 0.0394�9� 1.13�9�

Reliability factors

290 K �2 RB Rf

Pbnm 4.53 3.06 4.81

�b� a=5.37783�5�, b=5.38846�4�, c=7.60511�6� Å,
	=90.061�1�°

Atom x y z
B

�Å2�

Nd �4c� 0.99321�1� 0.03910�7� 0.2495�3� 0.52�2�
Ni1 �2d� 1/2 0 0 0.55�5�
Ni2 �2c� 1/2 0 1/2 0.28�5�
O1 �4e� 0.0752�17� 0.4866�9� 0.2521�29� 0.54�6�
O2a �4e� 0.7143�29� 0.2762�29� 0.0267�16� 0.55�8�
O2b �4e� 0.2187�26� 0.2036�29� 0.9470�17� 0.57�8�

Reliability factors

50 K �2 RB Rf

P21 /n 5.07 5.26 2.93
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FIG. 1. �Color online� Resistance of NdNiO3 �on heating and
cooling� showing an augment of 3 orders of magnitude after forma-
tion of a charge order phase. Inset: kink in the susceptibility related
with the metal-insulator transition and the onset of the antiferro-
magnetic order �TN=TMI�. Hysteresis on heating and cooling can be
appreciated.
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TMI. The characteristic splitting expected for some reflections
in the monoclinic structural distortion was unambiguously
confirmed. Figure 4 shows an example of monoclinic doublet
observable at 50 K. The splitting of the �40–4�/�404� reflec-
tions, as expected in the case of P21 /n symmetry, is clearly
visible and reproduced only with the monoclinic description.
Instead of the single �404� reflection appearing in the Pbnm
symmetry �as observed in the high temperature phase�,
�40–4�/�404� reflections appear split in the insulating state.
The crystal structure of NdNiO3 was thus satisfactorily re-
fined using the same description reported for YNiO3 �Ref.

17�. With decreasing temperature, the b parameter in YNiO3
contracts at TMI��b /b=−0.16%� and c expands. In NdNiO3,
b expands and a contracts decreasing temperature across TMI,
and as a result NdNiO3 switches from O��a
b
c / �2� to
O��b
a
c / �2�.

The excellent fit using the P21 /n symmetry establishes
the presence of two inequivalent Ni sites. Table I contains the
atomic coordinates obtained in the refinements of the insu-
lating phase. The monoclinic angle 	=90.069�1�° presents a

TABLE II. Selected bond distances and angles for NdNiO3 in
the metallic �290 K� and the insulating �50 K� regimes. Present
values are compared to those given in Ref. 3.

Insulator Metal

Synchrotron Neutron Synchrotron Neutron

This work Ref. 3 This work Ref. 3

50 K 1.5 K 290 K 300 K

P21 /n Pbnm Pbnm Pbnm

Ni1-O1�Å� 1.930�16� 1.942�2� 1.941�2� 1.940�2�
Ni1-O2�Å� 1.891�15� 1.941�4� 1.928�9� 1.940�3�
Ni1-O3�Å� 1.911�15� 1.954�4� 1.961�9� 1.947�3�
�Ni1-O��Å� 1.910 1.946 1.943 1.942

�d�Ni1��104 2.10

Ni2-O1�Å� 1.960�16�
Ni2-O2�Å� 1.966�15�
Ni2-O3�Å� 2.023�15�
�Ni2-O��Å� 1.983

�d�Ni2��104 0.71

Ni1-O1-Ni2 155.6�9� 156.5�3� 157.6�3� 157.6�3�
Ni1-O2a-Ni2 161.4�7� 155.7�8� 156.1�8� 156.8�7�
Ni1-O2b-Ni2 150.6�7�

FIG. 2. �Color online� Evolution of cell parameters in
RNiO3 perovskites at RT. The figure illustrates the high pseudocu-
bicity of NdNiO3. Inset: evolution of the orthorhombic strain
Sab�Sab= �a−b� / �a+b��. �R size: averaged ionic radii of rare-earths
at the A-site of the perovskite�.

FIG. 3. �Color online� Observed �crosses�, calculated �line�, and
difference synchrotron SPD pattern for NdNiO3 at 50 K using the
monoclinic P21 /n true symmetry. The inset shows the fit of the
high-angle region. �Lower ticks correspond to NiO impurity phase.�

FIG. 4. �Color online� Observed and calculated powder-
diffraction intensities around the orthorhombic �044�/�404� pair of
reflections. Top: 290 K �metallic, orthorhombic� showing the dou-
blet. Bottom: 50 K �insulating, monoclinic� showing the triplet.
Note the �40–4� and �404� monoclinic splitting.
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very small deviation from 90°, smaller than any other value
previously reported for the heaviest rare-earth nickelates
�from 	=90.16° for Lu to 	=90.08° for Ho and Y�. Such a
small deviation and the strong pseudocubicity of the cell
edges made it difficult to determine the correct structure/
symmetry of NdNiO3. In present case, the instrumental con-
tribution to the width of the peaks was 	0.003°, neglecting
the broadening at low angles due to the axial divergence.
Figures 3 and 4 illustrate the excellent agreement between
the observed and calculated SPD profile for the insulating
low-temperature phase of NdNiO3. Table II contains selected
bond distances and angles for the true monoclinic structure.

Table II proves that there are two different octahedral
oxygen environments related with two crystallographically
independent Ni positions �Ni1 and Ni2 sites�. Oxygens
breathe in toward Ni1 yielding �Ni1-O�=1.910 Å �con-
tracted�, and out of Ni2: �Ni2-O�=1.984 Å �expanded�.
Both distances are clearly well above and below the average
distance beyond TMI: 1.943�2� Å. The observed Ni-O bond
lengths confirm charge disproportionation/segregation in
NdNiO3: 2 eg

1→eg
1−�+eg

1+�. Ni1 site is electron depleted and
Ni2 electron rich. In the ionic limit of the charge order pic-
ture Ni1 would correspond to Ni4+ and Ni2 to Ni2+ sites. The
actual structure of the insulating phase of RNiO3 oxides with
TIM=TN was lacking and has been a matter of controversy
during the last ten years. Our high-resolution structural study
demonstrate long-range charge order in the insulator state for
the large rare-earth nickelate NdNiO3.

LuNiO3 is the end member of small RNiO3. The average
bond lengths for the two octahedra in LuNiO3 at RT are,
respectively, �Ni1-O�=1.9147 Å and �Ni2-O�=1.9990 Å.18

Their difference, �d, for LuNiO3 is �d�Lu�=0.084 Å. In
NdNiO3 we have obtained �d�Nd�=0.072 Å; hence in the
present case the difference has been reduced with respect to
the smallest nickelates of the family ��d�Nd���d�Lu��.
Therefore, we must conclude that the degree of charge seg-
regation � has diminished in RNiO3 on going from small to
large lanthanides. Ni valences at Ni1 and Ni2 sites were
estimated using the standard approach of Brown’s bond-
valence model �BVM�30 �R0=1.686 for the Ni3+-O2− pair�.
The estimated valences are V1= +3.27�7� for Ni1 sites
�expanded� and V2= +2.70�7� for Ni2 �contracted�
������0.28�7�e�. In Ref. 26 a value of �+���0.45�4�e
was estimated from resonant x-ray scattering in an epitaxial
film of NdNiO3, also consistent with a diminution of charge
segregation.

Moreover, as shown in Table II, the octahedral-site distor-
tion of the two octahedra in NdNiO3 is �d�Ni1�=2.1�10−4

and �d�Ni2�=0.7�10−4. As in the case of LuNiO3, the de-
formation in the octahedra is very small, between 1 and 2
orders of magnitude smaller than in JT RMnO3 compounds

��d�LaMnO3�=33.1�10−4�. It is thus demonstrated that
long-range charge ordering is preferred to Jahn-Teller distor-
tion in antiferromagnetic NdNiO3. Consequently, NdNiO3
should be considered an almost-metallic oxide �LaNiO3 is
metallic in all the temperature range�, in which partial charge
disproportionation �charge order� is energetically favored to
Jahn-Teller distortion in spite of the Hubbard repulsion.
These results confirm that the model and calculations pre-
sented in Ref. 20 also apply to the present case, and NdNiO3,
as well as large volume nickelates with TMI=TN, must be
considered band insulators below the transition. Despite the
hybridized state, the gap opens between essentially the
polarized eg↑ band of Ni2+ and the roughly unpolarized
eg band of Ni4+.20 The insulating state is stabilized through
the energy gained by the contraction �expansion� of
Ni3+�O6�Ni3−�O6� octahedra. Long and short Ni-O bonds ap-
pear forming a long-range-ordered configuration. Moreover
electrons remain partially delocalized. The Hund coupling at
the eg↑ band �mainly formed of Ni2+ states� overcomes the
on site repulsion U at Ni3−� sites, which has been reduced
thanks to �i� the breathing distortion in the octahedra, and �ii�
the Ni-O hybridization favored by a very small or negative
3d�Ni�-2p�O� charge-transfer gap.

In this work we provided the true structure of NdNiO3
in the insulating state �the compound of the family present-
ing the minimum orthorhombic strain and almost pseudocu-
bic lattice�. This is one of the RNiO3 perovskites with largest
rare earths, presents a single structural and magnetic
transition �TN=TMI� for the onset of antiferromagnetic and
charge ordering. Its crystal structure confirms that NdNiO3
presents long-range charge order below TMI�=TN�, with
��0.2–0.3�1. The difference between the two Ni-O bond
lengths, �d=0.072 Å in NdNiO3, is smaller than in the nick-
elates with smaller rare earths, indicating a diminution of �.
The insulating structure of NdNiO3 confirms that band gap
opening and degeneracy lifting in the extreme of the RNiO3
series with larger lanthanides �for which TN=TMI� is driven
by the same mechanism as in the heaviest �small� rare-earth
nickelates �TN�TMI�. The whole family of RNiO3 perovs-
kites must be considered band insulators with a charge or-
dered ground state at low temperature. The only exception is
LaNiO3, in which the higher hybridization between adjacent
Ni sites avoids both Jahn-Teller effect but also charge segre-
gation.
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