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Magnetic structure of the HoNiO3 perovskite
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Neutron diffraction data collected on polycrystalline HoNiO3 have been used to investigate the magnetic
behavior of the Ni and Ho sublattices in the monoclinic insulating phase of this oxide. Different propagation

vectors,k5( 1
2 ,0,12 ) and k50, are found for the Ni and Ho sublattices, respectively. Possible collinear and

noncollinear magnetic ordering of the Ni moments are discussed, supporting the idea that even in the insulating
phase, carriers keep a certain degree of delocalization as a consequence of the strongp-d hybridization.

DOI: 10.1103/PhysRevB.64.144417 PACS number~s!: 71.30.1h, 71.45.Lr, 71.38.2k, 75.25.1z
ss
,

at
-
m
o
m

a
ce
ffe
s

r

ta

ith
a

g
en

av
te
di-
o
o

he
le
g
n
1

lso
etic

is

u-
ler
i-
g.
oc-

ag-

a-
nd
ec-
tic

w-
d in
by

to-

.5–
e-
d,
od,

xed
e

f
f

I. INTRODUCTION

The electronic properties of 3d transition-metal oxides
with high valence are far from clear in spite of their richne
The RNiO3 (R5rare earth! family is one of these systems
where two phase transitions take place; a metal-insul
transition~MI ! at TMI ~Ref. 1! and antiferromagnetic order
ing at TN<TMI . Most of the published work on this syste
deals with the origin of the MI transition and the nature
the insulating state. The first studies carried out in the co
pounds with the lightest elements of the series (R5Pr, Nd,
Sm, and Eu!,2–7 showed slight changes in the structure
TMI , the most relevant being a subtle expansion of the
volume when charges localize. Nevertheless, the huge e
on the transition temperature observed in these nickelate
the isotopic substitution of16O for 18O, settled the impor-
tance of the electron-phonon coupling in the mechanism
sponsible for the metal-insulator transition.8

Recently, synchrotron and neutron diffraction da
through the metal-insulator transition in YNiO3 proved the
existence of a striking structural transition concomitant w
the charge localization.9 This transformation consists of
change of symmetry from orthorhombic~space group
Pbnm) in the metallic phase to monoclinic~space group
P21 /n) in the insulating phase. As a consequence, the sin
Ni site in the orthorhombic phase splits into two independ
positions in the monoclinic symmetry. The two NiO6 octahe-
dra show very significant differences in their respective
erage Ni-O bond length, giving rise to a pattern of contrac
and expanded NiO6 octahedra alternating along the three
rections of the crystal. The different mean Ni-O distances
each kind of octahedron are the result of the appearance
partial charge disproportionation 2 Ni31→Ni31d1Ni32d,
concomitant with the metal-insulator transition found for t
heaviest rare earths, from Ho to Lu compounds. A comp
description of the structure as well as the structural chan
associated with the metal-insulator transition in these mo
clinic oxides have been thoroughly discussed in Refs.
and 11.
0163-1829/2001/64~14!/144417~5!/$20.00 64 1444
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The second transition to the antiferromagnetic state is a
of great interest as it gives rise to an uncommon magn
ordering. In the insulating state, the magnetic structure

characterized by the propagation vectork5( 1
2 ,0,12 ), which is

highly unusual. Nominally, there is one electron in the do
bly degenerateeg orbital, therefore one expects a Jahn-Tel
distortion in the insulatingRNiO3 compounds and, assoc
ated with it, the stabilization of a particular orbital orderin
Thus far, however, no evidence for Jahn-Teller distorted
tahedra or orbital ordering has been found.

This paper deals with the magnetic structure and the m
netic behavior of the Ni and Ho sublattices in HoNiO3, stud-
ied using neutron-diffraction techniques. Different propag
tion vectors are found for Ho and Ni. Possible collinear a
noncollinear ordering of Ni moments is presented in conn
tion with the striking propagation vector of this magne
sublattice.

II. EXPERIMENTAL

HoNiO3 compound was prepared as polycrystalline po
der by high-pressure solid state reactions, as describe
Ref. 9. The sample was confirmed to be single phase
diffraction measurements. On heating, the monoclinic-
orthorhombic transition occurs atTMI5583 K.13 Neutron
diffraction data were collected in the temperature range 1
300 K on the D1B diffractometer of the Institute Lau
Langevin in Grenoble. A wavelength of 2.52 Å was use
and the data were analyzed following the Rietveld meth
using the programFULLPROF.12

III. RESULTS

Below TN5145 K, the NPD patterns of HoNiO3 show
the presence of small magnetic reflections that are inde
with a 2a3b32c cell, and they correspond to the sam

propagation vectork5( 1
2 ,0,12 ) found for all the members o

the series previously studied.7,13 An exhaustive analysis o
©2001 The American Physical Society17-1
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the possible magnetic structures based on group theory
given in the Appendix of Ref. 7 for the orthorhombic nic
elates. For the monoclinic compounds, the only variat
comes from the fact that Ni ions are split in two independ
sites in theP21 /n, s.g.: the reference atoms Ni1 and N

occupy the positions (12 ,0,0) and (0,12 ,0), respectively. Ac-
cordingly, the magnetic structure can be considered to
composed of two independent sublattices: one withm1 in

( 1
2 ,0,0) andm2 in (0,12 , 1

2 ); the other withm3 in (0,12 ,0) and

m4 in ( 1
2 ,0,12 ). Below TN5145 K, the best fit of the mag

netic intensities is obtained when considering the basis fu
tion m1x1m2x , m1y2m2y , m1z1m2z for the first sublattice
and:m3x1m4x , m3y2m4y , m3z1m4z for the second sublat
tice.

For the observed magnetic intensities, the determina
of the magnetic structure is not unique. In fact, we obt
satisfactory magnetic fits with two different arrangements
the magnetic moments at the Ni sites. The first one co
sponds to a collinear magnetic structure and it is sketche
Fig. 1~a!. It is an intermediate situation between model 1 a
model 2 described in Ref. 7. In this model we assume
the magnetic moments of Ni1 and Ni2 sublattices are para
and adopt the identical modes (m1x1m2x ,0,m1z1m2z) for
Ni1 and (m3x1m4x ,0,m3z1m4z) for Ni2. The second pos
sibility consists on a non-collinear magnetic structure of
type represented in Fig. 1~b!. It can be described as (m1x
1m2x ,0,m1z1m2z) for Ni1 sites and (m3x1m4x ,0,2m3z
2m4z) for Ni2 sites ~or, equivalently (m1x1m2x ,0,m1z
1m2z) and (2m3x2m4x ,0,m3z1m4z)]. In both models all

FIG. 1. Schematic representations of the Ni31 antiferromagnetic
structures:~a! collinear arrangement;~b! noncollinear arrangement
14441
as

n
t

e

c-

n
n
f

e-
in
d
at
el

e

magnetic moments lie in thea2c plane. From purely sym-
metry considerations, both structures are allowed since
previously mentioned, the monoclinic symmetry splits the
position in two independent Ni sites. Consequently, the re
tive orientation of the magnetic moments belonging to
two independent sublattices is no longer predetermined
symmetry transformations.

An appealing result is the fact that the refinements i
prove considerably when we let the value of the magne
moment at the two Ni sites refine independently. In bo
models refinements converge to two different values for
magnetic moment of Ni1 (m15m2'1.4mB), and Ni2 (m3
5m4'0.6mB). It is worth recalling that the existence of tw
magnetically different Ni ions supports the charge disprop
tionation phenomenon inferred from the structural data11

The refinement of the NPD pattern at 10 K gives for t
collinear magnetic structure

m~Ni1 !5@1.1~2!,0,1.0~2!#

m~Ni2!5@0.4~1!,0,0.34~7!#

and for the noncollinear magnetic structure

m~Ni1 !5@0.9~1!,0,1.1~1!#

m~Ni2 !5@0.35~9!,0,20.4~1!#.

The refinement of the experimental NPD pattern at 10 K
displayed in Fig. 2.

Cooling down to 3 K, no changes in the position of th
magnetic reflections or in their relative intensity have be
observed, confirming the stability of the described magne
ordering in all the temperature range. Nevertheless, belo
K the sudden appearance of new peaks indicates the ons
the Ho magnetic moment ordering. The magnetic reflecti
appearing belowTR53 K correspond to a magnetic period
icity different to the Ni one. In fact, they can be indexed wi
the lattice parameters of the crystallographic cell (a3b
3c). Hence, at 1.5 K the diffraction pattern contains ma

FIG. 2. Observed~circles!, calculated~full line!, and difference
~bottom! NPD Rietveld profiles for HoNiO3 at T510 K.
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netic reflections defined by two different wave vectorsk1

5( 1
2 ,0,12 ), associated to the magnetic ordering of Ni subl

tices, andk25(0,0,0) related to the periodicity of Ho or
dered moments.

The magnetic arrangement of the Ho sublattice has
been determined with the help of group theory. The uniq
solution that fits the measured diffraction pattern correspo
to an antiferromagnetic arrangement of Ho moments in
cordance with the basis functionGxAyGz of the G(12)
irreducible representation ofP21 /n space group. Labeling
the four equivalent Ho atoms as 1: (x,y,1/4); 2: (12x,1
2y,3/4); 3: (x11/2,1/22y,3/4); 4: (1/22x,y11/2,1/4), the
magnetic structure corresponds to the next sequence of s
Gx(1-1-);Ay(1--1); and Gz(1-1-). The agreement o
the model with the experimental intensities at 1.5 K can
observed in Fig. 3. The value of the ordered magnetic m
ment at the lowest temperature is 7.56mB per Ho13 cation,
which indicates that all the layers are magnetically order
We obtain the following value for the components of t
Ho13 mangetic moments:

m~Ho!5@23.14~8!,6.71~4!,1.5~1!#.

The moments are mostly oriented along theb axis, that is,
almost perpendicular to the direction of Ni moments. A re
resentation of the magnetic structure at 1.5 K is depicted
Fig. 4.

IV. DISCUSSION AND CONCLUSIONS

The Ni sublattice of HoNiO3 has the same propagatio

vectork15( 1
2 ,0,12 ) as the previous studied compounds of t

series, a feature inherent to this family of oxides, indep
dently of their degree of structural distortion. We call
mind that the superexchange interaction betweenS
5 1

2 NiIII (t2g
6 eg

1) spins is expected to be antiferromagnetic
sulting in theG-type magnetic structure, in which every N
ion is antiferromagnetically coupled to its six nearest nei
bors as proposed by Demazeau for YNiO3 and LuNiO3.14

However, the magnetic structure corresponding to a pro

gation vector (12 ,0,12 ) cannot be stabilized for neares

FIG. 3. Observed~circles!, calculated~full line!, and difference
~bottom! NPD Rietveld profiles for HoNiO3 at T51.5 K.
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neighbors exchange integrals of the same sign and abs
values greater than those for any other neighbors, whic
usually the case for the 180° TM-O-TM exchange topolo
in perovskite oxides. Therefore the only way to stabilize

collinear magnetic structure with (1
2 ,0,12 ) propagation vector

is to accept that nearest-neighbors exchange integrals
have different signs. This is what happens when conside
a collinear magnetic structure of the type represented in
1~a! where each Ni cation is antiferromagnetically coupled
three of its nearest-neighbors and ferromagnetically to
three others. This is in contradiction with a uniform distrib
tion of eg electron. That is actually what the structural resu
of the insulating phase indicates; the stabilization of an
completed charge disproportionation. Moreover, taking i
account that one of the two Ni types tends to a diamagn
state, the Ni1-Ni1 interactions between second nearest ne
bors could became significant compared with those betw
the nearest-neighbor Ni1-Ni2 atoms. But in spite of the
considerations the origin of the anisotropic magnetic c
pling of each Ni ion with its six nearest-neighbors rema
unclear as in fact, we observe that each Ni ion has th
ferromagnetic and three antiferromagnetic couplings to
neighbors which from the structural point of view, a
equivalent two by two. Recent Hartree-Fock calculation15

pointed out that the collinear magnetic ordering withk
5( 1

2 ,0,12 ) can be realized assuming a charge ordering
holes at the oxygen sites. In such a state the excess h
located at some oxygen sites cause ferromagnetic coup
between Ni spins. But in this model, all the Ni sites have
same number ofd electrons, which is not the case fo
HoNiO3. As discussed in Ref. 13, if we consider that t
isotropic exchange between neighbors is the most impor
term responsible for the magnetic ordering, the stabilizat

FIG. 4. Representation of the relative orientation of Ho and
magnetic moments at 1.5 K. White and black spheres correspon
the two Ni sites, grey spheres represent Ho atoms.
7-3
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of the magnetic structure with propagation vectork

5( 1
2 ,0,12 ) is only possible if J1~nearest neighbor interaction!

is null. Even if that condition is contrary to what is expect
for superexchange theory, it could apply if a complete cha
disproportionation of the type 2 Ni31→Ni211Ni41 is as-
sumed. In that case the Ni lattice would be composed of
interpenetrating sublattices, one of magnetic high-s
Ni21 (S51) ions and a second of nonmagnetic Ni41 ions.
In Ref. 15 the same kind of charge-ordered state has b
considered to explain the type of magnetic ordering. T
assumption would give an antiferromagnetic ordering
Ni21 sites, which is also consistent with the neutron diffra
tion data. However, the structural data and in particular
Ni-O distances give a charge disproportionation which
only d50.3, and as a consequence we must discard this
tification for the magnetic structure.

We are led therefore to consider a noncollinear magn
structure that, as stated before, is compatible with symm
considerations and reproduces the observed neutron dif
tion patterns. For such an ordering, the magnetic coupli
are neither ferromagnetic nor antiferromagnetic but the an
between magnetic moments takes intermediate values. E
if the collinear magnetic structure is the simplest model t
explains the data, we lean towards the noncollinear mo
because it has the advantage of giving a magnetic struc
in which all the magnetic couplings between Ni cations
of the same type. The stabilization of a noncollinear m
netic structure can be justified by considering different ch
acteristics of this material. First, the superexchange an
Ni-O-Ni has a value of about 147° which is far from th
180° for which the Goodenough-Kanamori rules forecas
strong antiferromagnetic coupling. The charge disproporti
ation in the insulating phase can be interpreted as a red
bution of charge. That means that the conduction electron
the metallic state are now localized, in the sense of a str
reduction of their mobility, but their wave functions are e
panded over more that one Ni site even in the insulat
phase, minimizing the Coulomb repulsion energy of tw
electrons at the same atomic orbital by a spatial extensio
the orbital. Such an ‘‘extended localization’’ denotes a hi
covalent character of the bonds where the carriers can
shared by several atoms in a kind of Ni-O-Ni molecular
bital. That situation can set up the appearance of ferrom
netic interactions between neighboring Ni spins as a con
quence of an intramolecular orbital exchange obey
Hund’s rule. As pointed out by Goodenough,16 as the result
of the strong hybridization ofeg and ligandp bands,p-d
transfer interactions could give rise to the existence of ho
in the oxygenp orbitals and therefore the existence of ferr
magnetic covalent interactions. It seems reasonable the
consider that the magnetic structure is the result of differ
magnetic interactions, some of antiferromagnetic and so
of ferromagnetic character, giving rise to competition in t
resulting magnetic structure.

To elucidate which of these models correspond to the
magnetic structure ofRNiO3, experiments on single crysta
must be done. But whatever the result might be, both ty
of ordering raise important questions about the characte
14441
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the magnetic interactions in transition metal oxides with
large electronic correlation effect.

The unattended feature of the Ho compound is the f
that the rare-earth sublattice orders with a different propa
tion vector than the Ni one. This finding indicates that in th
compound, the rare-earth and the transition-metal sublatt
are magnetically decoupled at least below 3 K and that
Ho-Ho interactions are stronger than the possible Ni-Ho
teractions. That behavior is different to what has been
served for all the rest of the studied nickelates, where
presence of the same propagation vector suggests tha
ordering of theA sublattice is mainly due to the polarizatio
of R13 moments in the presence of a local field induced
the Ni, rather than from theR-R interaction. This conclusion
is confirmed by the dependence on temperature of the
dered Ho13 moment plotted in Fig. 5. As observed, the ma
netic moment does not show the linear-like dependence
pected in the case of polarization under the resulting lo
field of Ni moments. Although it is quite usual in perovskite
of rare earths and transition metals that both sublattices
magnetically coupled, there are other cases where the
interactions induce a different kind of ordering, includin
TbCrO3 ~Ref. 17! and DyCrO3 ~Ref. 18!. A complete study
of the rare-earth ordering along the whole series is under
in order to elucidate the relative interaction of both magne
sublattices.

To summarize, the study of the magnetic structure p
sented in this paper shows that the unusual magnetic or
ing appearing inRNiO3 perovskites cannot be explained
terms of antiferromagnetic superexchange interactions f
a localized ionic picture. On the contrary, it can be und
stood when considering strong covalent bonds of Ni-O
entities where interactions are ferromagnetic. Finally, in
case of HoNiO3, we find that the rare-earth and t
transition-metal sublattices are magnetically decoupled.
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FIG. 5. Temperature dependence of the ordered Ho13 moment.
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