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

vectors,k=(%,0,%) and k=0, 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 thp-stioytyidization.
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[. INTRODUCTION The second transition to the antiferromagnetic state is also
of great interest as it gives rise to an uncommon magnetic
The electronic properties ofd3transition-metal oxides ordering. In the insulating state, the magnetic structure is
with high valence are far from clear in spite of their richness..haracterized by the propagation vedter (%,0,2), which is
TheRNiO; (R=rare earth family is one of these systems, pighly unusual. Nominally, there is one electron in the dou-
where two phase transitions take place; a metal-insulatqg)y, degenerate, orbital, therefore one expects a Jahn-Teller
transition(MI) at Ty, (Ref. 1) and antiferromagnetic order- gigiortion in the insulatingRNiOs compounds and, associ-
ing at Ty<Ty, . Most of the published work on this system ateq with it, the stabilization of a particular orbital ordering.
deals with the origin of the MI transition and the nature of 11,5 far, however, no evidence for Jahn-Teller distorted oc-
the insulating state. The first studies carried out in the cOMgznedra or orbital ordering has been found.
pounds with 2tt17e lightest elements of the seriBs=(r, Nd, This paper deals with the magnetic structure and the mag-
Sm, and EY™" showed slight changes in the structure athetic hehavior of the Ni and Ho sublattices in HoNj@tud-
T, the most relevant being a subtle expansion of the cellaq ysing neutron-diffraction techniques. Different propaga-
volume when charges localize. Nevertheless, the huge effegh, vectors are found for Ho and Ni. Possible collinear and
on the transition temperature observed in these nickelates Qyyncollinear ordering of Ni moments is presented in connec-

i i ituti 6 1 i : : i, . : .
the isotopic substitution of°0 for *°0, settled the impor- oy with the striking propagation vector of this magnetic
tance of the electron-phonon coupling in the mechanism reg p|attice.

sponsible for the metal-insulator transitidn.

Recently, synchrotron and neutron diffraction data
through the metal-insulator transition in YNj(Qroved the Il. EXPERIMENTAL
existence of a striking structural transition concomitant with
the charge localizatioh.This transformation consists of a
change of symmetry from orthorhombi¢space group
Pbnm in the metallic phase to monoclinicspace group
P2,/n) in the insulating phase. As a consequence, the sing|
Ni site in the orthorhombic phase splits into two independenhiffraction data were collected in the temperature range 1.5—
positions in the monoclinic symmetry. The two Njoctahe- 300 K on the D1B diffractometer of the Institute Laué-
dra show very significant differences in their respective avt'i,{angevin in Grenoble. A wavelength of 2.52 A was used,

erage Ni-O bondllength, giving rise to.a pattern of contract_e nd the data were analyzed following the Rietveld method,
and expanded Nifoctahedra alternating along the three di- using the progranFULLPROF.2

rections of the crystal. The different mean Ni-O distances on
each kind of octahedron are the result of the appearance of a

partial charge disproportionation 2 Ni— Ni®" 2+ Ni®~ ¢, lIl. RESULTS

concomitant with the metal-insulator transition found for the ,

heaviest rare earths, from Ho to Lu compounds. A complete Below Ty=145 K, the NPD patterns of HON@ShQW
description of the structure as well as the structural changdl€ Presence of small magnetic reflections that are indexed
associated with the metal-insulator transition in these mono?ith @ 2axbx2c cell, and they correspond to the same
clinic oxides have been thoroughly discussed in Refs. 1@ropagation vectok=(3,0,3) found for all the members of
and 11. the series previously studiéd® An exhaustive analysis of

HoNiO5; compound was prepared as polycrystalline pow-
der by high-pressure solid state reactions, as described in
Ref. 9. The sample was confirmed to be single phase by
diffraction measurements. On heating, the monoclinic-to-
Brthorhombic transition occurs =583 K13 Neutron
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Ni \ kl magnetic moments lie in the—c plane. From purely sym-
/jf/‘ metry considerations, both structures are allowed since, as
previously mentioned, the monoclinic symmetry splits the Ni
R P position in two independent Ni sites. Consequently, the rela-
f/y{ 2 tive orientation of the magnetic moments belonging to the
X 2
L ad x’

o

Ni2

¢ two independent sublattices is no longer predetermined by

k’b symmetry transformations.

a An appealing result is the fact that the refinements im-
prove considerably when we let the value of the magnetic

FIG. 1. Schematic representations of thé Nantiferromagnetic moment at the two Ni sites refine independently. In both

structures(a) collinear arrangementb) noncollinear arrangement. models refinements converge to two different values for the
magnetic moment of Nilril=m2~1.4ug), and Ni2 (n3

the possible magnetic structures based on group theory wasma~0.6u;). It is worth recalling that the existence of two

given in the Appendix of Ref. 7 for the orthorhombic nick- magnetically different Ni ions supports the charge dispropor-

elates. For the monoclinic compounds, the only variationjonation phenomenon inferred from the structural déta.

comes from the fact that Ni ions are split in two independentrhe refinement of the NPD pattern at 10 K gives for the

sites in theP2,/n, s.g.: the reference atoms Nil and Ni2 ¢gllinear magnetic structure

occupy the positions3(,0,0) and (0},0), respectively. Ac-

cordingly, the magnetic structure can be considered to be m(Ni1)=[1.12),0,1.02)]

composed of two independent sublattices: one with in

(3,0,0) andm2 in (03,3%); the other withm3 in (0,3,0) and
m4 in (3,0,3). Below Ty=145 K, the best fit of the mag-
netic intensities is obtained when considering the basis funcand for the noncollinear magnetic structure

tion my,+my,,, My, —my,, My,+my, for the first sublattice
and:mg, +my, , Mg, — My, Mg,+my, for the second sublat-

m(Ni2)=[0.41),0,0.347)]

m(Ni1)=[0.91),0,1.X1)]

tice.
For the observed magnetic intensities, the determination
of the magnetic structure is not unique. In fact, we obtain m(Ni2)=[0.359),0,— 0.4(1)].

satisfactory magnetic fits with two different arrangements of

the magnetic moments at the Ni sites. The first one correThe refinement of the experimental NPD pattern at 10 K is
sponds to a collinear magnetic structure and it is sketched idisplayed in Fig. 2.

Fig. 1(a). It is an intermediate situation between model 1 and Cooling down to 3 K, no changes in the position of the
model 2 described in Ref. 7. In this model we assume thatagnetic reflections or in their relative intensity have been
the magnetic moments of Nil and Ni2 sublattices are parallebbserved, confirming the stability of the described magnetic
and adopt the identical modem{,+m,,,0m.,+m,,) for  ordering in all the temperature range. Nevertheless, below 3
Nil and (mg,+ m,,,0ms,+my,) for Ni2. The second pos- K the sudden appearance of new peaks indicates the onset of
sibility consists on a non-collinear magnetic structure of thehe Ho magnetic moment ordering. The magnetic reflections
type represented in Fig.(i). It can be described asng, appearing belowwg=3 K correspond to a magnetic period-
+my,,0m,,+m,,) for Nil sites and nz,+m,,,0,—m3, icity different to the Ni one. In fact, they can be indexed with
—m,,) for Ni2 sites (or, equivalently (;,+m,,,0m;, the lattice parameters of the crystallographic cellxp
+m,,) and (—mg,— My, ,0,mg,+m,,)]. In both models all  Xc). Hence, at 1.5 K the diffraction pattern contains mag-
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FIG. 3. Observedcircles, calculated(full line), and difference ‘ ‘
(bottom NPD Rietveld profiles for HoNiQat T=1.5 K. '0’ g p
netic reflections defined by two different wave vect@ks i b 77 j}
=(3,0,3), associated to the magnetic ordering of Ni sublat- | : - ¥
tices, andk,=(0,0,0) related to the periodicity of Ho or- a

dered moments.

The magnetic arrangement of the Ho sublattice has also FIG. 4. Representation of the relative orientation of Ho and Ni
been determined with the help of group theory. The uniquenagnetic moments at 1.5 K. White and black spheres correspond to
solution that fits the measured diffraction pattern correspondte two Ni sites, grey spheres represent Ho atoms.
to an antiferromagnetic arrangement of Ho moments in ac- ) )
cordance with the basis functio®,A,G, of the I'(+ —) neighbors exchange integrals of the same sign and ab_soIL_lte
irreducible representation d?2,/n space group. Labeling values greater than those for any other neighbors, which is
the four equivalent Ho atoms as 1x,¢,1/4); 2: (1-x,1 _usuaIIy thg case for the 180° TM-O-TM exchange top_qlogy
—v,3/4): 3: (x+1/2,1/2-y,3/4): 4: (1/2-x,y+1/2,1/4), the N perovskite oxides. Therefore the only way to stabilize a
magnetic structure corresponds to the next sequence of sigreollinear magnetic structure with(0,3) propagation vector
Gu(+-+-);A)(+--1); and G,(+-+-). The agreement of is to accept that nearest-neighbors exchange integrals can
the model with the experimental intensities at 1.5 K can behave different signs. This is what happens when considering
observed in Fig. 3. The value of the ordered magnetic moa collinear magnetic structure of the type represented in Fig.
ment at the lowest temperature is 7.%6 per Ho' 3 cation,  1(a) where each Ni cation is antiferromagnetically coupled to
which indicates that all the layers are magnetically orderedthree of its nearest-neighbors and ferromagnetically to the
We obtain the following value for the components of thethree others. This is in contradiction with a uniform distribu-

Ho"® mangetic moments: tion of e4 electron. That is actually what the structural results
of the insulating phase indicates; the stabilization of an un-
m(Ho)=[—3.148),6.714),1.51)]. completed charge disproportionation. Moreover, taking into

account that one of the two Ni types tends to a diamagnetic
The moments are mostly oriented along khexis, thatis,  state, the Ni1-Nil interactions between second nearest neigh-
almost perpendicular to the direction of Ni moments. A rep-hors could became significant compared with those between
resentation of the magnetic structure at 1.5 K is depicted ifhe nearest-neighbor Nil-Ni2 atoms. But in spite of these
Fig. 4. considerations the origin of the anisotropic magnetic cou-
pling of each Ni ion with its six nearest-neighbors remains
IV. DISCUSSION AND CONCLUSIONS unclear as in fact, we observe that each Ni ion has three
) , ) . ferromagnetic and three antiferromagnetic couplings to its
The Ni sublattice of HONi@ has the same propagation peighbors which from the structural point of view, are
vectork,=(3,0,3) as the previous studied compounds of theequivalent two by two. Recent Hartree-Fock calculattdns
series, a feature inherent to this family of oxides, indepenpointed out that the collinear magnetic ordering wkh
dently of their degree of structural distortion. We call to —(1 0 1) can be realized assuming a charge ordering of
m'Pd_ th%t lthe ~superexchange interaction betweBn pgjes at the oxygen sites. In such a state the excess holes
=>Ni"! (t35e5) spins is expected to be antiferromagnetic re-jocated at some oxygen sites cause ferromagnetic coupling
sulting in theG-type magnetic structure, in which every Ni petween Ni spins. But in this model, all the Ni sites have the
ion is antiferromagnetically coupled to its six nearest neighsame number ofd electrons, which is not the case for
bors as proposed by Demazeau for Yhji@nd LuNiQ, * HoNiO;. As discussed in Ref. 13, if we consider that the
However, the magnetic structure corresponding to a propgsotropic exchange between neighbors is the most important
gation vector §,0,3) cannot be stabilized for nearest- term responsible for the magnetic ordering, the stabilization
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of the magnetic structure with propagation vectér ~= g0k
=(3,0,3) is only possible if JXnearest neighbor interactipn SO
is null. Even if that condition is contrary to what is expected 5 6o0f
for superexchange theory, it could apply if a complete charge § !
disproportionation of the type 2 Ri —Ni?"+Ni** is as- f 4.0 |
sumed. In that case the Ni lattice would be composed of two 5 i
interpenetrating sublattices, one of magnetic high-spin 5 20
Ni?* (S=1) ions and a second of nonmagneti¢ Nions. g [
In Ref. 15 the same kind of charge-ordered state has been 0'015' —— 2' == '2'5' = 2 —— '35

considered to explain the type of magnetic ordering. This

assumption would give an antiferromagnetic ordering of

Ni2" sites, which is also consistent with the neutron diffrac- FIG. 5. Temperature dependence of the ordered®Hnoment.

tion data. However, the structural data and in particular the

Ni-O distances give a charge disproportionation which ishe magnetic interactions in transition metal oxides with a

only 6=0.3, and as a consequence we must discard this jusarge electronic correlation effect.

tification for the magnetic structure. The unattended feature of the Ho compound is the fact
We are led therefore to consider a noncollinear magnetignat the rare-earth sublattice orders with a different propaga-

structure that, as stated before, is compatible with symmetnjon vector than the Ni one. This finding indicates that in this

considerations and reproduces the observed neutron diffragympound, the rare-earth and the transition-metal sublattices

tion patterns. For such an ordering, the magnetic couplinggre magnetically decoupled at least below 3 K and that the

are neither ferromagnetic nor antiferromagnetic but the angley,_ 4 interactions are stronger than the possible Ni-Ho in-

between magnetic moments takes intermediate values. EVe o tions. That behavior is different to what has been ob-
if the collinear magnetic structure is the simplest model tha erved for all the rest of the studied nickelates. where the

explains Fhe data, we lean toward_s_the noncollln_ear mOd(?presence of the same propagation vector suggests that the
because it has the advantage of giving a magnetic structu ordering of theA sublattice is mainly due to the polarization
in which all the magnetic couplings between Ni cations are 9 y P

+3 ; R
of the same type. The stabilization of a noncollinear mag—Of R™* moments in the presence of a local field induced by

netic structure can be justified by considering different charthe Ni, rather than from thB-R interaction. This conclusion

acteristics of this material. First, the superexchange angli§ confirmed by the dependence on temperature of the or-
Ni-O-Ni has a value of about 147° which is far from the dered Hd 2 moment plotted in Fig. 5. As observed, the mag-
180° for which the Goodenough-Kanamori rules forecast gretic moment does not show the linear-like dependence ex-
strong antiferromagnetic coupling. The charge disproportionPected in the case of polarization under the resulting local
ation in the insulating phase can be interpreted as a redistrfield of Ni moments. Although it is quite usual in perovskites
bution of charge. That means that the conduction electrons ¢ff rare earths and transition metals that both sublattices are
the metallic state are now localized, in the sense of a stronghagnetically coupled, there are other cases where the R-R
reduction of their mobility, but their wave functions are ex- interactions induce a different kind of ordering, including
panded over more that one Ni site even in the insulatingfbCrO; (Ref. 17 and DyCrQ (Ref. 18. A complete study
phase, minimizing the Coulomb repulsion energy of twoof the rare-earth ordering along the whole series is underway
electrons at the same atomic orbital by a spatial extension ah order to elucidate the relative interaction of both magnetic
the orbital. Such an “extended localization” denotes a highsyplattices.

covalent character of the bonds where the carriers can be To summarize, the study of the magnetic structure pre-
shared by several atoms in a kind of Ni-O-Ni molecular or-sented in this paper shows that the unusual magnetic order-
bital. That situation can set up the appearance of ferromagpg appearing iIrRNiO3 perovskites cannot be explained in
netic interactions between neighboring Ni Spins as & ConS§gymgs of antiferromagnetic superexchange interactions from
quence of an intramolecular orbital exchange obeying, ,cajized jonic picture. On the contrary, it can be under-
Hund's rule. As pointed out by Goodenoutfrs the result stood when considering strong covalent bonds of Ni-O-Ni

of the strong hybridization oéq and ligandp bands,p-d entities where interactions are ferromagnetic. Finally, in the
transfer interactions could give rise to the existence of holes

in the oxygenp orbitals and therefore the existence of ferro- case. .Of HONIGs, we find that the 'rare-earth and the
magnetic covalent interactions. It seems reasonable then {Bansmon-metal sublattices are magnetically decoupled.
consider that the magnetic structure is the result of different

magnetic interactions, some of antiferromagnetic and some

of ferromagnetic character, giving rise to competition in the ACKNOWLEDGMENTS

resulting magnetic structure.
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