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Induced ferromagnetism in LaMnO3 by Mn-site substitution:
The major role of Mn mixed valency
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In order to know if the origin of ferromagnetism induced by the substitution of Co or Ni for Mn in LaMnO3

could be due to their divalent oxidation states, a set of LaMn12xMxO3 samples has been prepared forx
<0.2 andM5Li, Zn, Ni, Co, Ga, and Rh. By combining resistivity, thermopower, magnetization, suscepti-
bility measurements, and room-temperature structural refinements, we show that, similarly to Ni and Co,
univalent (Li1) and divalent (Zn21) S50 cations induce both ferromagnetism and a more conductive behav-
ior. In contrast, theS50 trivalent cations~Rh31 and Ga31! are found to preserve the orthorhombicO8
structure, connected with the cooperative Jahn-Teller distortion of Mn31 species in LaMnO3 . Accordingly,
Rh31- and-Ga31 substituted LaMnO3 manganites are only weak ferromagnets, and the resistivity increases in
comparison to LaMnO3 . These results indicate that, for the investigated range of substitution~a maximum of
20%!, both cobalt and nickel behave like divalent cations. The observation of ferromagnetism and the resis-
tivity decrease, induced by univalent and divalent cations, Li1 and Zn21, is due to the creation of Mn41

species which favor Mn31/Mn41 double exchange.

DOI: 10.1103/PhysRevB.65.104420 PACS number~s!: 75.30.Vn; 75.30.Et; 71.30.1h
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INTRODUCTION

A great deal of work has been carried out recently c
cerning the doping of Mn site in manganites. One of t
most important results in this field concerns the possibility
induce ferromagnetism~FM! and metal-like behavior in an
insulating CE-type antiferromagnetic manganites involv
small A-site cations, Ln12xCaxMnO3 ~Ln5 lanthanide andx
'1/2!, by doping these oxides with magnetic cations such
chromium,1,2 cobalt,1 nickel,3 or ruthenium.4 These proper-
ties originate from the collapse of the simultaneous cha
and orbital ordering of Mn41 and Jahn-Teller JT Mn31 spe-
cies. The cooperative 90° ordering of the 3dz

2 orbitals of
Mn31 is thought to be responsible for the checkerboard
rangement of the Mn cations.5 By increasing the doping con
tent, ferromagnetic clusters are created around the mag
doping elements, in orbitally disordered regions, leading
phase separation.6 According to the double-exchange mech
nism, charges become itinerant in the ferromagnetic zo
The size extension of the latter is then facilitated by
magnetic-field application, and the percolative pathways
tween conductive parts are responsible for the observed l
resistivity decrease also called colossal magnetoresistan

The substitution of magnetic cations for manganese
LnMnO3 is different, leading to ferromagnetic but insulatin
materials as described mainly for nickel and cobalt dop
LaMnO3.7–12Such a different situation is due to the fact th
the LaMnO3 pristine matrix contains only JT Mn31 cations.
Below TJT;750 K, a cooperative JT ordering of theeg or-
bitals sets in, leading to an abrupt increase of the resisti
in the orbitally ordered phase. The temperatures of orb
and spin ordering are decoupled since LaMnO3 becomes an
A-type antiferromagnet only belowTN;140 K. In the case
of LaMnO3, FM can be induced by doping with Ni or Co o
the Mn site, but there appears to be a lot of controve
between different authors about the mechanism which g
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erns the ferromagnetic properties. In an earlier study, Go
enough et al.7 explained this behavior by ferromagnet
Mn31-O-M31 interactions, according to the superexchan
theory, considering that the involved species wereM
5Mn31 and Ni31 or Co31. In their study of LnMn0.5M0.5O3
(M5Ni,Co) manganites, Asaiet al.8 proposed that nicke
and cobalt are in the divalent state, and that Ni21 ~or Co21!
and Mn41 species align ferromagnetically, based on sup
exchanges Ni21 ~Co21)-O-Mn41 interactions. X-ray ab-
sorption near edge spectroscopy~XANES! measurements
carried out in Ref. 9 strongly supported the divalent nature
cobalt in LaMn12xCoxO3 manganites, and explained the fe
romagnetic state of this series by a double-exchange me
nism between Mn31 and Mn41 species. However, the latte
statements were questioned by van Elp,13 whereas Troyan-
chuket al.14 proposed Mn31-O-Mn31, Mn31-O-Mn41, and
Mn41-O-Co21 superexchange interactions to explain t
properties of these compounds. Moreover the recent stu
of LaMn0.5Co0.5O3 , carried out in Ref. 10 emphasized th
existence of two phases, depending on the method of syn
sis, the first one involving low-spin Co31 and the second one
corresponding to the presence of Mn41 and Mn31 species.
Furthermore, one cannot exclude that the establishmen
the orbitally ordered structure belowTJT, associated with the
structural distortion from orthorhombicO to O8 in LaMnO3,
can be hindered by the substitution of foreign cations, si
larly to orbital disordering induced by several doping ma
netic cations in the Pr0.5Ca0.5MnO3 charge-orbital ordered
pristine phase.1–4

At this point of the investigations, in order to understa
the origin of the induced ferromagnetism in LaMnO3, it is
absolutely necessary to study the effect of substituting
ments, other than cobalt and nickel, magnetic or not, and
control the oxygen stoichiometry of the so prepared mater
bearing in mind that ‘‘LaMnO3’’ prepared in air or in oxygen
contains generally an ‘‘oxygen excess,’’15,16 depending on
the synthesis conditions.
©2002 The American Physical Society20-1
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In the present work, we investigate the magnetic a
transport properties of LaMn12xMxO3 doped with non mag-
netic cations (M5Li,Zn,Ga,Rh) and with magnetic (M
5Co,Ni), for low substituting levels (x<0.20). We fix the
nominal oxygen stoichiometry to ‘‘O3’’ in order to avoid an
oxygen excess, as for LaMnO31d , which would significantly
modify the properties, independently of the Mn-site subst
tion. We show that the valency of the substituting elem
plays a prominent role in the appearance of ferromagne
of LaMn12xMxO3. We indeed observe that non magne
cations with a valency smaller than 31(Li1,Zn21), which
create Mn41 species in the Mn31 matrix induce strong fer-
romagnetism, comparable to the one induced by magn
cations such as nickel and cobalt. In contrast, with
valent cations such as Ga31, Mn cations remain trivalent
and only weak ferromagnetism is induced. These results
interpreted in terms of Mn31/Mn41 double-exchange
mechanism.

EXPERIMENTAL DETAILS

The samples were prepared at high temperature by s
state reaction~1250 °C during 24 h! in evacuated silica am
poula. The precursors~La2O3, Mn2O3, MnO2, and Ga2O3
or Rh2O3 or Co3O4 or NiO or ZnO or Li! were weighed in
the stoichiometric ratio, with respect to the ‘‘O3’’ nominal
stoichiometry, mixed and pressed in the form of bars t
were then introduced in an alumina crucible in the sil
ampoula. The Li-based samples were prepared in a glove
due to the Li used as a precursor.

The sample purity was checked by x-ray diffraction~by
using a CuKa Philips diffractometer! at room temperature
~RT!. The electron-diffraction study and energy dispers
spectroscopy analyses were carried out with a JEOL 200
electron microscope, equipped with a KEVEX analyzer. T
cationic composition was determined by analyzing about
crystallites of each sample. All the samples involving t
dopingM elements Zn, Ga, Rh, Ni and Co, were found to
pure and homogeneous, from the viewpoint of their catio
distribution~the Li content cannot be measured by x-ray e
ergy dispersive spectroscopy; only the La/Mn ratio was
termined!. The reconstruction of the reciprocal space w
carried out for all the samples. It evidencedPnma-type
orthorhombic cells, except for the Li-based samples (R3̄c).

Magnetic measurements were performed using a V
magnetometer with a magnetic field equal to 1.45 T app
after zero-field cooling. High-temperature susceptibil
measurements (T<800 K) were made on a Faraday balan
with an applied magnetic field of 0.3 T. The transport me
surements~resistivity and thermopower! were carried out in
a Quantum Design Physical Properties Measurements
tem, with a homemade sample holder for thermopower ba
on a four-point steady-state method with separate measu
and power contacts.

RESULTS

A. Room-temperature structural characterizations

Except for Li-substituted compounds, all the x-ra
diffraction patterns were refined in thePnmaspace group. In
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Fig. 1, thex dependence of the cell volume is reported f
Ga, Zn, and Ni; the volumes obtained for the 15% substi
ing level of Co and Rh are added. The cationic sizes of th
doping elements are also given. The lattice parameters ve
the substituting content (0<x<0.20) are exemplified in Fig
2 for Ga and Ni.

The lattice parameters refined for the pristine sample
in agreement with the results obtained in Ref. 15 for th
LaMnO3 ORT1 phase, confirming that this sample is oxyg
stoichiometric. The substitution of Mn by Ga leads to a sm
decrease of the volume~Fig. 1! in agreement with the
smaller size of Ga31 compared to Mn31 one. By increasing
the Ga content, the distortion of the cell decreases o
smoothly: a decreases,b increases andc remains nearly con-
stant ~Fig. 2!. The lattice remains fromO8 type, that is
b/&,c,a, reflecting a cooperative Jahn-Teller effec
Conversely, for the Ni substitution, a large evolution of t
cell parameters is observed; the distortion decreases
quickly and for x.0.15 the structure becomesO-type
~instead ofO8 type! that is the JT distortion has disappeare
This strongly suggests that nickel is divalent, induci

FIG. 1. Evolution of the cell volume determined from x-ra
powder diffraction at RT as a function of the concentration
Rh, Ga, Zn, Co, or Ni. The cationic sizes~from Shannon tables!
are also given.

FIG. 2. Evolution of the RT cell parameters of LaMn12xGaxO3

~circles and dashed line! and LaMn12xNixO3 ~triangles and full
lines! as a function ofx.
0-2
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Mn41 species according to the formu
LaMn122x

31Mnx
41Nix

21O3. The ionic radius of Mn41,
0.53 Å, smaller than Mn31, 0.645 Å, would explain the large
decrease of the cell volume also observed for zinc and co
cations. By substituting Ga for Mn, no valency effect has
be taken into account in agreement with the trivalent cha
ter of gallium leading to the formula LaMn12x

31Gax
31O3.

Such a difference, between the12 or 13 valency effects,
suggests a divalent state for cobalt and nickel in those ox
~Fig. 1!.

For the Li substitution, the effect is more dramatic,
small amount of lithium inducing a large Mn41 content as
shown from the formula LaMn123x

31Mn2x
41Li x

11O3. In
this case, a structural transition is observed fromPnma to
R3̄C , when the Li content increases. ForR3̄c ‘‘Li 0.05,’’
a mixture of both space groups is evidenced at ro
temperature.

B. Magnetic and transport properties of LaMnO3

To check the stoichiometry of LaMnO3, magnetic and
transport properties have been investigated and compare
published results on LaMnO31d . Figure 3 presents the mag
netic moment, measured for an applied field of 1.45 T a
zero-field cooling. The magnetization is very small at lo
temperatures, reaching only;0.2mB at 5 K, consistently
with the antiferromagnetic nature of the stoichiomet
LaMnO3. The magnetic transition to the paramagnetic st
is observed atTN;140 K. The high-temperature magnet
properties have been measured up to 800 K to determine
transition temperatureTJT above which the orbital ordering
disappears. Figure 4 shows the evolution of 1/x versusT for
an applied field of 3000 Oe. A clear magnetic transition
observed atTJT'700 K between two distinct paramagnet
regimes with the Curie constants equal toC54.04 and 4.37,
respectively, for the low and high-temperature phases,
the Weiss constant increases fromu559 K at low T to u
;150 K at highT. These values~TN , the small magnetic
moment at 5 K, and the Curie-Weiss law parameters! are in

FIG. 3. M (T) measured after zero-field cooling under 1.45
and r(T) curves ~inset! of LaMnO3 . Note that ther(T) curves
registered in 0 and 7-T curves are superimposed.
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good agreement with the results published on ceramics15,16

and single crystals,17 and confirm that LaMnO3 has been
prepared in stoichiometric conditions with no oxygen exce
An estimate of the hole doping level in the samples can
made using thermopower measurements. In Fig. 5, t
mopower is plotted versus temperature. Measurements w
recorded as a function of decreasing temperature, with
applied field. The value ofS at 300 K is equal to1460
mV/K, close to the results obtained in stoichiometr
LaMnO3 ceramics.16 Following the Heikes formula, the frac
tion c of Mn sites occupied by carriers (Mn41) can be cal-
culated: S300 K52(k/e)ln@(12c/c)#, leading to c'0.005,
which confirms the controlled oxygen content of th
samples. LaMnO3 is insulating, with no magnetoresistanc
as shown in the inset of Fig. 3, and the activation energ
equal to 210 meV, much larger than the typical values
tained in mixed-valent manganites.19

C. Properties of the substituted LaMn1ÀxM xO3 Manganites

1. MÄNi, Co

Substituting the antiferromagnetic LaMnO3 with Co and
Ni on the manganese site results in a spectacular increas

FIG. 4. Inverse of the high-temperature susceptibility vs te
perature measured with an applied field of 0.3 T for LaMnO3 .

FIG. 5. ThermopowerS versus T for LaMnO3 ~j! and
LaMn0.85Ni0.15O3 ~d! under 0 T.
0-3
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magnetization. Figure 6~a! presents the magnetization me
sured under 1.45 T for the LaMn12xNixO3 compounds with
x<0.2, and the inset presents the results
LaMn12xCoxO3. The magnetic moment increases fro
0.175mB (x50) to '3.4mB for x50.2 in the case of Ni at 5
K, while the Curie temperature is increased up to 150
Similar results are obtained for Co. Simultaneously the re
tivity in LaMn12xMxO3 (M5Co,Ni) progressively de-
creases asx increases. Figure 6~b! shows ther(T) curves in
the case of Ni~the Co effect is presented in the inset!: the r
values at 300 K are reduced by more than one order of m
nitude when 20% of Ni is introduced in LaMnO3, and the
activation energy is strongly decreased to 125 meV, to
compared to the value of 210 meV for the parent compo
LaMnO3. This smaller value is typical of mixed-valent ma
ganites as La12xCaxMnO3.19 Nevertheless, even if ferro
magnetism is induced in Co- and Ni-substituted samples
insulator-to-metal transition is observed in any of the
samples and the magnetoresistance remains very small@Fig.
6~b!#, contrary to the case ofA-site aliovalent substitution
The thermopower is also drastically affected by the dopi
In Fig. 5, the thermopower of LaMn0.85Ni0.15O3 is presented.

FIG. 6. ~a! M (T) under 1.45 T of LaMn12xNixO3 @inset:M (T)
of LaMn12xCoxO3#. ~b! r(T) under 0 T ~solid lines! and 7 T
~dashed lines! of LaMn12xNixO3 ~inset: LaMn12xCoxO3!.
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Compared to LaMnO3, a sharp drop ofS at 300 K is ob-
served, withS decreasing from1460 to 1175 mV/K. This
value ofS at 300 K makes the Ni-substituted sample simi
to self-doped LaMnO31d with d'0.055,16 suggesting the
presence of Mn41 cations in LaMn0.85Ni0.15O3 .

2. MÄZn2¿, Li¿

To understand the origin of ferromagnetism and be
conductivity in the case of Ni- and Co-substituted sampl
the influence of a possible valency effect, as proposed
Refs. 8 and 9, was investigated. First, the influence of u
valent and divalent magnetic dopants in LaMn12xMxO3 was
studied.

Figure 7 presents the results obtained for Zn21, a non-
magnetic cation, for which only a valency effect can thus
expected. As for Co and Ni, Zn induces ferromagnetism w
a saturation moment close to 3mB for x50.15, and a Curie
temperature close to 150 K as shown in Fig. 7. The resis
ity is decreased by the introduction of Zn: as in the case
Ni, r at 300 K is also decreased by a factor of 10 when 1
of Zn is introduced, and the activation energy is equal
130–140 meV smaller than the one of LaMnO3. As for Co
and Ni, no insulator-to metal transition is observed, and m
netoresistance remains very small@maximum (r(H)
2r(0))/r(0);35%#.

In the case of zinc, Mn41 species are introduced in th
matrix, and the influence of a mixed valency Mn31/Mn41

has drastic effects on the magnetic and transport prope
of LaMn122x

31Mx
41Znx

21O3, similar to the ones observe
with Ni and Co. Contrary to Co and Ni cations, Zn21 is a
nonmagnetic cation, with filled 3d10 orbitals, and no ferro-
magnetic interactions are possible between manganese
zinc species. Thus, the valency effect seems to be cru
Because of the introduction of Mn41 into the Mn31 matrix,
double-exchange interactions can appear and induce fe
magnetism. This valency effect can be further evidenced
doping with monovalent Li1, for which a more rapid in-
crease of the Mn41 content is expected compared to divale
cations.

FIG. 7. M (T) under 1.45 T andr(T) ~inset! under 0 T~solid
lines! and 7 T~dashed lines! of LaMn12xZnxO3 .
0-4
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Figure 8 shows theM (T) curve for the Li substitution.
Ferromagnetism is induced in LaMn12xLi xO3, and even a
small content of 7.5% is sufficient to induce a ferromagne
moment of'2mB . This can be compared to the case of t
nonmagnetic divalent cation Zn21, for which a doping level
larger thanx50.1 ~i.e., almost double than for Li! is needed
to reach 2mB ~see Fig. 7!. Resistivity ~inset of Fig. 8! de-
creases with Li content:r at 300 K is reduced by a factor 10
with 7.5% of Li, and the activation energy is equal to 1
meV. The ratio Mn31/Mn41 is thus a key parameter for th
establishment of ferromagnetism. The influence of a trival
cation should therefore strongly differ from the results o
tained for Zn and Li.

3. MÄGa3¿, Rh3¿

Different trivalent cations have been introduced in t
LaMnO3 matrix and the results will be presented for t
nonmagnetic Ga31 ~with the same electronic structure a
Zn21 3d10! and Rh31 (4d6). Figure 9 presents the magn

FIG. 8. M (T) under 1.45 T andr(T) ~inset! under 0 T~solid
lines! and 7 T~dashed lines! of LaMn12xLi xO3 .

FIG. 9. M (T) under 1.45 T andr(T) curves~inset! under 0 and
7 T of LaMn12xGaxO3 ~curves under 0 and 7 T are superimpose!.
10442
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tization curves of LaMn12xGaxO3 with x<0.20. A maximum
moment of 0.8mB is obtained forx50.20, much smaller than
the values obtained in the cases of Co, Ni, Zn, or Li. T
series of LaMn12xMxO3 samples, withM5Ga31 or Rh31,
remain insulating as for divalent cations, but the resistivity
increased rather than decreased by the introduction of
foreign element~Fig. 9!, and the activation energy is in
creased compared to the undoped compound.

DISCUSSION

The results obtained for the different substituted catio
are summarized in Fig. 10, where the evolution of magn
zation measured at 5 K and 1.45 T is plotted as a function o
x for all the cations studied@Fig. 10~a!#, as well as the evo-
lution of activation energy@Fig. 10~b!#. A clear separation is
observed between the univalent and divalent Li1 and Zn21

cations which are efficient to induce ferromagnetism and
trivalent ones—Rh31 and Ga31—for which the magnetiza-
tion always remains very small. The influence of divale
and monovalent cations is twofold: the dopant can supp
the anisotropic magnetic interactions of theA-type structure,
and induce three-dimensional ferromagnetic interactions

FIG. 10. ~a! M measured at 5 K under 1.45 T vsx for the
different dopants.~b! Activation energy as a function ofx. For M
5Li1, thex value has been arbitrarily multiplied by 2 for the sa
of comparison with the divalent cations.
0-5
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the compounds by introducing mixed-valent mangan
Mn31/Mn41; on the other hand, they induce disorder on t
manganese site, and prevent the establishment of condu
paths along the Mn-O-Mn bonds. Conversely, the introd
tion of trivalent cations does not induce a strong ferrom
netism and the electronic transport is obviously hindered
these foreign cations on the manganese site. From this c
parison, Co and Ni behave more like Zn21 than Ga31 or
Rh31. Co and Ni could thus be in a divalent state as p
posed in Refs. 8 and 9. However, a difference with am
netic cations, Li1, Zn21, and Ga31 is that Co and Ni cations
are magnetic, so that possible superexchange interaction
also exist between manganese ions and Co or Ni, and ind
or reinforce the ferromagnetism. In this respect, one sho
also consider the ability of Ni and Co species to hinder
orbitally ordered ~OO! structure in charge-ordered AFM
manganites, and to induce ferromagnetism.1–4 This effect is
not similarly reached with amagnetic cations.20 Furthermore,
when Ni or Co cations are substituted into ferromagne
manganites, the ferromagnetic state is weakened and th
sistivity is increased.21 This shows that Ni and Co play pe
culiar roles in collapsing OO structures and to induce FM

The establishment of anA-type antiferromagnetic state i
LaMnO3 is intimately linked to the existence of OO whic
establishes atTJT'700 K.17 The creation~or not! of ferro-
magnetism and its link with OO has been studied in the c
of Zn21 and Rh31 substitutions. In Fig. 4, the high
temperature evolution of the inverse susceptibility is sho
for LaMnO3, and in Fig. 11 for the 10% Zn sample and f
the 15% Rh-sample. The transition corresponding to orb
ordering observed atTJT'700 K in LaMnO3 has clearly dis-
appeared in the Zn-substituted compound: no acciden
change in slope is observed in the 1/x(T) curve. Conversely,
the accident on the susceptibility curve of the Rh-dop
sample shows that OO still exists in Rh-doped compound
transition between two paramagnetic regimes as in the
of LaMnO3 is observed atTJT'625 K for x50.15, corre-
sponding to an orbital ordering transition. Similar resu
were reported in Ref. 18 for Ga31-doped samples for which
a transition was observed forx<0.35. The orbital ordering is
thus not strongly affected by the introduction of a trivale
amagnetic cation in LaMnO3: there is a gradual disappea
ance of OO asx increases~i.e., as the Mn31 lattice becomes
more and more disturbed, the cooperative Jahn-Teller e
is progressively suppressed!, whereas the transition is com
pletely destroyed when substituting divalent cations are u
A similar conclusion can be drawn from the X-ray investig
tion of the Ni-substituted samples~Fig. 2!: the room-
temperature crystallographic structure of LaMn12xNixO3 is
changing fromO8 type ~with OO! for x50 to O type as the
Ni content increases. These parameters evolve m
smoothly~with the three parameters becoming closer! for the
Ga series, but remainO8 type until x<0.2 ~Fig. 2!. The
structural and magnetic changes corresponding to the
lapse of the OO structure induced by Zn21 and Li1, substi-
tuted for Mn in LaMnO3, demonstrate that the magnet
nature of the foreign cation is not necessary to induce F
The effect is driven by the induced mixed valency of Mn.
is thus tempting to associate the similarities between Z21
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and Ni/Co cations with their common divalent oxidatio
state.

Nevertheless, if we consider trivalent Ni and Co, the
fect of their substitution cannot be ascribed to the Mn mix
valency. Thus, in this scenario, Ni31 and Co31 would have
to be much more efficient than Rh31 and Ga31, and as effi-
cient as univalent or divalent amagnetic cations to destab
the OO structure of LaMnO3. The magnetization similarities
obtained for Ni~Co! and Zn21 and Li1 would imply that the
exchange energy of the Mn31-O-Ni31(Co31) ferromagnetic
superexchange is similar to that of the Mn31-O-Mn41 fer-
romagnetic double exchange.

CONCLUSION

This study of the substitution at the manganese site of
stoichiometric LaMnO3 by various cations shows that th
valency of the amagnetic foreign element plays a promin
role in destroying the orbital ordering and inducing ferr
magnetism. As ferromagnetism is observed for amagn
cations~M 1 or M21!, the origin of ferromagnetism canno
be explained by the possible ferromagnetic superexcha
between Mn31 andM 1 ~or M21! species. The introduction
of Mn41, which can induce double exchange, is necessar
efficiently break orbital ordering and associatedA-type anti-
ferromagnetism leading to strong ferromagnetism. For
Ni- and Co-substituted systems the divalent nature of th
substituting elements could also be responsible for the
duced ferromagnetism. Moreover, a rapid similar disappe

FIG. 11. Inverse of the high-temperature susceptibility
LaMn0.85Rh0.15O3 ~a! and LaMn0.9Zn0.1O3 ~b!.
0-6
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ance of the magnetic signature of the LaMnO3 JT transition
is observed as the content of substituted cat
(Zn21,Ni21/31,Co21/31) increases. This is in contrast wit
the weak effect onTJT of trivalent amagnetic cation such a
Ga31,18 which demonstrates the ability of the JT cooperat
effect of LaMnO3 to accommodate a large amount of foreig
trivalent amagnetic cations. All these results suggest tha
and Co are mainly divalent when substituted for Mn
LaMnO3.

Substitutions with trivalent Ni31 (Co31) could also ex-
plain the ferromagnetic existence by ferromagnetic supe
change with Mn31, which could destroy, more efficiently
than Rh31 and Ga31, the OO state of LaMnO3. As they
would not create Mn41 species, this would imply that thes
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cations could be ferromagnetically coupled to Mn by sup
exchange. Since trivalent cobalt is generally thought to be
the low-spin statet2g

6 when substituted in LaMnO3 (S50),
Co31 alone cannot induce such a strong FM. Also, sin
trivalent nickel is difficult to stabilize in perovskite prepare
in air, it is also hardly believable that all the nickel catio
are trivalent. Nevertheless, since both Ni and Co can exh
a ‘‘II-III’’ mixed valency, it is difficult to discriminate the
pure divalent state from this mixed-valency.

ACKNOWLEDGMENTS

The authors are grateful to Aure´lien Boustiéfor his effi-
cient contribution.
k,

s-

m.

,

*Corresponding author. Email address: sylvie.hebert@ismra
Fax: 332 319 516 00.

1B. Raveau, A. Maignan, and C. Martin, J. Solid State Chem.130,
162 ~1997!.

2C. Martin, A. Maignan, F. Damay, M. Hervieu, B. Raveau, Z
Jirak, G. Andre´, and F. Boure´e, J. Magn. Magn. Mater.202, 11
~1999!.

3A. Maignan, F. Damay, C. Martin, and B. Raveau, Mater. Re
Bull. 32, 965 ~1997!.

4P. V. Vanitha, A. Arulraj, A. R. Raju, and C. N. R. Rao, C. R
Seances Acad. Sci., Ser. 211–13, 595 ~1999!.

5J. B. Goodenough, Phys. Rev.100, 564 ~1955!.
6T. Kimura, Y. Tomioka, R. Kumai, Y. Okitomo, and Y. Tokura

Phys. Rev. Lett.83, 3940~1999!.
7J. B. Goodenough, A. Wold, R. J. Arnitt, and N. Menyuk, Phy

Rev.124, 373 ~1961!.
8K. Asai, K. Fujiyoshi, N. Nishimori, and Y. Satoh, J. Phys. So

Jpn.67, 4218~1998!.
9J. H. Park, S. N. Cheong, and C. T. Chen, Phys. Rev. B55, 11 072

~1997!.
10P. A. Joy, Y. B. Khollam, and S. K. Date, Phys. Rev. B62, 8608

~2000!.
11I. O. Troyanchuk, N. V. Samsonenko, A. Nabialek, and H. Szy
r.

.

-

czak, J. Magn. Magn. Mater.168, 309 ~1997!.
12I. O. Troyanchuk, N. V. Samsonenko, N. V. Kasper, H. Szymcza

and A. Nabialek, J. Phys.: Condens. Matter9, 8287~1997!.
13J. van Elp, Phys. Rev. B60, 7649~1999!.
14I. O. Troyanchuk, L. S. Lobanovsky, P. B. Khalyarin, S. N. Pa

tushnok, and H. Szymczak, J. Magn. Magn. Mater.210, 63
~2000!.

15B. C. Hauback, H. Fjellvag, and N. Sakai, J. Solid State Che
124, 43 ~1996!.
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