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Induced ferromagnetism in LaMnO5 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 LajMnO
could be due to their divalent oxidation states, a set of LaMW,O; samples has been prepared for
<0.2 andM =Li, 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 (Li") and divalent (ZA*) S=0 cations induce both ferromagnetism and a more conductive behav-
ior. In contrast, theS=0 trivalent cations(Rh** and Ga") are found to preserve the orthorhomiix
structure, connected with the cooperative Jahn-Teller distortion of'Mipecies in LaMn@. Accordingly,
Rh**- and-G&" substituted LaMn@ manganites are only weak ferromagnets, and the resistivity increases in
comparison to LaMn@. These results indicate that, for the investigated range of substiti@ioraximum 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, and Zrf*, is due to the creation of Mi
species which favor M /Mn** double exchange.
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INTRODUCTION erns the ferromagnetic properties. In an earlier study, Good-
enough et al.” explained this behavior by ferromagnetic
A great deal of work has been carried out recently conMn®*-O-M®" interactions, according to the superexchange
cerning the doping of Mn site in manganites. One of the'[heorla/v+ ConSIdﬁrmg thft the involved species weve
most important results in this field concerns the possibility to=Mn"" and NP or Co**. In their study of LnMr gMos0s

; ; ; . M= Ni,Co) manganites, Asaét al® proposed that nickel
induce ferromagnetisnFM) and metal-like behavior in an ( : . e
insulating CE-type antiferromagnetic manganites involvingand cobalt are in the divalent state, and that'Nior Co™*)

+ i ; ; _
small A-site cations, Lp_,CaMnO; (Lh=Ilanthanide anc anthrf‘ sprgfles 32"9” ferronlg.neUcally, based on super
~1/2), by doping these oxides with magnetic cations such a§ o an9€s ™ (Co™)-O-Mn"" interactions. X-ray ab-

h P balt: nickel?3 theniunf Th orption near edge spectroscopfANES) measurements
chromium,” - coball,” NICKel,™ or ruthenium. These Proper- -4 jed out in Ref. 9 strongly supported the divalent nature of
ties originate from the collapse of the simultaneous charg

4 X e v fobalt in LaMn _,Co,03; manganites, and explained the fer-
and orbital ordering of M" and Jahn-Teller JT SP€- romagnetic state of this series by a double-exchange mecha-

cies. The cooperative 90° ordering of thel§30rbitals of  nism between M#* and Mrf+ species. However, the latter
Mn3" is thought to be responsible for the checkerboard arstatements were questioned by van Elpyhereas Troyan-
rangement of the Mn catiorisBy increasing the doping con- chuket al4 proposed MA"-O-Mn®*, Mn®*"-O-Mn**, and
tent, ferromagnetic clusters are created around the magnetign**-O-Co?* superexchange interactions to explain the
doping elements, in orbitally disordered regions, leading tqroperties of these compounds. Moreover the recent studies
phase separatidhAccording to the double-exchange mecha-of LaMn, Co, 05, carried out in Ref. 10 emphasized the
nism, charges become itinerant in the ferromagnetic zonegxistence of two phases, depending on the method of synthe-
The size extension of the latter is then facilitated by asis, the first one involving low-spin G6 and the second one
magnetic-field application, and the percolative pathways beeorresponding to the presence of Mnand Mr?* species.
tween conductive parts are responsible for the observed largeurthermore, one cannot exclude that the establishment of
resistivity decrease also called colossal magnetoresistancethe orbitally ordered structure beldlyy, associated with the
The substitution of magnetic cations for manganese irstructural distortion from orthorhombi@ to O’ in LaMnO;,
LnMnOs; is different, leading to ferromagnetic but insulating can be hindered by the substitution of foreign cations, simi-
materials as described mainly for nickel and cobalt dopedarly to orbital disordering induced by several doping mag-
LaMnO;."~*?Such a different situation is due to the fact that netic cations in the BiCa,MnO; charge-orbital ordered
the LaMnQ; pristine matrix contains only JT Mii cations.  pristine phasé:*
Below T;~750 K, a cooperative JT ordering of tieg or- At this point of the investigations, in order to understand
bitals sets in, leading to an abrupt increase of the resistivityhe origin of the induced ferromagnetism in LaMnQt is
in the orbitally ordered phase. The temperatures of orbitahbsolutely necessary to study the effect of substituting ele-
and spin ordering are decoupled since LaMrf@comes an ments, other than cobalt and nickel, magnetic or not, and to
A-type antiferromagnet only beloWy~ 140 K. In the case control the oxygen stoichiometry of the so prepared material,
of LaMnQ;, FM can be induced by doping with Ni or Co on bearing in mind that “LaMnQ@” prepared in air or in oxygen
the Mn site, but there appears to be a lot of controversyontains generally an “oxygen exces$>'® depending on
between different authors about the mechanism which govthe synthesis conditions.
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In the present work, we investigate the magnetic and 544
transport properties of LaMn,M,0O5 doped with non mag- 1
netic cations ¥ =Li,Zn,Ga,Rh) and with magnetic M 243 ¢
=Co,Ni), for low substituting levelsx=<0.20). We fix the oan
nominal oxygen stoichiometry to “¢) in order to avoid an
oxygen excess, as for LaMnQs, which would significantly ~— ¢ 241}
modify the properties, independently of the Mn-site substitu- g
tion. We show that the valency of the substituting element
plays a prominent role in the appearance of ferromagnetisn 239 ¢
of LaMn,_,M,0;. We indeed observe that non magnetic
cations with a valency smaller thartgLi *,Zn?"), which
create Mﬁ* species in the Mf" matrix |_nduce strong fer- _ 236_00 0.05 0.10 o015 0.20
romagnetism, comparable to the one induced by magneti
cations such as nickel and cobalt. In contrast, with tri- x (M content)
valent cations such as @a. Mn_ cz_itlons remain trivalent, FIG. 1. Evolution of the cell volume determined from x-ray
and only weak ferromagnetism is induced. These results ar|§'owder diffraction at RT as a function of the concentration of

; ; + 4+
interpreted in terms  of MH /Mn double-exchange Ry Ga, zn, Co, or Ni. The cationic sizésom Shannon tables
mechanism. are also given.

3 :
Rh™ <0.665A> — _

1  Ga*® <0.6204>
-

Zn*? <0.740A>
240 | =

Co™? HS <0.745A3

. 2 A
238 | Mi**<0.530A> { Ni*? <0.690A>
Mn**HS<0.645A>

EXPERIMENTAL DETAILS Fig. 1, thex dependence of the cell volume is reported for

The Samp|es were prepared at h|gh temperature by SOn@a, Zn, and NI, the volumes obtained for the 15% substitut-
state reactior{1250 °C during 24 hin evacuated silica am- ing level of Co and Rh are added. The cationic sizes of these
poula. The precursord.a,0;, Mn,0O;, MnO,, and GaOs doping elgmgnts are also given. The lattice pargmetgrs versus
or Rh,0; or Co;0, or NiO or ZnO or L) were weighed in  the substltutlng'content x=<0.20) are exemplified in Fig.
the stoichiometric ratio, with respect to the 50nominal 2 for Ga and Ni. _ o
stoichiometry, mixed and pressed in the form of bars that The lattice parameters refined for the pristine sample are
were then introduced in an alumina crucible in the silicaln agreement with the results obtained in Ref. 15 for their
ampoula. The Li-based samples were prepared in a glove bd@MnO; ORT1 phase, confirming that this sample is oxygen
due to the Li used as a precursor. stoichiometric. The substitution of Mn by Ga leads to a small

The sample purity was checked by x-ray diffractitoy decrease. of the voluméFig. 1) in agreemen'.[ with Fhe
using a Cia Philips diffractometer at room temperature Smaller size of G& compared to MA™ one. By increasing
(RT). The electron-diffraction study and energy dispersivethe Ga content, the o!lstortlon of the ceI_I decreases only
spectroscopy analyses were carried out with a JEOL 200CRmoothly: a decreaselsincreases and remains nearly con-
electron microscope, equipped with a KEVEX analyzer. Thestant (Fig. 2. The lattice remains fronD’ type, that is
cationic composition was determined by analyzing about 3®/v2<c<a, reflecting a cooperative Jahn-Teller effect.
crystallites of each sample. All the samples involving theConversely, for the Ni substitution, a large evolution of the
dopingM elements Zn, Ga, Rh, Ni and Co, were found to beCell parameters is observed; the distortion decreases very
pure and homogeneous, from the viewpoint of their cationic@uickly and for x>0.15 the structure become®-type
distribution (the Li content cannot be measured by x-ray en-(instead ofO" type) that is the JT distortion has disappeared.
ergy dispersive spectroscopy; only the La/Mn ratio was deThis strongly suggests that nickel is divalent, inducing
termined. The reconstruction of the reciprocal space was

carried out for all the samples. It evidenc&hmatype 5.75
orthorhombic cells, except for the Li-based sample8d). 570 |
Magnetic measurements were performed using a VSM .
magnetometer with a magnetic field equal to 1.45 T applied E 5.65
after zero-field cooling. High-temperature susceptibility % 560t
measurementsT(< 800 K) were made on a Faraday balance £
with an applied magnetic field of 0.3 T. The transport mea- g 555 |
surementgresistivity and thermopowgmvere carried out in g
a Quantum Design Physical Properties Measurements sys- .8 550}
tem, with a homemade sample holder for thermopower based E 5.45
on a four-point steady-state method with separate measuring
and power contacts. 5.40 . : ;
0.00 0.05 0.10 0.15 0.20
RESULTS x (Ni or Ga content)

A. Room-temperature structural characterizations FIG. 2. Evolution of the RT cell parameters of LaMGa.O,

Except for Li-substituted compounds, all the x-ray- (circles and dashed lineand LaMn_,Ni,O; (triangles and full
diffraction patterns were refined in timaspace group. In lines) as a function ok.
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FIG. 3. M(T) measured after zero-field cooling under 1.45 T  FIG. 4. Inverse of the high-temperature susceptibility vs tem-
and p(T) curves(insed of LaMnO;. Note that thep(T) curves  perature measured with an applied field of 0.3 T for LaMnO

registered in 0 and 7-T curves are superimposed. i .
good agreement with the results published on cerdrmiés

and single crystal¥’ and confirm that LaMn@ has been
prepared in stoichiometric conditions with no oxygen excess.
An estimate of the hole doping level in the samples can be

ade using thermopower measurements. In Fig. 5, ther-

. m
detqreaseBof thE (ﬁllt\_/olu(r;neflls%lobservecli for sz(f: ar;(:] CO?arlﬁopower is plotted versus temperature. Measurements were
cations. by substituting &a for Mn, no vaiency enect Nas 10,q.qrqeq as a function of decreasing temperature, with no
be taken into account in agreement with the trivalent charac; plied field. The value o at 300 K is equal to+460

: . a
ter of gallium leading to the formula LaMn,2*GaZ3" O;. P

Such a diff bet tHE2 or +3 val trout uVIK, close to the results obtained in stoichiometric
uch a ditierence, between or vaiency eriects, LaMnO;, ceramics® Following the Heikes formula, the frac-
suggests a divalent state for cobalt and nickel in those oxid

g 1 &on ¢ of Mn sites occupied by carriers (Mn) can be cal-
( '% )'th Li substitution. the effect | q i culated: S*°K=— (k/e)In[(1—c/c)], leading to c~0.005,
sma(I)Iram?)unlt zlfj ”fh'isn']o?r; duceing aeﬁargen;??%ecorz?em?;; 4\which confirms the controlled oxygen content of the
shown from the formula LaMp 3" My Li " O,. In samples. LaMn@is insulating, with no magnetoresistance,

thi tructural t ition is ob d B i as shown in the inset of Fig. 3, and the activation energy is
IS case, a structural transition IS observed Iremmato equal to 210 meV, much larger than the typical values ob-

Mn** species according to the formula
LaMn; _», 3" Mn,*"Ni,2*O5. The ionic radius of Mf',
0.53 A, smaller than Mt 0.645 A, would explain the large

R3¢, when the Li content increases. F&3; “Lioos,"  tained in mixed-valent manganit&s.

a mixture of both space groups is evidenced at room

temperature. C. Properties of the substituted LaMn,_,M, 05 Manganites
1. M=Ni, Co

B. Magnetic and transport properties of LaMnO4 o ) ) )
Substituting the antiferromagnetic LaMp@vith Co and

To check the stoichiometry of LaMnQ magnetic and N on the manganese site results in a spectacular increase of
transport properties have been investigated and compared to

published results on LaMnQ 5. Figure 3 presents the mag- 800 T — T T
netic moment, measured for an applied field of 1.45 T after 700 | _
zero-field cooling. The magnetization is very small at low

temperatures, reaching onky0.2ug at 5 K, consistently 600 - .

with the antiferromagnetic nature of the stoichiometric ~__ . T —— LaMnO, |
LaMnO;. The magnetic transition to the paramagnetic state X HM ]
is observed affy~140 K. The high-temperature magnetic =~ =% 400} .
properties have been measured up to 800 K to determine the @

transition temperatur@ ;; above which the orbital ordering
disappears. Figure 4 shows the evolution of érsusT for 200 ’-‘*“_‘*'—'—-—Hﬂ_._.——o—._.‘ls._a. i
an applied field of 3000 Oe. A clear magnetic transition is

300 | k

observed afl ;7=700 K between two distinct paramagnetic toor ]
regimes with the Curie constants equalde4.04 and 4.37, 0 - . : -
respectively, for the low and high-temperature phases, and 25 250 T(K) s 300

the Weiss constant increases fral=59 K at low T to 6
~150 K at highT. These valuegTy, the small magnetic FIG. 5. ThermopowerS versus T for LaMnO, (M) and
moment at 5 K, and the Curie-Weiss law parametare in  LaMng gNig ;{05 (@) under O T.
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10°F ]
5L = 10°} 4 .
10 g 10 Compared to LaMn@, a sharp drop ofS at 300 K is ob-
. SO o 3 served, withS decreasing fromt+-460 to +175 uV/K. This
10°F Sl 3 value of Sat 300 K makes the Ni-substituted sample similar
wiLaMn, Co O ) 16 .
= 10 XS to self-doped LaMn@, s with §~0.055;” suggesting the
§ 10°F T(K) 3 presence of Mh" cations in LaMg gNig 1:03.
ok 3 2. M=zn?*, Li*
g 1 To understand the origin of ferromagnetism and better
Bl LaMn, Ni O, 3 conductivity in the case of Ni- and Co-substituted samples,
the influence of a possible valency effect, as proposed in
0 T o0 s 200 250 300 sso a0  Refs. 8 and 9, was investigated. First, the influence of uni-
valent and divalent magnetic dopants in LaMpM ,O; was
® TK) studied.

Figure 7 presents the results obtained fo?Zna non-
magnetic cation, for which only a valency effect can thus be
expected. As for Co and Ni, Zn induces ferromagnetism with
a saturation moment close tqug for x=0.15, and a Curie
magnetization. Figure(8) presents the magnetization mea- temperature close to 150 K as shown in Fig. 7. The resistiv-
sured under 1.45 T for the LaMn,Ni,O; compounds with ity is decreased by the introduction of Zn: as in the case of
x<0.2, and the inset presents the results forNi, p at 300 K is also decreased by a factor of 10 when 15%
LaMn,_,Co0;. The magnetic moment increases fromof Zn is introduced, and the activation energy is equal to
0.175ug (x=0) to ~3.4ug for x=0.2 in the case of Niat 5 130—140 meV smaller than the one of LaMn@As for Co
K, while the Curie temperature is increased up to 150 K.and Ni, no insulator-to metal transition is observed, and mag-
Similar results are obtained for Co. Simultaneously the resisnetoresistance remains very smalmaximum (p(H)
tivity in LaMn,_,M,O; (M=Co,Ni) progressively de- —p(0))/p(0)~35%)].
creases as increases. Figure(B) shows thep(T) curves in In the case of zinc, M species are introduced in the
the case of Nithe Co effect is presented in the insehep ~ matrix, and the influence of a mixed valency MitMn**
values at 300 K are reduced by more than one order of madias drastic effects on the magnetic and transport properties
nitude when 20% of Ni is introduced in LaMnQand the  of LaMn;_,>"M,**Zn,2* 05, similar to the ones observed
activation energy is strongly decreased to 125 meV, to bavith Ni and Co. Contrary to Co and Ni cations, Znis a
compared to the value of 210 meV for the parent compoundionmagnetic cation, with filled & orbitals, and no ferro-
LaMnO;. This smaller value is typical of mixed-valent man- magnetic interactions are possible between manganese and
ganites as La ,CaMnO;.1° Nevertheless, even if ferro- zinc species. Thus, the valency effect seems to be crucial.
magnetism is induced in Co- and Ni-substituted samples, nBecause of the introduction of MA into the MR matrix,
insulator-to-metal transition is observed in any of thesedouble-exchange interactions can appear and induce ferro-
samples and the magnetoresistance remains very Baigdl magnetism. This valency effect can be further evidenced by
6(b)], contrary to the case oA-site aliovalent substitution. doping with monovalent L, for which a more rapid in-
The thermopower is also drastically affected by the dopingcrease of the Mh™ content is expected compared to divalent
In Fig. 5, the thermopower of LaMrNig 105 is presented. cations.

FIG. 6. (&) M(T) under 1.45 T of LaMp_,Ni, O3 [inset:M(T)
of LaMn;_,Co,05]. (b) p(T) under O T(solid lineg and 7 T
(dashed lingsof LaMn, _,Ni,O; (inset: LaMn _,Co,05).
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FIG. 8. M(T) under 1.45 T ang(T) (inse) under O T(solid

lines) and 7 T(dashed lingsof LaMn,; _,Li,O5.

Figure 8 shows theM(T) curve for the Li substitution.
Ferromagnetism is induced in LaMnLi,O;, and even a

PHYSICAL REVIEW B 65 104420

tization curves of LaMp_,Ga,05; with x<0.20. A maximum
moment of 0.3y is obtained foix=0.20, much smaller than
the values obtained in the cases of Co, Ni, Zn, or Li. The
series of LaMp_,M,0O; samples, wittM =G&* or RF™,
remain insulating as for divalent cations, but the resistivity is
increased rather than decreased by the introduction of the
foreign element(Fig. 9), and the activation energy is in-
creased compared to the undoped compound.

DISCUSSION

The results obtained for the different substituted cations
are summarized in Fig. 10, where the evolution of magneti-
zation measuredt® K and 1.45 T is plotted as a function of
x for all the cations studieffFig. 10@)], as well as the evo-
lution of activation energyFig. 10b)]. A clear separation is
observed between the univalent and divalent Bind Zrf*
cations which are efficient to induce ferromagnetism and the
trivalent ones—RHA" and G&"—for which the magnetiza-
tion always remains very small. The influence of divalent
and monovalent cations is twofold: the dopant can suppress
the anisotropic magnetic interactions of #heype structure,

small content of 7.5% is sufficient to induce a ferromagneticand induce three-dimensional ferromagnetic interactions in
moment of~2ug. This can be compared to the case of the

nonmagnetic divalent cation Zn, for which a doping level
larger thanx=0.1 (i.e., almost double than for Lis needed

to reach 2ug (see Fig. 7. Resistivity (inset of Fig. 8 de-
creases with Li conteni at 300 K is reduced by a factor 100
with 7.5% of Li, and the activation energy is equal to 130
meV. The ratio MA"/Mn*" is thus a key parameter for the
establishment of ferromagnetism. The influence of a trivalent
cation should therefore strongly differ from the results ob-

tained for Zn and Li.

3. M=Ga’t, Rh®*

_J
05} ///%/g/-
Different trivalent cations have been introduced in the

LaMnO; matrix and the results will be presented for the
nonmagnetic G (with the same electronic structure as
Zn?" 3d'¥% and RRE* (4d®). Figure 9 presents the magne-

09 i T i v ! T T

050 200 250

03 T(K) ]
0.2 i
LaMn ] Ga O,
01+ -X x 3]
0.0 | n 1 n 1] n 1 1
0 50 100 150 200

T(K)

FIG. 9. M(T) under 1.45 T ang(T) curves(inse) under 0 and
7 T of LaMn, _,Ga O3 (curves under 0 and 7 T are superimpgsed

35 4

L N| .
sof LaMn MO, c
0]
25} Zn -
20} j‘
Li

MSK/1.45T (ua/f'u')

oof Rh -
0.00 0.05 0.10 0.15 0.20

220

200

180

E(meV)

160

140

120
0.00 0.05 0.10 0.15 0.20

(b) X

FIG. 10. (a) M measured at 5 K under 1.45 T wsfor the
different dopants(b) Activation energy as a function of For M
=Li*, thex value has been arbitrarily multiplied by 2 for the sake
of comparison with the divalent cations.
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the compounds by introducing mixed-valent manganese 0 T T T T T T
Mn3*/Mn**: on the other hand, they induce disorder on the 2
manganese site, and prevent the establishment of conducting 180 F -~
paths along the Mn-O-Mn bonds. Conversely, the introduc- 160 | LaMn. Rh .O
tion of trivalent cations does not induce a strong ferromag- - 085 01873
netism and the electronic transport is obviously hindered by
these foreign cations on the manganese site. From this com-
parison, Co and Ni behave more like Znthan Ga* or
RR*. Co and Ni could thus be in a divalent state as pro-
posed in Refs. 8 and 9. However, a difference with amag-
netic cations, L, Zn**, and G&" is that Co and Ni cations 60 |
are magnetic, so that possible superexchange interactions car sl
also exist between manganese ions and Co or Ni, and induce . + 1 t + +
or reinforce the ferromagnetism. In this respect, one should 200 ’
also consider the ability of Ni and Co species to hinder the 180 | .
orbitally ordered (OO) structure in charge-ordered AFM LaMn. Zn. .O
manganites, and to induce ferromagnetisthThis effect is 08770173
not similarly reached with amagnetic caticiszurthermore,
when Ni or Co cations are substituted into ferromagnetic
manganites, the ferromagnetic state is weakened and the re-
sistivity is increased! This shows that Ni and Co play pe-
culiar roles in collapsing OO structures and to induce FM.
The establishment of af-type antiferromagnetic state in
LaMnGQ; is intimately linked to the existence of OO which

1/x (emu/mol)

i
establishes aT ;=700 K.” The creation(or not) of ferro- wop " . . . . ]
magnetism and its link with OO has been studied in the case 300 400 500 600 700 800
of Zn’* and RR' substitutions. In Fig. 4, the high- T(K)

temperature evolution of the inverse susceptibility is shown FIG. 11. Inverse of the high-temperature susceptibility of
for LaMnO;, and in Fig. 11 for the 10% Zn sample and for LaMng seRh 105 (a) and LaMn Zn 105 (b).

the 15% Rh-sample. The transition corresponding to orbital ' ' N

ordering observed at,;~700 K in LaMnG; has clearly dis-  ang Ni/Co cations with their common divalent oxidation
appeared in the Zn-substituted compound: no accident Qfiate.

change in slope is observed in the () curve. Conversely, Nevertheless, if we consider trivalent Ni and Co, the ef-
the accident on the susceptibility curve of the Rh-dopediect of their substitution cannot be ascribed to the Mn mixed
sample shows that OO still exists in Rh-doped compounds: g5jency. Thus, in this scenario, Ni and C3* would have
transition between two paramagnetic regimes as in the casg he much more efficient than Rhand G&*, and as effi-

of LaMnG; is observed afl ;i~625 K for x=0.15, corre-  cient as univalent or divalent amagnetic cations to destabilize
sponding to an orbital ordering transition. Similar resultsine 0O structure of LaMng The magnetization similarities
were reported in Ref. 18 for Ga-doped samples for which obtained for NiCo) and Zrf* and Li* would imply that the

a transition was observed fgr 0.35. The orbital ordering is exchange energy of the MA-O-Ni®* (Co**) ferromagnetic
thus not strongly affected by the introduction of a trivale”tsuperexchange is similar to that of the MRO-Mn*" fer-
amagnetic cation in LaMng there is a gradual disappear- romagnetic double exchange.

ance of OO ax increasesi.e., as the MA" lattice becomes
more and more disturbed, the cooperative Jahn-Teller effect
is progressively suppressedvhereas the transition is com-
pletely destroyed when substituting divalent cations are used. This study of the substitution at the manganese site of the
A similar conclusion can be drawn from the X-ray investiga-stoichiometric LaMnQ@ by various cations shows that the
tion of the Ni-substituted sampleéFig. 2): the room- valency of the amagnetic foreign element plays a prominent
temperature crystallographic structure of LaMpNi, O3 is  role in destroying the orbital ordering and inducing ferro-
changing fromQ' type (with OO) for x=0 to O type as the magnetism. As ferromagnetism is observed for amagnetic
Ni content increases. These parameters evolve moreations(M* or M2"), the origin of ferromagnetism cannot
smoothly(with the three parameters becoming clgder the  be explained by the possible ferromagnetic superexchange
Ga series, but remai®’ type until x<0.2 (Fig. 2. The between MA* andM* (or M?") species. The introduction
structural and magnetic changes corresponding to the cobf Mn**, which can induce double exchange, is necessary to
lapse of the OO structure induced by?Znand Li", substi- efficiently break orbital ordering and associatedype anti-
tuted for Mn in LaMnQ@, demonstrate that the magnetic ferromagnetism leading to strong ferromagnetism. For the
nature of the foreign cation is not necessary to induce FMNi- and Co-substituted systems the divalent nature of these
The effect is driven by the induced mixed valency of Mn. It substituting elements could also be responsible for the in-
is thus tempting to associate the similarities betweefi*Zn duced ferromagnetism. Moreover, a rapid similar disappear-

CONCLUSION
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ance of the magnetic signature of the LaMndT transition ~ cations could be ferromagnetically coupled to Mn by super-
is observed as the content of substituted catiorexchange. Since trivalent cobalt is generally thought to be on
(Zn2* NiZ*B3* Co?*/3*) increases. This is in contrast with the low-spin statd5, when substituted in LaMng(S=0),

the weak effect ofT ;7 of trivalent amagnetic cation such as Co®* alone cannot induce such a strong FM. Also, since
Ga ", which demonstrates the ability of the JT cooperativetrivalent nickel is difficult to stabilize in perovskite prepared
effect of LaMnQ, to accommodate a large amount of foreignin air, it is also hardly believable that all the nickel cations
trivalent amagnetic cations. All these results suggest that Nare trivalent. Nevertheless, since both Ni and Co can exhibit
and Co are mainly divalent when substituted for Mn ina “ll-llI” mixed valency, it is difficult to discriminate the
LaMnO;. pure divalent state from this mixed-valency.

Substitutions with trivalent Ni* (Co®*) could also ex-
plain the ferromagnetic existence by ferromagnetic superex-
change with MA™, which could destroy, more efficiently
than RR™ and G&", the OO state of LaMn@ As they The authors are grateful to Alien Boustiefor his effi-
would not create Mfi" species, this would imply that these cient contribution.
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