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Two ferromagnetic phases with different spin states of Mn and Ni in LaMn0.5Ni0.5O3
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A ferromagnetic transition below 280 K is observed in the temperature variation of the magnetization,
measured using high magnetic fields, for samples of LaMn0.5Ni0.5O3 synthesized by the high-temperature
solid-state reaction method. On the other hand, two well-defined magnetic transitions, at;150 and;280 K,
are observed in low-field zero-field-cooled~ZFC! magnetization (MZFC) measurements on these samples,
indicating the possibility for the existence of two different ferromagnetic phases of the compound.
LaMn0.5Ni0.5O3, synthesized by a low-temperature method, shows a single magnetic transition at;150 K for
samples annealed below 500 °C and a single magnetic transition at 280 K for samples annealed above 1000 °C
in the low-field MZFC measurements. Broad or multiple magnetic transitions are observed for the low-
temperature samples annealed in the temperature range 500–1000 °C. High-temperature magnetic susceptibil-
ity, powder x-ray-diffraction, and core-level x-ray photoelectron spectroscopic studies on the single-phase
samples~annealed at 400 and 1300 °C) indicate that the nanocrystalline material~obtained at 400 °C) with
spin states of Mn and Ni as Mn41 and Ni21 undergoes a magnetic transition below 150 K, whereas high
temperature (1300 °C) annealed material with spin states like Mn31 and low-spin Ni31 becomes ferromag-
netic below 280 K. A charge disproportionation of the type Mn411Ni21→Mn311Ni31 takes place when the
low-temperature synthesized LaMn0.5Ni0.5O3 is annealed above 500 °C. The results give evidence for the
existence of two different phases of LaMn0.5Ni0.5O3 with different crystal structures and different spin states of
Mn and Ni.

DOI: 10.1103/PhysRevB.65.184416 PACS number~s!: 75.30.2m, 75.50.2y, 81.40.Rs, 82.30.Hk
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I. INTRODUCTION

Recent interest in the study of the double perovsk
A2BB8O6 stems from the observation of large tunnellin
magnetoresistance at room temperature in the half-met
compound Sr2FeMoO6.1 Sr2FeMoO6 is a ferromagnet a
room temperature, and is a promising candidate for dev
based on intergrain-tunnelling magnetoresistance. Two
ferent crystallographic forms with different Curie temper
tures are reported for Sr2FeMoO6: a cubic phase withTc

5390 K and a tetragonal phase withTc5415 K.1–3 The Fe
and Mo ions in Sr2FeMoO6 are found to be mixed valent
from paramagnetic susceptibility and Mo¨ssbauer spectro
scopic studies, and the majority of the ions are presen
Fe31 and Mo51.4,5 It has been predicted that the perfect
ternating order of Fe and Mo ions in the octahedral s
promotes the equilibrium Fe311Mo51↔Fe211Mo61, and
that the overlapping of the redox energies of Fe31/Fe21 and
Mo61/Mo51 pairs give rise to half-metallicity and ferromag
netism in Sr2FeMoO6.3,6

The mixed valency of transition-metal ions, the char
disproportionation, the existence of two different crystal
graphic forms, etc., appear to be some of the common
tures of the perovskite type magnetic oxidesA2BB8O6

(AB0.5B0.58 O3).7–10 The magnetic properties of the mang
nese oxides La2MnMO6, whereM5Co, Ni, Cr, etc., were
first studied in the 1960s~both the perovskite formula
LaMn0.5M0.5O3 and the double perovskite formul
La2MnMO6 were commonly used by the earlier workers!, to
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understand the nature of the magnetic exchange interac
in these compounds.11–16 When M5Co or Ni, the com-
pounds were found to order ferromagnetically, compared
the antiferromagnetic, diamagnetic, and paramagnetic be
iors of LaMnO3, LaCoO3, and LaNiO3, respectively. Sto-
ichiometric LaMnO3 has an orthorhombic perovskite stru
ture, whereas LaCoO3 and LaNiO3 are rhombohedral.17

Because of the different structures of the end members,
possible that La2MnMO6 may form in two different struc-
tures. Goodenoughet al.12 observed two different ferromag
netic Curie temperatures for LaMn0.5Co0.5O3, due to the
presence of orthorhombic and rhombohedral phases of
compound in their samples synthesized by the conventio
solid-state reaction method. Goodenough and co-work
were of the opinion that the Mn ions are trivalent in the
compounds with theM ions Co and Ni in their trivalent
low-spin states so that ferromagnetism in these compound
due to Mn31-O-Mn31 superexchange interactions.11,12 Their
attempts to synthesize ordered LaMn0.5

41M0.5
21O3 were not

successful, and found that the cations favor LaMn0.5
31Co0.5

III O3

and LaMn0.5
31Ni0.5

III O3 ~the notationMIII is commonly used to
represent low-spin trivalent ions! so that there is no ordering
on theB sublattice. Jonker,14 however, concluded that a mix
ture of Mn31 and Co31 ions, as in LaMnO3 and LaCoO3,
tend to form Mn41-Co21 pairs in LaMn0.5Co0.5O3 due to the
charge disproportionation Mn311Co31→Mn411Co21. On
the other hand, Vasanthacharyaet al.18 showed that the
reverse reaction Mn411Ni21→Mn311Ni31 is favored in
the case of LaMn0.5Ni0.5O3. Other magnetic13,15 and 55Mn
NMR ~Ref. 19–21! studies also gave evidence for th
Mn41-O-M21 superexchange interactions in La2MnMO6.
©2002 The American Physical Society16-1
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Recently, we have prepared two different ferromagne
phases of LaMn0.5Co0.5O3, in single-phase forms, by a low
temperature method of synthesis.22 The material obtained by
the conventional solid-state reaction method was found to
a mixture of the two different phases of the compound. T
rhombohedral phase of LaMn0.5Co0.5O3 in single-phase form
is found to be stable only below 700 °C, and the seco
phase in single phase form is obtained only after heatin
1300 °C. The rhombohedral phase orders ferromagnetic
at a higher Curie temperature when compared to the lo
magnetic ordering temperature of the orthorhombic pha
Apart from the difference in the structures and Curie te
peratures, the major difference between the two phases
found to be the difference in the nature of the magnetic
change interactions because of the different spin states o
and Co in the two different phases of the compound.23,24Mn
and Co ions were found to be present as Mn31 and low-spin
Co31 in the high-Tc , rhombohedral, phase, so that ferroma
netism is due to Mn31-O-Mn31 superexchange interaction
On the other hand, the low-Tc , orthorhombic, phase consis
of Mn41 and Co21, so that Mn41-O-Co21 superexchange
interactions are responsible for ferromagnetism in this ph
of the compound. The rhombohedral phase of the compo
is slowly converted to the orthorhombic phase when hea
above 700 °C, accompanied by the charge disproportiona
Mn311Co31→Mn411Co21. Therefore, the material syn
thesized by the conventional ceramic method always c
tains mixed phases of LaMn0.5Co0.5O3 in different amounts
and mixed valence states of Mn and Co when samples
prepared after heating in the temperature ran
1000–1300 °C which is the processing temperature ra
adopted for the synthesis of substituted perovskite type
ides.

One of the interesting properties observed
LaMn0.5Co0.5O3 is its unusual magnetic behavior when t
material is in the nanocrystalline form.25 Nanocrystalline
LaMn0.5Co0.5O3 is found to possess magnetic propert
similar to that observed for the phase obtained at higher
cessing temperatures having a lowerTc . Thus an unusua
charge disproportionation of the type Mn411Co21→Mn31

1Co31→Mn411Co21 was found to be operative in nano
crystalline LaMn0.5Co0.5O3, when samples were annealed
air in the temperature range 200–1300 °C.25 The low-Tc
phase of the compound formed initially at very low tempe
tures is transformed to the high-Tc phase and then agai
converted back to the low-Tc phase when annealed in th
temperature range due to the above charge dispropor
ation.

In stoichiometric LaMnO3 with a GdFeO3-type ortho-
rhombic structure, ferromagnetic layers of Mn31 ions are
coupled antiferromagnetically, giving rise toA-type layered
antiferromagnetic ordering and very weak ferromagnetism
low temperatures due to a canted antiferromagnetic arra
ment of spins.26 However, high-temperature susceptibili
measurements above the orthorhombic-cubic transition t
perature give large positive value for the paramagnetic C
temperature, indicating the possibility of ferromagnetism
the cubic phase of the compound.14,27This unusual magnetic
behavior of LaMnO3 is due to the Jahn-Teller~JT! distortion
18441
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of Mn31 ion.28 The cubic form of the compound at hig
temperatures is orthorhombically distorted below a cert
temperature because of the JT distortion. Substitution of
of Mn31 in LaMnO3 by other trivalent ions induces ferro
magnetism due to the decreased JT distortion, as
LaMn12xGaxO3 and LaMn12xCoxO3 containing diamag-
netic, low-spin (S50), Co31 ions.12 If the diamagnetic low-
spin Co31 ion in LaMn0.5Co0.5O3 is replaced by low-spin
Ni31 (S51/2), the magnetic properties are expected
change considerably. This is because, low-spin Ni31 is a
Jahn-Teller ion similar to Mn31, having one unpaired elec
tron in theeg orbital. The combined JT distortion of Mn31

and low-spin Ni31 is thus expected to alter the magne
properties of LaMn0.5Ni0.5O3 drastically. In fact, a higher
Tc5280 K has been reported for LaMn0.5Ni0.5O3 when com-
pared to theTc5230 K for LaMn0.5Co0.5O3,12 despite the
very small size difference between low-spin trivalent C
~0.545 Å! and Ni ~0.56 Å! ions. Goodenoughet al.12 attrib-
uted this to the combined effect of positive Mn31-O-Mn31

and Mn31-O-Ni31 (Ni31 in the low-spin state! superex-
change interactions. Woldet al.11 also found that their
samples synthesized by the ceramic method, containing
than 2% Ni21, is orthorhombic with Mn31 and low-spin
Ni31. On the other hand, Blasse argued that ferromagne
in LaMn0.5Ni0.5O3 is entirely due to Mn41-O-Ni21 superex-
change interactions,13 which was later concluded20 from
55Mn NMR linewidth measurements. However, Sonobe a
Asai found that the x-ray-diffraction patterns of the
samples, synthesized by the usual solid-state reaction o
corresponding oxides and low-temperature methods, we
superposition of the patterns of a major orthorhombic ph
and minor amounts of a rhombohedral phase.20 The fraction
of the orthorhombic phase content increased with annea
in oxygen. This implies that LaMn0.5Ni0.5O3 also may form
in two different crystallographic modifications, as expect
from the different crystal structures of the end memb
LaMnO3 and LaNiO3, which may coexist in the sample
processed in a certain temperature range, as found
LaMn0.5Co0.5O3. However, there is no report so far in th
literature on the existence of two ferromagnetic phases
LaMn0.5Ni0.5O3.

In view of the report on the the coexistence of two cry
tallographic forms of LaMn0.5Ni0.5O3 by Sonobe and Asai,20

the mixed-phase behavior observed for LaMn0.5Co0.5O3
samples synthesized by the solid-state reaction method
the different spin states of Mn and Co in the two differe
single phase forms,22–24 and the observation of an unusu
charge disproportionation in the nanocrystalline form
LaMn0.5Co0.5O3 synthesized by a low-temperature method25

we have synthesized LaMn0.5Ni0.5O3 by the usual ceramic
and low-temperature methods, and studied the magn
properties of the samples heated to different temperatu
The studies were aimed at resolving the problem of the s
states of Mn and Ni, and therefore, to verify the nature of
magnetic exchange interactions in LaMn0.5Ni0.5O3. The ex-
istence of two ferromagnetic phases of LaMn0.5Ni0.5O3 with
different spin states of Mn and Ni has been identified in
6-2
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TWO FERROMAGNETIC PHASES WITH DIFFERENT . . . PHYSICAL REVIEW B 65 184416
present work, from magnetic and core-level x-ray photoel
tron spectroscopic studies.

II. EXPERIMENT

LaMn0.5Ni0.5O3 ~LMN ! samples were synthesized by th
conventional high-temperature~referred as HT samples i
the text! solid-state reaction~ceramic! method and a low-
temperature~referred as LT samples in the text! method. In
the ceramic method, a stoichiometric mixture of La2O3,
MnO2 and NiO was heated at 1000 °C for two days with tw
intermediate grindings. The powders obtained were t
heated at 1100 and 1200 °C for one day each and the
1300 °C for four days with intermediate grindings. All th
heatings were made in air and the samples were then fur
cooled to room temperature. LaMn0.5Ni0.5O3 and a sample of
NdMn0.5Ni0.5O3 were prepared by a low-temperatu
glycine-nitrate method,29 as described previously.22 In the
low-temperature method, the powder samples obtained a
initial decomposition of a metal nitrate-glycine mixture
;200 °C was then heated at different temperatures in
range 200–1300 °C for 12 h each in air, and furnace coo
to room temperature.

Powder x-ray diffraction~XRD! patterns were recorde
on a Philips PW 1830 powder x-ray diffractometer. Magne
measurements were performed on a PAR EG&G vibrat
sample magnetometer. The temperature variation of the m
netization (80–300 K) was measured after cooling
samples in zero magnetic field@zero-field-cooled~ZFC!,
magnetization# and then recording the magnetization wh
warming the sample in a field of 50 Oe. ZFC magnetizat
curves were recorded on all samples after heating at a g
temperature. Photoemission spectra at room tempera
were recorded on a VG Microtech Multilab ESCA 300
spectrometer using MgKa x-ray source~1253.6 eV!, as de-
scribed previously.24 Extreme care has been taken to min
mize the surface contamination problem by scraping
samples thoroughly and repeatedly over the surface wi
stainless steel bladein situ under high vacuum. The scrapin
was repeated until the higher binding energy shoulder in
O 1s X-ray photoemission spectroscopy~XPS! showed a
minimum and no further decrease in intensity. In the case
the LT samples heated at 400 °C, on which XPS meas
ments were made, excess carbon was found in the sam
Perovskite manganites synthesized by the low-tempera
methods are known for carbon contamination.29,30 Repeated
scraping of the samples did not remove the carbon conta
nation in the LT samples, indicating the presence of car
in the bulk. However, very good improvement in the spec
quality of O 1s, C 1s, and valence-band spectra of the L
samples after scraping clearly indicated that the bulk car
contamination do not significantly affect the overall resu
presented here. Further, core-level XPS measurements
made on three different LT samples, each to make sure
the results are reproducible. Oxygen stoichiometry was
termined by redox titration, using potassium permangan
and ferrous sulphate. The oxygen stoichiometry of
sample heated at 1300 °C was found to be 360.01. The
sample heated at 400 °C was found to be slightly oxyg
18441
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deficient~2.95!. This could be due to the error in the calc
lation ~actual weight of the sample taken for measurem
will be less due to the high carbon content in the sample
evidenced from XPS studies!.

III. RESULTS AND DISCUSSION

A. Magnetization measurements

A magnetic transition below;280 K is reported in the
literature from studies on the magnetic properties
LaMn0.5Ni0.5O3 ~LMN ! using high magnetic fields. Com
pared to the reports on the mixed-phase behavior obse
for the related compound, LaMn0.5Co0.5O3,12,31 there are no
reports on the possible existence of two different magn
phases for LMN, except for the observations by Sonobe
Asai in 1992,20 who found, from powder XRD studies, th
formation of a minor amount of a rhombohedral phase alo
with the orthorhombic phase of the compound. We ha
shown earlier that magnetic measurements using very
magnetic fields can detect the presence of different phase
ferromagnetic compounds, if they coexist in th
samples.23,32,33 Therefore, zero-field-cooled magnetizatio
~MZFC! measurements were made at a low magnetic field
50 Oe, to look for the possible existence of different pha
of LaMn0.5Ni0.5O3, if any, in the HT and LT samples an
nealed at different temperatures.

1. HT samples

Figure 1 shows the ZFC magnetization curves of
LaMn0.5Ni0.5O3 sample synthesized by the solid-state re
tion method. Magnetization curves recorded after annea
the sample at 1100, 1200, and 1300 °C are shown in
figure for comparison. Two well-defined magnetic tran
tions, at ;150 and;280 K, are clearly visible in all the
curves. There is no change in the onset of the magnetic t

FIG. 1. ZFC magnetization curves (H550 Oe) of the ceramic
~HT! LaMn0.5Ni0.5O3 samples annealed at 1100, 1200, and 1300
Inset: temperature variation of the magnetization measured aH
55000 Oe.
6-3
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sition temperatures or relative heights of the individual m
netic transitions even after heating at higher temperatu
From the two clear magnetic transitions at different tempe
tures, and when compared with the similar results obtai
on LaMn0.5Co0.5O3 samples prepared under identic
conditions,23 it appears that there are two possible ferrom
netic phases for LaMn0.5Ni0.5O3. The inset in the figure
shows the temperature variation of the magnetization of
sample heated at 1300 °C, measured at 5000 Oe. The h
field magnetization curve does not clearly show the two d
ferent magnetic transitions. The magnetic transition appe
very broad, with the onset of the magnetic transition bel
280 K. This high-field magnetization curve is similar to th
reported by Sonobe and Asai for one of their samples,20 mea-
sured at 18 kOe.

2. LT samples

Temperature variations of the zero-field-cooled magn
zations of LaMn0.5Ni0.5O3 samples, synthesized by the low
temperature method, and annealed between 200 and 130
are shown in Fig. 2. The magnetization curves of the sam
annealed between 200 and 400 °C are identical, and the o
of a broad magnetic transition is observed below 160
Increasing the annealing temperature above 500 °C caus
broadening of the magnetic transition, with an increase in
value of the temperature at which the magnetization is
creased from the base line. A sharp magnetic transition
280 K is observed for the sample annealed at 1300 °C.
comparing the results for the LT samples with those obtai
for the HT samples~see Fig. 3!, it may be seen that the
magnetic transition observed for the LT sample anneale
400 °C is at the transition temperature of the first magn
transition observed for the HT sample (;150 K). Similarly,
the magnetic transition observed for the LT sample anne
at 1300 °C is at the transition temperature (;280 K) of the
second magnetic transition observed for the HT sample. T

FIG. 2. ZFC magnetization curves (H550 Oe) of the low-
temperature synthesized LaMn0.5Ni0.5O3 samples annealed in th
temperature range 200–1300 °C.
18441
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indicates that the two different ferromagnetic phases
LaMn0.5Ni0.5O3 can be obtained in single-phase forms by
low-temperature method of synthesis, and when heated
low 500 °C and above 1200 °C. The ZFC magnetizat
curve of a physical mixture of the samples annealed at
and 1300 °C~a 2:1 ratio! is almost identical to that of the HT
sample, suggesting that the HT sample contains almo
third of the phase showing a higher transition temperatu
On the other hand, the broad magnetic transitions of the
samples annealed between 600 and 1000 °C are indicativ
a slow conversion of one phase in to the other.

From the studies onRMn0.5Co0.5O3 with different rare
earth ions (R5Pr, Nd, Sm), it was found that other rare
earth-containing compositions also show two different fer
magnetic phases when processed at different temperatur34

For both low- and high-Tc phases, the transition temper
tures decrease with decreasing ionic size of the rare-e
ions.35 To verify whether a similar two phase problem
encountered when La is replaced by other rare earth ion
LaMn0.5Ni0.5O3 also, magnetic measurements were made
NdMn0.5Ni0.5O3 ~NMN! samples processed at different tem
perature. ZFC magnetization curves of NMN samples
nealed at 400 and 1300 °C show magnetic transitions be
90 and 195 K, respectively, as shown in Fig. 4, indicating
possible formation of two different ferromagnetic phases
NdMn0.5Ni0.5O3 as in the case of LaMn0.5Ni0.5O3. The de-
crease in the magnetic transition temperatures, for b
phases, when La31 is replaced by Nd31 with a lower ionic
size, is due to the internal pressure effect as observed
RMn0.5Co0.5O3.

B. Powder XRD studies

In the previous reports on LaMn12xNixO3,11,18,31 it was
identified that all compositions up tox50.5 in the series are

FIG. 3. Comparison of the ZFC magnetization curve (H
550 Oe) of the HT sample of LaMn0.5Ni0.5O3 annealed at 1300 °C
~LMN-HT ! with the curves of the LT samples annealed at 400
~LMN400! and 1300 °C~LMN1300!, and a 2:1 physical mixture o
LMN400 and LMN1300~mix-2:1!.
6-4



t

rm

n
ei

a
s
s

l
e
o
c

ab
-
a

e
rib
te

a
he
en
e

of

-
of

ad
ed
d as
he

or

o-

t-
a

ters
rn
w
ed
ns.
ic

t

0 °C
°C

TWO FERROMAGNETIC PHASES WITH DIFFERENT . . . PHYSICAL REVIEW B 65 184416
orthorhombic, and rhombohedral forx.0.5. Woldet al. ob-
served a slight monoclinic distortion forx50.5 and a mono-
clinic structure forx.0.5.11 However, considering the fac
that the structure is orthorhombic forx,0.5 including the
end member LaMnO3 and rhombohedral forx.0.5 includ-
ing the end member LaNiO3, it is possible that, forx50.5,
two different phases with the above two structures may fo
simultaneously as observed in the case of LaMn0.5Co0.5O3.
As mentioned in Sec. I, Sonobe and Asai found the prese
of nearly 10–25 % of a rhombohedral phase in th
LaMn0.5Ni0.5O3 sample prepared by the ceramic method.20

1. HT samples

The powder XRD pattern of the HT sample annealed
1300 °C~LMN-HT ! is shown in Fig. 5. No impurity peak
are observed, indicating the formation of a perovskite pha
Wold et al.11 and Troyanchuket al.31 found that the crysta
structure of LaMn0.5Ni0.5O3, synthesized by the solid-stat
method, as orthorhombic. The powder XRD pattern
LMN-HT in Fig. 5 can be indexed on an orthorhombic stru
ture with lattice parametersa55.477 Å, b55.464 Å, and
c57.670 Å. These lattice parameters are almost compar
to those reported previously.11,31 However, magnetic mea
surements already indicated the presence of two ferrom
netic phases in this sample. Therefore, it is reasonabl
assume that the observed pattern comprises of the cont
tions from these two different phases. The observed pat
could be fitted to;70% of an orthorhombic phase (a
55.478 Å,b55.460 Å, andc57.672 Å) and;30% of a
rhombohedral phase (a55.426 Å anda560.9°). These val-
ues are comparable to that reported by Sonobe and As20

The ratio of the two phases found from powder XRD, in t
HT sample, is in agreement with the magnetic measurem
on a physical mixture of the two individual phases obtain
by the low-temperature method of synthesis~see Fig. 3!.

FIG. 4. ZFC magnetization curves (H550 Oe) of the low-
temperature synthesized NdMn0.5Ni0.5O3 samples annealed a
400 °C ~NMN400! and 1300 °C~NMN1300!.
18441
ce
r

t

e.

f
-

le

g-
to
u-
rn

i.

ts
d

2. LT samples

Powder XRD patterns of the LT samples
LaMn0.5Ni0.5O3, annealed at 200 ~LMN200!, 400
~LMN400!, 800 ~LMN800!, and 1300 °C~LMN1300! are
compared in Fig. 5. All the reflections of LMN200 corre
spond to a perovskite phase, indicating the formation
LaMn0.5Ni0.5O3 at 200 °C. The XRD patterns of LMN200
and LMN400 are identical, and the reflections are very bro
indicating the fine particle nature of the compound obtain
at low temperatures. The average particle size is obtaine
13 nm from x-ray line broadening, calculated using t
Scherrer formula,36 t50.9l/b cosu; where t is the particle
size,l is the wave length of CuKa radiation,b is the full
width at half maximum of the diffraction peak corrected f
instrumental broadening, andu is the diffraction angle. The
powder pattern of LMN200 could be indexed to an orth
rhombic unit cell with lattice parametersa55.50 Å, b
55.65 Å, andc57.78 Å. On the other hand, the XRD pa
tern of LMN1300 corresponds to the reflections from
rhombohedral lattice. The rhombohedral lattice parame
are obtained asa55.428 Å, and 60.9°. The powder patte
of LMN800, showing multiple magnetic transitions belo
;280 K, is almost identical to that of the sample prepar
by the ceramic method showing two magnetic transitio
The pattern of LMN800 also is a mixture of an orthorhomb
phase (;60%) and a rhombohedral phase (;40%).

FIG. 5. Powder x-ray-diffraction patterns of the LaMn0.5Ni0.5O3

samples synthesized by the ceramic method, annealed at 130
~LMN-HT !, and the low-temperature method, annealed at 200
~LMN200!, 400 °C ~LMN400!, 800 °C ~LMN800!, and 1300 °C
~LMN1300!.
6-5
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In the case of perovskite type compounds, which are m
netic, it is known that the magnetic transition temperat
depends on the structure of the compound. The highest C
temperature is found for cubic phases, and the Curie t
perature decreases when the structure is distorted to rhom
hedral and then to orthorhombic.37 This is because the
strength of magnetic exchange interactions in the perovsk
depends on interionic distances and bond angles. TheB-O-B
bond angle~in ABO3) is decreased when the structure
distorted from cubic→ rhombohedral→ orthorhombic. This
distortion modifies the magnetic transition temperature
causeTc is determined by the strength of the exchange
teractions due to orbital overlap between manganese
oxygen. The Curie temperature of the rhombohedral phas
LaMn0.5Co0.5O3 was found to be larger than that of th
orthorhombic phase, and similar results are observed her
LaMn0.5Ni0.5O3 also, which is in accordance with the obse
vations of the structural dependence ofTc .

From zero-field-cooled magnetization measurements
ing low magnetic fields and powder XRD measurements
is now obvious that LaMn0.5Ni0.5O3 can form in two differ-
ent crystallographic forms with different magnetic transiti
temperatures. Having found that LaMn0.5Ni0.5O3, synthe-
sized by the high-temperature ceramic method, is multip
sic due to the presence of two different phases of the c
pound, and that single phase compounds are obtained
samples synthesized by the low-temperature method and
nealed at 400 and 1300 °C, we have studied these
samples in detail to understand the difference between
two different phases of the compound. High-temperat
paramagnetic susceptibility and core-level XPS studies w
performed on these two samples~LMN400 and LMN1300!
to obtain information on the spin states of Mn and Ni
LaMn0.5Ni0.5O3.

C. Magnetic susceptibility studies

The temperature dependence of the inverse of the p
magnetic susceptibility (.300 K) of LMN400 and
LMN1300 is shown in Fig. 6. The susceptibility of LMN40
is measured up to 573 K (300 °C) only, which is well with
the stability temperature of this phase. The susceptibility
LMN1300 is measured up to 723 K (450 °C), as this phas
stable in this temperature range. A Curie-Weiss behaviox
5C/(T2Q), is observed for both samples. The effecti
paramagnetic momentme f f52.828AC, whereC is the Curie
constant, is obtained from a least-squares fit to the data in
linear region at high temperatures. Almost identical slop
with different intercepts on the temperature axis are obtai
for both samples.me f f is obtained as 3.54mB and 3.57mB
for the two samples LMN400 and LMN1300, respective
and the corresponding paramagnetic Curie temperaturesQ)
are obtained as 192 and 313 K.

The spin-only values of the moment,mso , for various
possible combinations of different spin states of Mn and
in LaMn0.5Ni0.5O3 are compared in Table I. The experimen
me f f values (3.54mB and 3.57mB) are comparable to the
spin-only moments calculated for high-spin Mn31 and low-
spin Ni31 as well as for Mn41 and Ni21. Therefore, it is
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possible that the spin states of Mn and Ni in LMN400 a
LMN1300 are either identical or have the above two diffe
ent combinations. The different values of the paramagn
Curie temperatures obtained from a Curie-Weiss fit to
susceptibility data indicate a difference in the strength of
magnetic exchange interactions and, therefore, a possible
ference in the spin states of Mn and Ni in LMN400 an
LMN1300. In the case of LaMn0.5Co0.5O3, a higher Curie
temperature was found for its rhombohedral phase cont
ing Mn31 ions and low-spin Co31 ions. The fact that a
higher Curie temperature is obtained for LMN1300, which
rhombohedral, implies that the possible spin states
LMN1300 are Mn31 and low-spin Ni31 (me f f53.57mB and
mso53.67mB). Assuming that LMN400 contains Mn41 and
Ni21, as observed in the case of LaMn0.5Co0.5O3, then the
higher value ofme f f of LMN400 when compared tomso
calculated for Mn41 and Ni21 can be accounted for, consid
ering the contribution from the spin-orbit coupling of Ni21.
A slightly larger value ofme f f can be expected for Ni21 due
to the contribution from spin-orbit coupling, as genera
observed.38 Usually the average magnetic moment calcula
for the 3A2g ground term of Ni21, incorporating the contri-
bution from spin-orbit coupling, using m̄e5mso(1
24l/10Dq), wherel is the spin-orbit coupling coefficient

TABLE I. Comparison of the spin-only moments (mso) for vari-
ous spin states of Mn and Ni in LaMn0.5Ni0.5O3.

Spin states mso(mB)1

Mn31 (S52), Ni31 (S53/2) 4.41
Mn31 (S52), Ni31 (S51/2) 3.67
Mn41 (S53/2), Ni21 (S51) 3.39
Mn21 (S55/2), Ni41 (S52) 5.43
Mn21 (S55/2), Ni41 (S51) 4.64
Mn21 (S55/2), Ni41 (S50) 4.18

1mso5@0.5mMn
2 10.5mNi

2 #1/2,m5@4S(S11)#1/2

FIG. 6. Temperature variation of the inverse of the paramagn
susceptibility of LMN400 and LMN1300.
6-6
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Dq is the crystal-field splitting parameter, andmso

52.83mB , is ;3.25mB . Using this value ofm̄e , the cal-
culated moment for Mn41 and Ni21 in LaMn0.5Ni0.5O3
would be 3.58mB which is comparable to the experiment
value of 3.54mB for LMN400. Therefore, if the contribution
from the spin-orbit coupling of Ni21 is taken into account, it
may be considered that the combination of the spin st
Mn41 and Ni21 is possible in LMN400.

D. XPS studies

Core-level x-ray photoelectron spectroscopic studies w
performed on LMN400 and LMN1300 to confirm the resu
obtained from high-temperature magnetic susceptibility st
ies. Core-level XPS’s of the transition-metal ions are kno
to be sensitive to their spin-states and 3d-electron contents
There is a general trend that the core-level binding ene
increases with the increasing oxidation state of a given
provided that the ions are located in similar coordinat
environments in different compounds. However, this r
breaks down when the number of unpaired electrons cha
due to a change in the spin state of a given ion. It w
reported earlier that under identical octahedral coordina
environments, the 2p3/2 binding energy~BE! of low-spin
Co31 is lower than that of Co21.39,40 Similarly, it was found
that the Ni 2p3/2 BE of Ni2O3 containing low-spin Ni31 is
lower than that of NiO containing Ni21.41,42

The 2p core-level XPS’s of Mn in LMN400 and
LMN1300 are compared in Fig. 7. The binding energy of M
2p3/2 is obtained as 641.8 eV for LMN400 and as 641.5
for LMN1300. Generally the 2p3/2 BE is found to be lower
for Mn31 than for Mn41, when the ions are situated in iden
tical environments~as in LaMn31O3 and CaMn41O3) by
0.3–0.4 eV. The difference between the BE’s of Mn 2p3/2
obtained for the two samples of LaMn0.5Ni0.5O3 is identical
to that found for the two different phases of LaMn0.5Co0.5O3
having different spin states of Mn, Mn31 for the high-Tc
phase and Mn41 for the low-Tc phase.24 In the case of
LaMn0.5Co0.5O3 also, a lower BE is obtained for the samp

FIG. 7. Mn 2p XPS of LMN400 and LMN1300.
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with a higherTc , indicating that the spin state of Mn i
Mn31 in LMN1300 and Mn41 in LMN400.

Figure 8 shows the 2p core-level XPS of Ni in LMN400
and LMN1300. Unfortunately, the binding energy of the s
ellite peak of La 3d3/2 is almost identical to the BE of 2p3/2
of Ni in oxides, and therefore these peaks overlap for co
pounds containing both La and Ni. The main and satel
peaks of La 3d3/2 in La2O3 and other perovskite-type oxide
are observed with an intensity ratio of approximately 1:143

as shown in Fig. 8 for LaMn0.5Co0.5O3. Therefore, the larger
intensity of the peak in the BE region of the satellite peak
La 3d3/2 may be considered as the contribution of Ni 2p3/2
for both LMN400 and LMN1300. Since the La31 ion is situ-
ated in the same environment in both LMN400 a
LMN1300, and the BE of the La 3d3/2 main peak is identical
for both samples~the intensities of this peak is normalize
for all samples in the figure!, it may be assumed that th
small difference in the BE of the peak in the region of the
3d3/2 satellite peak is due to the difference in the BE of
2p3/2 in the two samples. This comparison gives a Ni 2p3/2
BE of 854.6 eV for LMN400 and 854.3 eV for LMN1300. A
similar difference in the BE is also observed for the Ni 2p1/2
peaks for the two compounds. The differences in the bind
energies of Ni 2p3/2 and 2p1/2 are DE517.8 eV for
LMN400 andDE517.6 eV for LMN1300, respectively. The
lower value ofDE for LMN1300 by 0.2 eV may be taken a
evidence that there is one less unpaired electron in Ni in
sample. This fact, when combined with the lower BE of t
Ni 2p3/2 peak, then corresponds to the spin state of Ni
low-spin Ni31 (S51/2) in LMN1300 and as Ni21 (S51) in
LMN400. These spin states of Ni in the two samples a
similar to that observed for Co in the nanocrystalline a
high-temperature heated samples of LaMn0.5Co0.5O3.25 A
lower BE is expected for low-spin Ni31 when compared to
the higher BE of Ni21, due to the lower number of unpaire
electrons in the former. Moreover, these spin states of
in the two samples are in accordance with the spin state
Mn, which will take care of charge neutrality and oxyge
stoichiometry.

FIG. 8. Ni 2p XPS of LMN400 and LMN1300, along with the
La 3d3/2 XPS of LaMn0.5Co0.5O3 ~LMC!.
6-7
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JOLY, JOY, DATE, AND GOPINATH PHYSICAL REVIEW B65 184416
A comparison of Mn and Ni 3p XPS’s, shown in Fig. 9,
of LMN400 and LMN1300, also shows the same trend in
binding energies. Mn 3p XPS peaks are observed at 49.1
48.8 eV, and Ni 3p peaks are observed at 66.9 and 66.7
respectively, for LMN400 and LMN1300. This gives furth
evidence of the different spin states of Mn and Ni in the t
samples, as concluded from the analysis of the 2p XPS of
Mn and Ni.

The overlapping of the Ni 2p3/2 XPS peaks with that of
La 3d3/2 satellite peak for compounds containing both
and Ni can be taken care of by selecting another rare-e
ion, whose XPS peaks will not interfere with that of N
2p3/2, in the same composition. To compare the differen
in the Ni 2p3/2 XPS binding energies of the compoun
heated at 400 and 1300 °C, and to further confirm the ob
vations made on LaMn0.5Ni0.5O3, core-level XPS studies
were made on NdMn0.5Ni0.5O3 ~NMN! samples processe

FIG. 10. Mn 2p XPS of NMN400 and NMN1300.

FIG. 9. Mn and Ni 3p XPS of LMN400 and LMN1300.
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under identical conditions. Mn and Ni 2p XPS’s of the two
samples of NMN, heated at 400 and 1300 °C~NMN400 and
NMN1300!, and showing magnetic transitions at differe
temperatures, are shown in Figs. 10 and 11, respectively.
Mn 2p3/2 and Ni 2p3/2 XPS binding energies of Mn and N
in LMN and NMN are compared in Table II. There is a sma
shift in the BE’s of the XPS peaks to higher values
;0.5 eV when La is replaced by Nd. Similar effects ha
been generally observed in the XPS studies on different r
earth compounds.44–46

As expected, there is a difference in the binding energ
of the Mn as well as Ni 2p XPS peaks of NMN400 and
NMN1300. As observed for the corresponding LM
samples, the Ni 2p3/2 binding energy is lower by 0.2 eV fo
NMN1300, showing a magnetic transition at a higher te
perature when compared to NMN400, confirming that t
spin state of Ni is Ni21 in the sample showing a lower mag
netic transition temperature and low-spin Ni31 for the high-
Tc phase with rhombohedral symmetry. A similar differen
in the Mn 2p3/2 BE energy is also observed for the two NM
samples, indicating the presence of Mn41 and Mn31 in the
samples heated at 400 and 1300 °C, respectively.

E. Charge disproportionation and magnetic exchange
interactions in LaMn 0.5Ni0.5O3

The results from high-temperature paramagnetic susce
bility and core-level XPS studies confirm that the spin sta
of Mn and Ni are different in the two ferromagnetic phas
of LaMn0.5Ni0.5O3 obtained at different processing temper
tures. The different spin states of Mn and Ni, Mn41 and
Ni21 in LMN400 ~low-Tc phase! and Mn31 and low-spin
Ni31 in LMN1300 ~high-Tc phase!, explain the different
magnetic transition temperatures of these two samples
LaMn0.5Ni0.5O3, and point to the existence of two possib
phases of the compound. The different spin states of Mn
Ni in LMN400 and LMN1300 show the charge dispropo

FIG. 11. Ni 2p XPS of NMN400 and NMN1300.
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tionation Mn411Ni21→Mn311Ni31 when the low-
temperature synthesized samples are heated to higher
peratures. The broader or multiple magnetic transitio
observed for samples heated in the temperature ra
400– 1200 °C are then due to the mixed valence states of
and Ni ~due to slow and partial charge disproportionatio
when sufficient thermal energy is not available! and, there-
fore, due to the different types of superexchange interact
in these samples. As observed for LaMn0.5Co0.5O3, a higher
Curie temperature is observed for a phase containing Mn31,
suggesting that Mn31-O-Mn31 superexchange interaction
are stronger than that of the Mn41-O-M21 (M5Co,Ni) in-
teractions.

The Curie temperature of LaMn0.5
31Ni0.5

31O3 ~280 K! is
larger than that of the corresponding Co-containing com
sition LaMn0.5

31Co0.5
31O3 ~230 K!. This is possibly due to the

major contribution from Mn31-O-Ni31 or Ni31-O-Ni31 su-
perexchange interactions, as discussed in detail by Go
enough and co-workers.11,12 It may be noted that the low
spin Ni31, with an electronic configurationt2g

6 eg
1 , contains

one unpaired electron (S51/2), when compared to the dia
magnetic (S50), low-spin, Co31 ion (t2g

6 eg
0). Therefore, the

magnetic exchange interaction of the ty
Mn31-O-M31-O-Mn31 would be stronger whenM5Ni. To
understand the role of Ni in the magnetic exchange inte
tions in LaMn0.5Ni0.5O3, part of Mn31 or Ni31 was substi-
tuted by the non-magnetic ion, Al31. LaMn0.5Ni0.4Al0.1O3
and LaMn0.4Al0.1Ni0.5O3 were prepared by the low
temperature method and heated at 1300 °C. The temper
dependence of the magnetization of LaMn0.5Ni0.5O3 ~LMN !,
LaMn0.5Ni0.4Al0.1O3 ~LMNA !, and LaMn0.4Al0.1Ni0.5O3
~LMAN !, measured usingH55000 Oe, is compared in Fig
12. Measurements were made using a high magnetic fie
compare the effect of substitution of Al on the magnitude
magnetization as well as on the Curie temperature. There
drastic reduction in the magnetization when both Mn31 and
Ni31 are partially replaced by Al31. The magnetization a
the lowest temperature is reduced to 36% when Ni is sub
tuted by Al and to 19% when Mn is substituted by Al. Sim
larly, the Curie temperature~the temperature at which a sha
transition is observed inMZFC measurements usingH
550 Oe) is reduced from 280 to 250 K when Ni is subs
tuted and to 210 K when Mn is substituted. When a sim
substitution was made on the corresponding Co compos
LaMn0.5Co0.5O3,24 it was found that magnetization andTc
was not much affected on replacing Co by Al. The reduct

TABLE II. Comparison of the Mn 2p3/2 and Ni 2p3/2 XPS bind-
ing energies of Mn and Ni in the two different ferromagnetic pha
of LaMn0.5Ni0.5O3 ~LMN ! and NdMn0.5Ni0.5O3 ~NMN!.

Compound Sample Tc Mn 2p3/2 Ni 2p3/2

~K! ~eV! ~eV!

LaMn0.5Ni0.5O3 LMN400 150 641.8 854.6
LMN1300 280 641.5 854.3

NdMn0.5Ni0.5O3 NMN400 90 642.4 854.9
NMN1300 195 642.1 854.7
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in both magnetization and Curie temperature when Ni is
placed by Al indicates the direct role of Ni31 in determining
the higherTc of LaMn0.5Ni0.5O3 when compared to theTc of
LaMn0.5Co0.5O3.

Though there is a similarity in the properties and sp
states of the transition-metal ions in the two compoun
LaMn0.5Ni0.5O3 and LaMn0.5Co0.5O3, there is a major differ-
ence during the evolution of the phases having a higher
rie temperature. In the case of LaMn0.5Co0.5O3, the sample
annealed at lower temperatures (,500 °C), containing
Mn41 and Co21, is converted to a phase with a higherTc
after annealing at 700 °C which contains Mn31 and Co31

which is again converted back at higher temperatures t
phase containing Mn41 and Co21 and having the sameTc as
that obtained after heating at 400 °C.25 That is, there is an
unusual double charge disproportionation Mn411Co21

→Mn311Co31→Mn411Co21, indicating the stability of
the low-Tc phase of the compound having an orthorhom
structure. On the other hand, in the case of LaMn0.5Ni0.5O3,
the sample formed initially at 200 °C with a lowerTc ~hav-
ing Mn41 and Ni21! is slowly converted to a phase with
higherTc ~having Mn31 and Ni31!, and it did so only after
heating at higher temperatures (1300 °C). There is no for
tion of a different phase of this compound after heating
intermediate temperatures, and the phase containing M31

and Ni31 is not reverted back to a low-Tc phase after heating
at high temperatures. That is, there is only one stage
charge disproportionation as Mn411Ni21→Mn311Ni31 in
the case of LaMn0.5Ni0.5O3, as against the double charge di
proportionation observed in the case of LaMn0.5Co0.5O3.

The phenomenal difference in the evolution of the diffe
ent phases whenM5Co and Ni in La2MnMO6 may be due
to the fact that the rhombohedral phase of LaMn0.5Ni0.5O3 is
energetically more stable than the orthorhombic phase
against the more stable orthorhombic phase
LaMn0.5Co0.5O3 compared to its rhombohedral form, as ev
denced from energy density calculations by Yanget al.47

From band structure calculations of the electronic and m

s

FIG. 12. Temperature variation of the magnetization
LaMn0.5Ni0.5O3 ~LMN !, LaMn0.5Ni0.4Al0.1O3 ~LMNA !, and
LaMn0.4Al0.1Ni0.5O3 ~LMAN !; H55000 Oe.
6-9
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netic properties of rhombohedral LaMn0.5Ni0.5O3, Yang
et al.,48 found that there is no difference between the cha
occupation of Ni ions in the compound and LaNiO3 ~low-
spin Ni31). Similarly, the charge distribution of Mn ions in
the compound was found to be the same as that in LaMn3
(Mn31). The present results are in agreement with the ba
structure calculations. One of the interesting aspects of
high-Tc phase of LaMn0.5Ni0.5O3 is that both theB-site ions,
Mn31 and low-spin Ni31, are Jahn-Teller ions~one unpaired
electron in theeg orbital in both cases!. This may be respon-
sible for the additional stability of the rhombohedral phase
LaMn0.5Ni0.5O3 containing Mn31 and Ni31. It may be pos-
sible that the rhombohedral structure is favored because
the net effect of the Jahn-Teller distortions of Mn31 and
low-spin Ni31. Only Mn31 ions are JT ions in
LaMn0.5Co0.5O3, and the rhombohedral structure is le
stable due to this distortion, giving rise to the charge disp
portionation Mn311Co31→Mn411Co21 having a more
stable orthorhombic structure.

IV. CONCLUSIONS

The properties of LaMn0.5Ni0.5O3, synthesized by ceramic
and low-temperature methods of synthesis, have been s
ied in detail to understand the origin of ferromagnetism
this compound. Two magnetic transitions are observed in
sample synthesized by the high-temperature ceramic met
due to the presence of two different phases of the compou
The two phases are obtained in single-phase forms by a l
temperature method of synthesis. One phase showing a m
netic transition below 160 K is found to be stable only belo
500 °C, and is converted to the second phase having a hig
magnetic transition temperature~280 K! after heating at
higher temperatures, so that both phases coexist in sam
processed in the temperature range 500–1300 °C. This
plains why two magnetic transitions are observed in t
l-
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samples synthesized by the usual high-temperature cera
method. The crystal structures of the two phases are
found to be different: orthorhombic for the low-Tc phase and
rhombohedral for the high-Tc phase. High-temperature mag
netic susceptibility studies on samples annealed at 400
1300 °C gave comparable values for the effective magn
moment, with a large difference in the paramagnetic Cu
temperature, indicating the different strengths of magne
exchange interactions in the two samples. The effective p
magnetic moment values obtained for the two phases
comparable to the spin-only moments calculated for a co
bination of different spin states of Mn and Ni: Mn31 and
low-spin Ni31 for one phase and Mn41 and Ni21 for the
other phase. A comparison of the results obtained on
similar compound LaMn0.5Co0.5O3 and core-level x-ray pho-
toelectron spectroscopic studies give conclusive evidence
different spin states of Mn and Ni in the two phases: Mn41

and Ni21 in the nanocrystalline material showing a magne
transition at a lower temperature, and Mn31 and low-spin
Ni31 in the high-Tc phase. These results indicate a possi
charge disproportionation, Mn411Ni21→Mn311Ni31,
when the low-temperature synthesized sample is heate
the temperature range 400–1300 °C. The results also indi
that the rhombohedral phase of the compound contain
Mn31 and Ni31 is more stable. This is contrary to the resu
obtained for LaMn0.5Co0.5O3, the orthorhombic phase havin
Mn41 and Co21 is found to be more stable. This differenc
in the stability of the different phases whenM5Co or Ni in
LaMn0.5M0.5O3 may be attributed to the presence of the tw
different Jahn-Teller ions, Mn31 and low-spin Ni31 in the
case of LaMn0.5Ni0.5O3.
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