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Two ferromagnetic phases with different spin states of Mn and Ni in LaMn, sNig 05

V. L. Joseph Joly, P. A. Jdy,and S. K. Date
Physical and Materials Chemistry Division, National Chemical Laboratory, Pune 411008, India

C. S. Gopinath
Catalysis Division, National Chemical Laboratory, Pune 411008, India
(Received 15 December 2001; revised manuscript received 1 March 2002; published 24 April 2002

A ferromagnetic transition below 280 K is observed in the temperature variation of the magnetization,
measured using high magnetic fields, for samples of LMy -O; synthesized by the high-temperature
solid-state reaction method. On the other hand, two well-defined magnetic transitient5@tand~280 K,
are observed in low-field zero-field-coolé@FC) magnetization ¥1,zc) measurements on these samples,
indicating the possibility for the existence of two different ferromagnetic phases of the compound.
LaMng sNig 03, synthesized by a low-temperature method, shows a single magnetic transitidrb@tK for
samples annealed below 500 °C and a single magnetic transition at 280 K for samples annealed above 1000 °C
in the low-field M,gc 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 médasiained at 400 °C) with
spin states of Mn and Ni as Mh and N?* undergoes a magnetic transition below 150 K, whereas high
temperature (1300 °C) annealed material with spin states liké"'Mmd low-spin Ni* becomes ferromag-
netic below 280 K. A charge disproportionation of the type*N Ni2* —Mn3* + Ni®* takes place when the
low-temperature synthesized LalyiNip O3 is annealed above 500 °C. The results give evidence for the
existence of two different phases of LajylNi 05 with different crystal structures and different spin states of
Mn and Ni.
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[. INTRODUCTION understand the nature of the magnetic exchange interactions
in these compounds:*® When M=Co or Ni, the com-
Recent interest in the study of the double perovskitegounds were found to order ferromagnetically, compared to
A,BB’'O; stems from the observation of large tunnelling the antiferromagnetic, diamagnetic, and paramagnetic behav-
magnetoresistance at room temperature in the half-metalli{ors of LaMnG;, LaCoQ;, and LaNiQ, respectively. Sto-
compound SiFeMoQ,.t Sr,FeMoQ, is a ferromagnet at ichiometric LaMnQ@ has an orthorhombic perovskite struc-

; iV
room temperature, and is a promising candidate for devic ure, whereas LaCoDand LaNiQ; are rhombohedrdf

®Because of the different structures of the end members, it is

based on intergrain-tunnelling magnetoresistance. Two difbossible that L@MnMO?Zmay form in two different struc-

ferent crystallographic forms with differ_ent Curie tgmpera-tures_ Goodenougat al 2 observed two different ferromag-
tures are reported for §feMoQy: a cubic pha;sg: Withle  netic Curie temperatures for LaMECa,Os, due to the
=390 K and a tetragonal phase wilh=415 K" The Fe  presence of orthorhombic and rhombohedral phases of the
and Mo ions in SyFeMoQ; are found to be mixed valent, compound in their samples synthesized by the conventional
from paramagnetic susceptibility and “S&bauer spectro- solid-state reaction method. Goodenough and co-workers
scopic studies, and the majority of the ions are present agere of the opinion that the Mn ions are trivalent in these
Fe* and M@+ .4% It has been predicted that the perfect al- compounds with theM ions Co and Ni in their trivalent
ternating order of Fe and Mo ions in the octahedral site%’W'Sp'RASr%tft‘(a)s I\S/IO that ferromaﬁnensm n the?‘aﬂgﬁ’zﬂﬁwnds IS
promotes the equilibrium Bé+Mo°" —Fe& " +Mo®*, and ;Jte tot ‘ ~r t?] _superzxc gnE%\%n;Aezr?cotlo : e|rt
that the overlapping of the redox energies of HES+ and 21 cmPLS 10 synthesize orgered LajalVos-s Were no
Mo®*/Mo®" pairs give rise to half-metallicity and ferromag- successful, and found that the cations favor Lgif0c; {05

+ il 1 I 5
netism in SsFeMoQ, > and LaMr§ tNi{/ L5 (the notationM'"" is commonly used to

. . . represent low-spin trivalent iohso that there is no ordering
The mixed valency of transition-metal ions, the chargeon theB sublattice. Jonket* however, concluded that a mix-
disproportionation, the existence of two different crystallo-i,re of M+ and C3* ions. as in LaMn@ and LaCoQ

graphic forms, etc., appear to be some of the common fegand to form M+ -C2* pairs in LaMn, £Cay, <05 due to the
tures of the perovskite type magnetic oxidésBB'Os  charge disproportionation M +Co®* —Mn** +Co?*. On
(ABo B 503)."*° The magnetic properties of the manga- the other hand, Vasanthachargaal’® showed that the
nese oxides LaMnM Og, whereM =Co, Ni, Cr, etc., were reverse reaction Mr +Ni?"—Mn3* +Ni®" is favored in
first studied in the 1960gboth the perovskite formula the case of LaMgeNig=Os. Other magnetic'*® and %Mn
LaMnysMys0; and the double perovskite formula NMR (Ref. 19-2] studies also gave evidence for the
La,MnM Og were commonly used by the earlier worket® ~ Mn**-O-M?* superexchange interactions in,MnM O.
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Recently, we have prepared two different ferromagneticof Mn®* ion.2 The cubic form of the compound at high
phases of LaMgsCoy 503, in single-phase forms, by a low- temperatures is orthorhombically distorted below a certain
temperature method of synthe$fsThe material obtained by temperature because of the JT distortion. Substitution of part
the conventional solid-state reaction method was found t0 bgs M3+ in LaMnO, by other trivalent ions induces ferro-

a mixture of the two different phases of the compound. The‘magnetism due to the decreased JT distortion, as in
rhombohedral phase of LaMgCa, O3 in single-phase form LaMn,_,Ga0; and LaMn_,CoO; containing diamag-
is found to be stable only below 700°C, and the seconche,[iC low-spin 6=0), C&* ions!? If the diamagnetic low-
phase in single phase form is obtained only after heating pin ’Coa,+ ion in LaMm Coy.Os is replaced by low-spin
1300 °C. The rhombohedral phase orders ferromagnetically s (S=1/2). the maSnetic 3properties are expected to

at a higher Curie temperature when compared to the Iowerh iderablv. This is b | AN
magnetic ordering temperature of the orthorhombic phasec. ange considerably. 1hiS IS because, low-spl 5 a

Apart from the difference in the structures and Curie tem~2hn-Teller ion similar to M#i", having one unpaired elec-
peratures, the major difference between the two phases w&&n in theeg orbital. The combined JT distortion of M _
found to be the difference in the nature of the magnetic ex2nd low-spin Ni* is thus expected to alter the magnetic
change interactions because of the different spin states of Mproperties of LaMpsNigsO; drastically. In fact, a higher
and Co in the two different phases of the compotidfMn  T.=280 K has been reported for LalNiy s0; when com-

and Co ions were found to be present as*Mand low-spin ~ pared to theT.=230 K for LaMn, sC0,s03,'* despite the
Ca*" in the highT., rhombohedral, phase, so that ferromag-very small size difference between low-spin trivalent Co
netism is due to M#i"-O-Mn®* superexchange interactions. (0.545 A and Ni(0.56 A) ions. Goodenouglet al*? attrib-

On the other hand, the loWz, orthorhombic, phase consists uted this to the combined effect of positive RrO-Mn3*

of Mn** and C&", so that MA"-O-C&" superexchange and Mr**-O-Ni** (Ni®* in the low-spin state superex-
interactions are responsible for ferromagnetism in this phasehange interactions. Woldbt all* also found that their

of the compound. The rhombohedral phase of the compoungamples synthesized by the ceramic method, containing less
is slowly converted to the orthorhombic phase when heate¢ghan 296 N?*, is orthorhombic with MA™ and low-spin
ab%ve 700°C, acc:)mpanied by the charge disproportionatioRj3+ . On the other hand, Blasse argued that ferromagnetism
Mn _*+C03*—>Mn ++C0_2*. Therefore, the material syn- j, | amn, N, <O; is entirely due to MA™-O-Ni2* superex-
thesized by the conventional ceramic method always conghange interactions which was later concludéd from
tains mixed phases of LaNBCQ, 5O; in different amounts  ss\1"NuR [inewidth measurements. However, Sonobe and
and mixed valence states of Mn and Co when samples algqy; found that the x-ray-diffraction patterns of their

prepared after heafting in the temperature rang9’5amp|es, synthesized by the usual solid-state reaction of the

1000-1300°C which is the processing temperature rang(?orresponding oxides and low-temperature methods, were a

%iospmd for the synthesis of substituted perovskite type 0Xéuperposition of the patterns of a major orthorhombic phase

One of the interesting properties observed forand minor amounts of a rhombohedral ph#As€he fraction

LaMny <Cop £O5 is its unusual magnetic behavior when the pf the orthorhpmbic .phase content ipcreased with annealing
material is in the nanocrystalline forfii.Nanocrystalline " ©Xygen. This implies that LaMjyNiosO; also may form
LaMn, £Ca, <05 is found to possess magnetic propertiesn two dlffe_rent crystallographic modifications, as expected
similar to that observed for the phase obtained at higher prdfom the different crystal structures of the end members
cessing temperatures having a lovi&r. Thus an unusual LaMnO; and LaNiQ;, which may coexist in the samples
charge disproportionation of the type Rint Co?* —Mn3* processed in a certain temperature range, as found for
+Co’"—=Mn*"+Cc?* was found to be operative in nano- LaMnysCoysO3. However, there is no report so far in the
crystalline LaMn £Ca, <05, when samples were annealed in literature on the existence of two ferromagnetic phases of
air in the temperature range 200-1300%CThe lowT,  LaMngsNigsOs.
phase of the compound formed initially at very low tempera- In view of the report on the the coexistence of two crys-
tures is transformed to the high- phase and then again tallographic forms of LaMgsNigsO5 by Sonobe and AsaP,
converted back to the loW; phase when annealed in this the mixed-phase behavior observed for LaMboysO3
temperature range due to the above charge disproportiosamples synthesized by the solid-state reaction method and
ation. the different spin states of Mn and Co in the two different
In stoichiometric LaMnQ@ with a GdFeQ-type ortho-  single phase form&?*and the observation of an unusual
rhombic structure, ferromagnetic layers of #nions are charge disproportionation in the nanocrystalline form of
coupled antiferromagnetically, giving rise fetype layered LaMngysCoy O3 synthesized by a low-temperature metiiod,
antiferromagnetic ordering and very weak ferromagnetism awe have synthesized LaMgNiysO3 by the usual ceramic
low temperatures due to a canted antiferromagnetic arrangend low-temperature methods, and studied the magnetic
ment of sping® However, high-temperature susceptibility properties of the samples heated to different temperatures.
measurements above the orthorhombic-cubic transition temFhe studies were aimed at resolving the problem of the spin
perature give large positive value for the paramagnetic Curistates of Mn and Ni, and therefore, to verify the nature of the
temperature, indicating the possibility of ferromagnetism inmagnetic exchange interactions in LajdNigsO;. The ex-
the cubic phase of the compoutt’.’ This unusual magnetic istence of two ferromagnetic phases of LaMNiq <05 with
behavior of LaMnQ is due to the Jahn-Tell¢dT) distortion  different spin states of Mn and Ni has been identified in the
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present work, from magnetic and core-level x-ray photoelec-

tron spectroscopic studies. s ----1100°C

.

15 L 'v,gf ...... - \‘ _______ 1200 oC
Y ——1300°C

II. EXPERIMENT

LaMng sNip O3 (LMN) samples were synthesized by the
conventional high-temperaturgeferred as HT samples in
the tex) solid-state reactioricerami¢ method and a low-
temperaturgreferred as LT samples in the texhethod. In
the ceramic method, a stoichiometric mixture of,0a, 20
MnO, and NiO was heated at 1000 °C for two days with two 05} 5
intermediate grindings. The powders obtained were then Ew
heated at 1100 and 1200 °C for one day each and then at | =
1300°C for four days with intermediate grindings. All the T
heatings were made in air and the samples were then furnace 0.0 ! : :
cooled to room temperature. LalylgNip <05 and a sample of 100 200 300
NdMnyNipsO; were prepared by a low-temperature T (K)
glycine-nitrate method® as described previousf. In the
low-temperature method, the powder samples obtained after FIG. 1. ZFC magnetization curves$iE50 Oe) of the ceramic
initial decomposition of a metal nitrate-glycine mixture at (HT) LaMng sNigsO3 samples annealed at 1100, 1200, and 1300 °C.
~200°C was then heated at different temperatures in théset: temperature variation of the magnetization measured at
range 200—1300 °C for 12 h each in air, and furnace cooled 5000 Oe.
to room temperature.

Powder x-ray diffraction(XRD) patterns were recorded deficient(2.95. This could be due to the error in the calcu-
on a Philips PW 1830 powder x-ray diffractometer. Magneticlation (actual weight of the sample taken for measurement
measurements were performed on a PAR EG&G vibratingvill be less due to the high carbon content in the sample as
sample magnetometer. The temperature variation of the magvidenced from XPS studigs
netization (80-300 K) was measured after cooling the
samples in zero magnetic fielgzero-field-cooled(ZFC),
magnetizatiof and then recording the magnetization while
warming the sample in a field of 50 Oe. ZFC magnetization A. Magnetization measurements
fomperatare. Photoemission Specira.at oo temperaturs, . MANetic transition below-280 K is reported in the
were recorded on a VG Microtech Multilab ESCA 3000 terature from studies on the magnetic properties of

) LaMng Nip 05 (LMN) using high magnetic fields. Com-
spectrometer using M -ray sourcg(1253.6 eV, as de- 0-5 70573 : :
sgribed previoL:Jsllﬁ.g E)groe(r;(ne cyare uhag( been tak\in 0 mini- pared to the reports on the mixed-phase behavior observed

. v : for the related compound, LaMgCa, 03,223 there are no
mize the surface contamination problem by Scrap'ng.th?eports on the possible existence of two different magnetic
sar_nples thoroughly and repeatedly over the surface with Bhases for LMN, except for the observations by Sonobe and
stainless steel blada situ under high vacuum. The scraping Asai in 19922° V\;hO found, from powder XRD studies, the
was repeated until the higher binding energy shoulder in th‘?ormation of 5;1 minor amodnt of a rhombohedral phasé along
O 1s X-ray photoemission spectroscogXPS) showed a

L S . ith the orthorhombic phase of the com .
minimum and no further decrease in intensity. In the case o P pound. We have

N ; hown earlier that magnetic measurements using very low
the LT samples heated at 400°C, on which XPS measureh'wagnetic fields can detect the presence of different phases of
ments were made, excess carbon was found in the sampl

P kit i thesized bv the low-t tefgrromagnetic compounds, if they coexist in the
erovsxite manganites synthesized by the OW-lemperatule, ,|e£3:32.33 Therefore, zero-field-cooled magnetization

; 20
methqu afr?hknown flor c(;a.abontcontammt?]ﬁaﬁ. th)epeate(tj (Mzgc) measurements were made at a low magnetic field of
scraping ot the samples did not remove the carbon contamg, Oe, to look for the possible existence of different phases

nation in the LT samples, indicating the presence of carbo%f LaMny NigOs, if any, in the HT and LT samples an-
in the bulk. However, very good improvement in the spectral - ¢ a%Sdif?ére?Ht températures P

quality of O 1s, C 1s, and valence-band spectra of the LT
samples after scraping clearly indicated that the bulk carbon
contamination do not significantly affect the overall results
presented here. Further, core-level XPS measurements were Figure 1 shows the ZFC magnetization curves of the
made on three different LT samples, each to make sure th&taMng sNigsO; sample synthesized by the solid-state reac-
the results are reproducible. Oxygen stoichiometry was detion method. Magnetization curves recorded after annealing
termined by redox titration, using potassium permanganatthe sample at 1100, 1200, and 1300°C are shown in the
and ferrous sulphate. The oxygen stoichiometry of thdigure for comparison. Two well-defined magnetic transi-
sample heated at 1300°C was found to be®@01. The tions, at~150 and~280 K, are clearly visible in all the
sample heated at 400°C was found to be slightly oxygerturves. There is no change in the onset of the magnetic tran-

10

M, . (emu/g)

Ill. RESULTS AND DISCUSSION

1. HT samples
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FIG. 2. ZFC magnetization curveHES0 Oe) of the low-

temperature synthesized LalyyNiy<O; samples annealed in the FIG. 3. Comparison of the ZFC magnetization curvel (
temperature range 200—1300 °C. =50 Oe) of the HT sample of LaMaNig sO; annealed at 1300 °C

(LMN-HT) with the curves of the LT samples annealed at 400°C
sition temperatures or relative heights of the individual mag{LMN400) and 1300 °QLMN1300), and a 2:1 physical mixture of
netic transitions even after heating at higher temperature$MN400 and LMN1300(mix-2:1).

From the two clear magnetic transitions at different temperaj,gicates that the two different ferromagnetic phases of
tures, and when compared with the similar results obtainedann, (Ni, <05 can be obtained in single-phase forms by a
on LaMnysCoys0; samples prepared under identical |ow-temperature method of synthesis, and when heated be-
conditions>” it appears that there are two possible ferromag{iow 500°C and above 1200°C. The ZFC magnetization
netic phases for LaMyyNig<O3;. The inset in the figure curve of a physical mixture of the samples annealed at 400
shows the temperature variation of the magnetization of thend 1300 °Qa 2:1 rati9 is almost identical to that of the HT
sample heated at 1300 °C, measured at 5000 Oe. The higbample, suggesting that the HT sample contains almost a
field magnetization curve does not clearly show the two dif-third of the phase showing a higher transition temperature.
ferent magnetic transitions. The magnetic transition appearSn the other hand, the broad magnetic transitions of the LT
very broad, with the onset of the magnetic transition belowsamples annealed between 600 and 1000 °C are indicative of
280 K. This high-field magnetization curve is similar to thata slow conversion of one phase in to the other.

reported by Sonobe and Asai for one of their samplesea- From the studies ofiRMn, Co,0; with different rare
sured at 18 kOe. earth ions R=Pr, Nd, Sm), it was found that other rare-
earth-containing compositions also show two different ferro-
2. LT samples magnetic phases when processed at different temperafures.

Temperature variations of the zero-field-cooled magnetifor both low- and hight; phases, the transition tempera-
zations of LaMg Nig 03 samples, synthesized by the low- f[uresésdecreas_e with decreasmg_ ionic size of the rare-e_arth
temperature method, and annealed between 200 and 1300 #@fs:™ To verify whether a similar two phase problem is
are shown in Fig. 2. The magnetization curves of the sample@ncountered when La is replaced by other rare earth ions in
annealed between 200 and 400 °C are identical, and the onde@Mno sNio 505 also, magnetic measurements were made on
of a broad magnetic transition is observed below 160 KNAMngsNiosO5 (NMN) samples processed at different tem-
Increasing the annealing temperature above 500 °C causedgrature. ZFC magnetization curves of NMN samples an-
broadening of the magnetic transition, with an increase in th&@€aled at 400 and 1300 °C show magnetic transitions below
value of the temperature at which the magnetization is in90 and 195 K, respectively, as shown in Fig. 4, indicating the
creased from the base line. A sharp magnetic transition 0ssible formation of two different ferromagnetic phases of
280 K is observed for the sample annealed at 1300 °C. BNdMnggNigsO; as in the case of LaMyNiosOs. The de-
comparing the results for the LT samples with those obtaine§'eéase in the magnetic transition temperatures, for both
for the HT samplegsee Fig. 3 it may be seen that the Phases, when %3 is replaced by N&" with a lower ionic
magnetic transition observed for the LT sample annealed &tize, is due to the internal pressure effect as observed for
400°C is at the transition temperature of the first magnetidMng.sC0p sO3.
transition observed for the HT sample- {50 K). Similarly,
the magnetic transition observed for the LT sample annealed
at 1300 °C is at the transition temperature380 K) of the In the previous reports on LaMn,Ni, Oz, 831t was
second magnetic transition observed for the HT sample. Thiglentified that all compositions up to=0.5 in the series are

B. Powder XRD studies

184416-4



TWO FERROMAGNETIC PHASES WITH DIFFEREN. . . PHYSICAL REVIEW B 65 184416

2F  NdMn_Ni O

05 053

LMN-HT

NMN1300

M, (emu/g)

NMN400

J }\L ‘A LMN1300 N
A o
O N
. . . ) LMNS0O
100 200 300 i A

A
LMN400
FIG. 4. ZFC magnetization curvedHES0 Oe) of the low- oo o~ A N
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orthorhombic, and rhombohedral far0.5. Wold et al. ob-
served a slight monoclinic distortion far=0.5 and a mono-
clinic structure forx>0.5M However, considering the fact  FiG. 5. Powder x-ray-diffraction patterns of the Lajhliq s

that the structure is orthorhombic fer<<0.5 including the  samples synthesized by the ceramic method, annealed at 1300 °C
end member LaMn@and rhombohedral fox>0.5 includ-  (LMN-HT), and the low-temperature method, annealed at 200 °C
ing the end member LaNiQ it is possible that, fox=0.5, (LMN200), 400 °C (LMN400), 800 °C (LMN800), and 1300°C

two different phases with the above two structures may forr{LMN1300).
simultaneously as observed in the case of Lgh@Qt, Os.

As mentioned in Sec. I, Sonobe and Asai found the presence

of nearly 10-25% of a rhombohedral phase in their

LaMny Ni, 05 sample prepared by the ceramic metRdd. Powder XRD patterns of the LT samples of
LaMngsNip 05, annealed at 200 (LMN200), 400

(LMN400), 800 (LMN800), and 1300 °C(LMN1300) are
compared in Fig. 5. All the reflections of LMN200 corre-
The powder XRD pattern of the HT sample annealed akpond to a perovskite phase, indicating the formation of
1300 °C(LMN-HT) is shown in Fig. 5. No impurity peaks | amn,Ni, 05 at 200°C. The XRD patterns of LMN200
are observed, indicating the formgltion of a perovskite phaseynd LMN400 are identical, and the reflections are very broad
Wold et al.™* and Troyanchulet al™* found that the crystal  jngjcating the fine particle nature of the compound obtained
structure of LaMpeNig O3, synthesized by the solid-state 4 |y temperatures. The average particle size is obtained as
method, as _orthorhomb!c. The powder XRD pqttem °f13 nm from x-ray line broadening, calculated using the
LMN'HT in F'_g' 5 can be indexed on an orthorhombic struc- Scherrer formuld® t=0.9\/8 cos#; wheret is the particle
ture with lattice parametera=>5.477 A, b=5.464 A, and ize,\ is the wave length of C« radiation, 3 is the full

c=7.670 A. These lattice parameters are almost comparab%idth at half maximum of the diffraction peak corrected for

to those reported previousty®! However, magnetic mea- . . . ) .
X P y ’ J nstrumental broadening, arlis the diffraction angle. The

surements already indicated the presence of two ferroma(j8 .
netic phases in this sample. Therefore, it is reasonable t owder pattern of LMN200 could be indexed to an ortho-

assume that the observed pattern comprises of the contrib{f?0mbic unit cell with lattice parametera=5.50 A b

tions from these two different phases. The observed patteri 5-65 A, andc=7.78 A. On the other hand, the XRD pat-
could be fitted to~70% of an orthorhombic phasea( €M of LMN1300 corresponds to the reflections from a

=5.478 Ap=5.460 A, andc=7.672 A) and~30% of a fhombohedral lattice. The rhombohedral lattice parameters
rhombohedral phase & 5.426 A anda=60.9°). These val- are obtained aa=5.428 A, and 60.9°. The powder pattern
ues are comparable to that reported by Sonobe and?Asai.0f LMN80O, showing multiple magnetic transitions below
The ratio of the two phases found from powder XRD, in the~280 K, is almost identical to that of the sample prepared
HT sample, is in agreement with the magnetic measurementsy the ceramic method showing two magnetic transitions.
on a physical mixture of the two individual phases obtainedThe pattern of LMN8O0O also is a mixture of an orthorhombic
by the low-temperature method of synthe@se Fig. 3. phase (-60%) and a rhombohedral phase 40%).

2. LT samples

1. HT samples
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In the case of perovskite type compounds, which are mag- 300
netic, it is known that the magnetic transition temperature
depends on the structure of the compound. The highest Curie
temperature is found for cubic phases, and the Curie tem-
perature decreases when the structure is distorted to rhombo-
hedral and then to orthorhombi€.This is because the
strength of magnetic exchange interactions in the perovskites
depends on interionic distances and bond angles BFoeB
bond angle(in ABO3) is decreased when the structure is
distorted from cubic— rhombohedral- orthorhombic. This
distortion modifies the magnetic transition temperature be-
causeT, is determined by the strength of the exchange in-
teractions due to orbital overlap between manganese and
oxygen. The Curie temperature of the rhombohedral phase of
LaMng sCoy sO; was found to be larger than that of the oll v ooy
orthorhombic phase, and similar results are observed here for 300 400 500 600 700 800
LaMn, sNig 05 also, which is in accordance with the obser- T (K)
vations of the structural dependenceTqf.

From zero-field-cooled magnetization measurements us- FIG. 6. Temperature variation of the inverse of the paramagnetic
ing low magnetic fields and powder XRD measurements, isusceptibility of LMN400 and LMN1300.
is now obvious that LaMggNig sO3 can form in two differ-

ent CrySta"OgraphiC forms with different magnetic transition possib|e that the spin states of Mn and Ni in LMN400 and
temperatures. Having found that LaiNioOs, synthe- | MN1300 are either identical or have the above two differ-
sized by the high-temperature ceramic method, is multiphaent combinations. The different values of the paramagnetic
sic due to the presence of two different phases of the comeurie temperatures obtained from a Curie-Weiss fit to the
pound, and that single phase compounds are obtained froBysceptibility data indicate a difference in the strength of the
samples synthesized by the low-temperature method and amagnetic exchange interactions and, therefore, a possible dif-
nealed at 400 and 1300°C, we have studied these twference in the spin states of Mn and Ni in LMN400 and
samples in detail to understand the difference between themMN1300. In the case of LaMyCa, O3, a higher Curie
two different phases of the compound. High-temperatur@emperature was found for its rhombohedral phase contain-
paramagnetic susceptibility and core-level XPS studies wergyg Mn®* ijons and low-spin Cb' ions. The fact that a
performed on these two sampldsMN400 and LMN1300  higher Curie temperature is obtained for LMN1300, which is
to obtain information on the Spin states of Mn and Ni in rhombohedral, implies that the possible spin states in

200

%" (mole/femu)

100

LaMng sNig sOs. LMN1300 are Mi™ and low-spin N¥" (uq¢1=3.57 ug and
tso=3.67 ug). Assuming that LMN400 contains MA and
C. Magnetic susceptibility studies Ni®*, as observed in the case of Layy€0, O3, then the

) higher value ofu.¢; of LMN40O when compared tqu,
The temperature dependence of the inverse of the Parg;|culated for MA* and N2+ can be accounted for, consid-

magnetic susceptibility %300 K) of LMN400 and  ging the contribution from the spin-orbit coupling of?Ni
!_MN13OO is shown in Fig. 6. Tohe suscepublhty_ of LMN_409 A slightly larger value ofue(; can be expected for Ri due

is measured up to 573 K (300 °C) only, which is well within 14 the contribution from spin-orbit coupling, as generally
the stability temperature of this phase. The susceptibility of)pserved® Usually the average magnetic moment calculated
LMN1300 is measured up to 723 K (450 °C), as this phase iy, the 3A,g ground term of Ni*, incorporating the contri-
stable in this ltemperature range. A Curie-Weiss behawiqr bution from spin-orbit coupling, using ;e: s
_C/(T_®)’. 1S observed_for both samples._ The eﬁe.Ctlve—4)\/10Dq), where\ is the spin-orbit coupling coefficient,
paramagnetic momemeff—2.828\/6, whereC is the Curie

constant, is obtained from a least-squares fit to the data in the _ ) )
linear region at high temperatures. Almost identical slopes TABLE I. Comparison of the spin-only momentaJ,) for vari-
with different intercepts on the temperature axis are obtaine§us SPin states of Mn and Ni in LalNio 5Os.

for both samplesuq¢s is obtained as 3.54g and 3.57ug

for the two samples LMN400 and LMN1300, respectively, Spin states pdre)”
and the corresponding paramagnetic Curie temperat@s ( Mn3* (S=2), Ni¥* (S=3/2) 4.41
are obtained as 192 and 313 K. Mn3* (S=2), Nit* (S=1/2) 3.67
The spin-only values of the moment,, for various Mn** (S=3/2), NR* (S=1) 3.39
possible combinations of different spin states of Mn and Ni Mn2* (S=5/2), Nt (S=2) 5.43
in LaMng sNig O3 are compared in Table |. The experimental Mn2* (S=5/2), NA* (S=1) 4.64
Mett Values (3.54ug and 3.57ug) are comparable to the Mn2* (S=5/2), NA* (S=0) 418

spin-only moments calculated for high-spin #nand low-
spin NP* as well as for MA™ and N?*. Therefore, it is  ug,=[0.5u2,+0.5u3 Y2 n=[4S(S+1)]¥2
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MN1300 ——LMN1300

Intensity
Intensity

635 640 645 650 655 660 665
Binding Energy (eV)

850 860 870 880
Binding Energy (eV)

FIG. 7. Mn 2p XPS of LMN400 and LMN1300. . .
FIG. 8. Ni 2p XPS of LMN400 and LMN1300, along with the

Dqg is the crystal-field splitting parameter, ang., L8 33 XPS of LaM G505 (LMC).
=2.83 ug, is ~3.25 ug. Using this value ofu, the cal-
culated moment for MH" and NF™ in LaMnggNig<Os
would be 3.58ug which is comparable to the experimental
value of 3.54ug for LMN400. Therefore, if the contribution
from the spin-orbit coupling of Ni" is taken into account, it
may be considered that the combination of the spin stat
Mn** and NF* is possible in LMN400.

with a higherT,, indicating that the spin state of Mn is
Mn®** in LMN1300 and Mri™ in LMN400.

Figure 8 shows the |2 core-level XPS of Ni in LMN400
and LMN1300. Unfortunately, the binding energy of the sat-
ellite peak of La &5/, is almost identical to the BE of%,,
of Ni in oxides, and therefore these peaks overlap for com-

e[§ounds containing both La and Ni. The main and satellite
peaks of La 83, in La,O3 and other perovskite-type oxides
are observed with an intensity ratio of approximately 1,
D. XPS studies as shqwn in Fig. 8 for Lal\/l{_\SCoOEQ} Therefore, the larger
intensity of the peak in the BE region of the satellite peak of
Core-level x-ray photoelectron spectroscopic studies wergg 3d,, may be considered as the contribution of Nis2
performed on LMN400 and LMN1300 to confirm the results for both LMN400 and LMN1300. Since the £&ion is situ-
obtained from high-temperature magnetic susceptibility studated in the same environment in both LMN400 and
ies. Core-level XPS's of the transition-metal ions are known_MN1300, and the BE of the Lad, main peak is identical
to be sensitive to their spin-states and-@ectron contents. for both samplegthe intensities of this peak is normalized
There is a general trend that the core-level binding energyor all samples in the figuje it may be assumed that the
increases with the increasing oxidation state of a given iongmall difference in the BE of the peak in the region of the La
provided that the ions are located in similar coordination3d,,, satellite peak is due to the difference in the BE of Ni
environments in different compounds. However, this rule2p,, in the two samples. This comparison gives a k2
breaks down when the number of unpaired electrons chang®E of 854.6 eV for LMN400 and 854.3 eV for LMN1300. A
due to a change in the spin state of a given ion. It wassimilar difference in the BE is also observed for the N2
reported earlier that under identical octahedral coordinatiopeaks for the two compounds. The differences in the binding
environments, the {3, binding energy(BE) of low-spin  energies of Ni s, and 2, are AE=17.8 eV for
Co®* is lower than that of C&".**“°Similarly, it was found  LMN400 andAE=17.6 eV for LMN1300, respectively. The
that the Ni 23, BE of Ni,O3 containing low-spin Ni* is  |ower value ofAE for LMN1300 by 0.2 eV may be taken as
lower than that of NiO containing Rif 4142 evidence that there is one less unpaired electron in Ni in this
The 2p core-level XPS’s of Mn in LMN400 and sample. This fact, when combined with the lower BE of the
LMN1300 are compared in Fig. 7. The binding energy of MnNi 2p,, peak, then corresponds to the spin state of Ni as
2p3, is obtained as 641.8 eV for LMN400 and as 641.5 eV|ow-spin NP (S=1/2) in LMN1300 and as Ni* (S=1) in
for LMN1300. Generally the @5, BE is found to be lower | MN400. These spin states of Ni in the two samples are
for Mn®* than for Mrf*, when the ions are situated in iden- similar to that observed for Co in the nanocrystalline and
tical environments(as in LaMrf*O; and CaMiA*03) by  high-temperature heated samples of LaMBoy0s.2°> A
0.3-0.4 eV. The difference between the BE's of Mp32  lower BE is expected for low-spin Rii when compared to
obtained for the two samples of LalMiNig 5O is identical  the higher BE of Ni™, due to the lower number of unpaired
to that found for the two different phases of Laja, sO5 electrons in the former. Moreover, these spin states of Ni
having different spin states of Mn, Mh for the highT, in the two samples are in accordance with the spin states of
phase and Mh"™ for the lowT, phasé* In the case of Mn, which will take care of charge neutrality and oxygen
LaMng sCoy 505 also, a lower BE is obtained for the sample stoichiometry.
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------- LMN400 Ni2p
—LMN1300 NMN400
------- NMN1300
Mn 3p
= =
2 2
2 -]
g | JilvN £
2 1 2 1 2 1 2 1 " 1 " 1 " 1
40 45 50 55 60 65 70 75
A 1 1 1 A
Binding Energy (eV) 850 860 870 880
FIG. 9. Mn and Ni 3 XPS of LMN400 and LMN1300. Binding Energy (eV)

A comparison of Mn and Ni B XPS’s, shown in Fig. 9, FIG. 11. Ni:2p XPS of NMN400 and NMN1300.

of LMN400 and LMN1300, also shows the same trend in the _ _ - _
binding energies. Mn 3p XPS peaks are observed at 49.1 arhder identical conditions. Mn and Nip2XPS'’s of the two
48.8 eV, and Ni ® peaks are observed at 66.9 and 66.7 evsamples of NMN, heated at 400 and 1300(NMN400 and
respectively, for LMN400 and LMN1300. This gives further NMN1300), and showing magnetic transitions at different
evidence of the different spin states of Mn and Ni in the twoteémperatures, are shown in Figs. 10 and 11, respectively. The
samples, as concluded from the analysis of tpeX®PS of ~ Mn 2ps; and Ni 2p5, XPS binding energies of Mn and Ni
Mn and Ni. in LMN and NMN are compared in Table Il. There is a small
The overlapping of the Ni @, XPS peaks with that of shift in the BE’s of the XPS peaks to.hi_gher values by
La 3da, satellite peak for compounds containing both La~0-5 eV when La is replaced by Nd. Similar effects have
and Ni can be taken care of by selecting another rare-eartpeen generally observed in the XPS studies on different rare-
ion, whose XPS peaks will not interfere with that of Ni €arth compounds:™™ _ _ o _
2P, i the same composition. To compare the differences As expected, there is a difference in the binding energies
in the Ni 2ps, XPS binding energies of the compounds Of the Mn as well as Ni p XPS peaks of NMN400 and
heated at 400 and 1300 °C, and to further confirm the obsefNMN1300. As observed for the corresponding LMN
vations made on LaMyNiyOs, core-level XPS studies samples, the Ni @5/, binding energy is lower by 0.2 eV for

were made on NdMyNig:Os (NMN) samples processed NMN1300, showing a magnetic transition at a higher tem-
D perature when compared to NMN400, confirming that the

spin state of Ni is Ni* in the sample showing a lower mag-
Mn 2p netic transition temperature and low-spir’Nifor the high-

T. phase with rhombohedral symmetry. A similar difference
in the Mn 2p5, BE energy is also observed for the two NMN
samples, indicating the presence of Mnand Mr?™ in the
samples heated at 400 and 1300 °C, respectively.

E. Charge disproportionation and magnetic exchange
interactions in LaMn g 5Nip sO3

Intensity

The results from high-temperature paramagnetic suscepti-
bility and core-level XPS studies confirm that the spin states
of Mn and Ni are different in the two ferromagnetic phases
—NMN400 of LaMng gNip 05 obtained at different processing tempera-
------- NMN1300 tures. The different spin states of Mn and Ni, #Mnand
- Ni?* in LMN400 (low-T, phas¢ and Mr?" and low-spin

PN T RSN S N NP E— Ni®* in LMN1300 (high-T, phasg, explain the different
635 640 645 650 655 660 665 magnetic transition temperatures of these two samples of
Binding Energy (eV) LaMng sNig 503, and point to the existence of two possible
phases of the compound. The different spin states of Mn and
FIG. 10. Mn 20 XPS of NMN400 and NMN1300. Ni in LMN400 and LMN1300 show the charge dispropor-

184416-8



TWO FERROMAGNETIC PHASES WITH DIFFEREN. . . PHYSICAL REVIEW B 65 184416

TABLE Il. Comparison of the Mn P35, and Ni 2pg, XPS bind-
ing energies of Mn and Ni in the two different ferromagnetic phases 30 LMN H = 5000 Oe
of LaMng sNig 505 (LMN) and NdMny sNip 503 (NMN).

Compound Sample T, Mn 2ps,  Ni 2pgp
(K) (eV) (eV)

LaMng sNig 05 LMN400 150  641.8 854.6
LMN1300 280 6415 854.3
NdMng Nig {05 NMN400 90 642.4 854.9
NMN1300 195  642.1 854.7 10 |

20 |

M (emu/g)

280

250

I 210
tionation Mrf*+Ni2* —=Mn®"+Ni®** when the low- \l
temperature synthesized samples are heated to higher tem- 0 L . L :
peratures. The broader or multiple magnetic transitions 100 200 300
observed for samples heated in the temperature range T(K)
400-1200 °C are then due to the mixed valence states of Mn o o
and Ni (due to slow and partial charge disproportionations FIG. 12. Temperature variation of the magnetization of

when sufficient thermal energy is not availabind, there- L@MnosNiosO;  (LMN), L_aMr_'O-SNiOAA'O-lOS (LMNA),  and
fore, due to the different types of superexchange interactions®No.#Alo.Nio 5Oz (LMAN); H=5000 Oe.

in these samples. As observed for LajB80, 503, a high+er in both magnetization and Curie temperature when Ni is re-
Curie temperature is observed for a phase containing'Mn pjaced by Al indicates the direct role of i in determining
suggesting that MH -O-Mn®* supere>2<5hange interactions the higherT, of LaMny sNig 05 when compared to thE, of
are stronger than that of the K1h-O-M2* (M =Co,Ni) in- LaMng £C0p 0.
teractions. Though there is a similarity in the properties and spin
The Curie temperature of LaMaNig50; (280 K) is  states of the transition-metal ions in the two compounds
larger than that of the corresponding Co-containing compot aMn, (Ni, {05 and LaMn, <Coy <Os, there is a major differ-
sition LaMrp 5Co3 503 (230 K). This is possibly due to the ence during the evolution of the phases having a higher Cu-
major contribution from MA*-O-Ni** or Ni**-O-Ni** su-  rie temperature. In the case of Lay}Co, O, the sample
perexchange interactions, as discussed in detail by Googmnnealed at lower temperatures<%00°C), containing
enough and co-workers:* It may be noted that the low- Mn** and C8*, is converted to a phase with a higHEy
spin NP*, with an electronic configurationggeé, contains  after annealing at 700 °C which contains ¥Mnand Cd&*
one unpaired electrorSE 1/2), when compared to the dia- which is again converted back at higher temperatures to a
magnetic 6=0), low-spin, C3" ion (tggeg). Therefore, the phase containing M and C3* and having the sanig; as
magnetic exchange interaction of the typethat obtained after heating at 400 #CThat is, there is an
Mn3*-O-M3*-O-Mn®* would be stronger wheM =Ni. To  unusual double charge disproportionation Wr Co?*
understand the role of Ni in the magnetic exchange interac—Mn®* +Co®* —Mn** 4+ C&®", indicating the stability of
tions in LaMny sNig O3, part of M®™ or Ni®* was substi- the low-T, phase of the compound having an orthorhombic
tuted by the non-magnetic ion, &l. LaMnygNigAlg;O;  structure. On the other hand, in the case of LgiMNij 05,
and LaMny Alg NigsO; were prepared by the low- the sample formed initially at 200 °C with a low&g (hav-
temperature method and heated at 1300 °C. The temperatuirgg Mn** and NP") is slowly converted to a phase with a
dependence of the magnetization of LajyNig O3 (LMN), higher T, (having Mr** and NP*), and it did so only after
LaMng sNig Al O3 (LMNA), and LaMnpAly4NigeO;  heating at higher temperatures (1300 °C). There is no forma-
(LMAN ), measured usingl =5000 Oe, is compared in Fig. tion of a different phase of this compound after heating at
12. Measurements were made using a high magnetic field timtermediate temperatures, and the phase containing"Mn
compare the effect of substitution of Al on the magnitude ofand NF* is not reverted back to a loW; phase after heating
magnetization as well as on the Curie temperature. There isa high temperatures. That is, there is only one stage of
drastic reduction in the magnetization when both®¥Mmand  charge disproportionation as K+ Ni?* —Mn®* + Ni* in
Ni®* are partially replaced by Af. The magnetization at the case of LaMg:Ni, <O, as against the double charge dis-
the lowest temperature is reduced to 36% when Ni is substiproportionation observed in the case of La)@q, sOs.
tuted by Al and to 19% when Mn is substituted by Al. Simi-  The phenomenal difference in the evolution of the differ-
larly, the Curie temperaturi¢he temperature at which a sharp ent phases whekl =Co and Ni in LgMnM Og may be due
transition is observed inMMzrc measurements usingl to the fact that the rhombohedral phase of LaMMig 05 is
=50 Oe) is reduced from 280 to 250 K when Ni is substi-energetically more stable than the orthorhombic phase, as
tuted and to 210 K when Mn is substituted. When a similaragainst the more stable orthorhombic phase of
substitution was made on the corresponding Co compositionaMn, sCoy {03 compared to its rhombohedral form, as evi-
LaMng <Ca, £05,2% it was found that magnetization ari,. ~ denced from energy density calculations by Yaetgal*’
was not much affected on replacing Co by Al. The reductionFrom band structure calculations of the electronic and mag-
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netic properties of rhombohedral LalyéNiy<O;, Yang samples synthesized by the usual high-temperature ceramic
et al,*® found that there is no difference between the chargénethod. The crystal structures of the two phases are also
occupation of Ni ions in the compound and LaNiQow- found to be different: orthorhombic for the low: phase and
spin NF*). Similarly, the charge distribution of Mn ions in rhombohedral for the higfiz phase. High-temperature mag-
the compound was found to be the same as that in LajMnOnetic susceptibility studies on samples annealed at 400 and
(Mn®%). The present results are in agreement with the bandl300 °C gave comparable values for the effective magnetic
structure calculations. One of the interesting aspects of theoment, with a large difference in the paramagnetic Curie
high-T, phase of LaMpNi <5 is that both theB-site ions, ~ temperature, indicating the different strengths of magnetic
Mn3* and low-spin Ni*, are Jahn-Teller ion@ne unpaired €xchange interactions in the two samples. The effective para-
electron in theey orbital in both cases This may be respon- magnetic moment values obtained for the two phases are
sible for the additional stability of the rhombohedral phase ofcomparable to the spin-only moments calculated for a com-
LaMny Nio <05 containing MA* and NE*. It may be pos- bination of different spin states of Mn and Ni: Mh and
sible that the rhombohedral structure is favored because ¢®w-spin NF* for one phase and Mn and NF* for the

the net effect of the Jahn-Teller distortions of ¥nand  other phase. A comparison of the results obtained on the
low-spin  NP*. Only Mn®* ions are JT ions in Similar compound LaMpsCoy O3 and core-level x-ray pho-
LaMn, C0:O;, and the rhombohedral structure is lesstoelectron spectroscopic studies give conclusive evidence for
stable due to this distortion, giving rise to the charge disprodifferent spin states of Mn and Ni in the two phases:*¥n
portionation MA*+Co®*—Mn*"+Cc?" having a more and NP* in the nanocrystalline material showing a magnetic

stable orthorhombic structure. transition at a lower temperature, and Mnand low-spin
Ni®* in the highT, phase. These results indicate a possible
IV. CONCLUSIONS charge disproportionation, M#A+ Ni?"—Mn3" +Ni®*,

when the low-temperature synthesized sample is heated in

The properties of LaMgNig O3, synthesized by ceramic  the temperature range 400—1300 °C. The results also indicate
and low-temperature methods of synthesis, have been stughat the rhombohedral phase of the compound containing
ied in detail to understand the origin of ferromagnetism inMn3* and NP* is more stable. This is contrary to the results
this compound. Two magnetic transitions are observed in thgbtained for LaMg sCo, 503, the orthorhombic phase having
sample synthesized by the high-temperature ceramic methofin** and C3" is found to be more stable. This difference
due to the presence of two different phases of the compoungh the stability of the different phases wh&h=Co or Ni in
The two phases are obtained in single-phase forms by a low-amn, M, 0, may be attributed to the presence of the two

temperature method of synthesis. One phase showing a magifferent Jahn-Teller ions, M and low-spin Ni* in the
netic transition below 160 K is found to be stable only belowcase of LaMg eNig Os.

500 °C, and is converted to the second phase having a higher
magnetic transition temperatur@80 K) after heating at
higher temperatures, so that both phases coexist in samples
processed in the temperature range 500—-1300°C. This ex- One of the authoréV.L.J.J) is grateful to UGC, India, for
plains why two magnetic transitions are observed in thdinancial support.
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