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The precursors of La;_,Pb,MnOs; manganite colossal magnetoresistive ceramics were
prepared by co-precipitation process via the oxalate route using oxides as the starting
materials. The mathematical model of the solution was developed and the conditions of the
complete co-precipitation of all cations existing in the solution as insoluble oxalates were
determined. Lai_xPb,MnO3; manganites were synthesized by high-temperature thermal
treatment of the precursors. It was demonstrated that the two-stage annealing procedure:
12 hours at 800°C in air and 12 hours at 950°C in flowing O, permits to synthesize
compositions with the required stoichiometry exhibiting colossal magnetoresistive
properties. © 2001 Kluwer Academic Publishers

1. Introduction In the family of CMR manganites, the materi-
The discovery of the “colossal” (up till 127000% [1]) als doped with Pb are of special interest, because
magnetoresistance (CMR) in the doped manganites hatiey have rather higic and the significant magne-
renewed the interest to this class of complex oxiddoresistance is observed at room temperature. That
materials of general formula Lny,MyMnQO3, where can be important for possible device applications.
Ln=La, Nb, Pr and M=Ca, Ba, Sr, Pb [2, 3]. Pb- We define here magnetoresistance as MR{) =
containing manganites, as well as Ca and Sr ones, haye(H, T)-o(0, T))/o(0, T)*100%, wherep(0, T) and

the distorted perovskite ABgtructure with the phom-  p(H, T) are the resistivity values in zero field and un-
bohedral unit cell [4]. The parent LaMnr@ompound der the applied magnetic fieltd at temperaturer .

is an antiferromagnetic insulator. Substitution of A-site For L& g9 Pty 3:MnO3 [6] and L& s0 Ply 40MNOs3 [7]
trivalent cation by the divalent one leads to the mixedsingle crystals the reported values are MR (10 kOe,
valence of Mn ions that in the case of La manganites325 K)~18% and MR (60 kOe, 315 Ky 65%, respec-
can be described as La(MXMnffyMn§+03. Compo- tively. Historically [6], the first CMR manganite single
sitional variations of resistivity, magnetic and magne-crystals were obtained in the La-Pb system and since
totransport properties of Pb-doped manganites can biaat time a great number of publications were devoted
interpreted in the framework of the double exchangeto the studies of magnetic and transport properties of
model [5] considering the electron transfer with spinsingle crystalline and bulk polycrystalline sintered sam-
memory between the Mn ions of different valence asples. The available experimeni&l values at compiled
the basic physical mechanism responsible for conducat Fig. 1. The most numerous studies were carried out
tivity. Large negative magnetoresistance MR(T) is  for the X = 0.4 composition. For single crystals the dif-
observed in the vicinity of the ferromagnetic ordering ference betweefc valuesis 14 K (compare [6] and [8])
temperatureTc) and is due to the suppression of spinwhile for polycrystalline samples it is slightly higher
fluctuations by the magnetic field. The conductivity and is 20 K ([9] and [10]). The general tendency is
type also changes from metallic-like in the ferromag-the gradual increase dt with X which is more pro-
netic low temperature region to the semiconductor-likenounced for the single crystalline samples. It should be
in the paramagnetic high temperature region where MPpointed out thall¢ values for polycrystalline samples
drastically drops with temperature. In a case of poly-with X =0.26 [10] and 0.33 [11] are lower 300 K. We
crystalline sintered materials large magnetoresistancean mark much large spreadof values for polycrys-
can be observed at low-temperatures as a result of spitalline samples as compared to the single crystals of the
polarized electron tunneling at the grain boundaries. same composition, that can indicate the peculiarities of
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360 Y T T . ceramic “shake and bake” technology [13]. Thermal
processing of the precursors permits to lower the
1 synthesis temperature to 98D and thereby circum-
vent compositional variations of the final product.
3407 Sintered densities were determined by the Archimedes
method using ethanol. X-ray diffraction analysis was
] performed using CK, radiation (STADI-P, STOE).
i After sintering the samples were examined with optical
320 techniques and scanning electron microscopy.
1a | The magnetic and transport properties of the
La;_xPbMnO3 manganites were studied for the sam-
M 3004 * [q 4  pleswithX=0,15;0,25;0,33;0,40;0,45and 0,55. The
- A g magnetization curves were measured for the tempera-
HQ v [25] 1 ture range 5-400 K with maximum applied magnetic
°  [10] field 80 kOe. Curie temperatures were determined from
2801 A [26] - Arrott-Belov plots. Magnetoresistance was measured
v 9 by the standard four-probe technique in the temperature
¢ 11 1 range 5-300 K and applied magnetic field till 50 kOe
* [16] with current parallel to the magnetic field.
260 ° M- 1
0 present work
3. Results and discussion
2401 o 4 Various wet chemical methods of precursor synthesis
S ——— are described inthe literature [4, 14, 15] utilizing the co-
0.1 0.2 0.3 0.4 0.5 precipitation of the citrates, carbonates and the salts of
’ ’ ’ ’ ’ complex organic acids. We had developed rather simple
X method of precursor synthesis by co-precipitation of the

Figure 1 Comparison of the Curie temperatures for; LgPbMnO3 msTorI]ubIe metal oxalatg_s_. f . fthe d
manganites. Opened symbols-polycrystalline samples, filled symbols - e necessary condition for preservation of the de-

single crystals. Solid line — results of the present work. sired stoichiometry is the complete transfer of the metal
ions into the precipitating phase. The mathematical
synthesis and annealing of La-Pb manganites. At thgnodel c_)f the solution was dev_eloped qonS|de_r|ng t_he
épteractlon of Mn, La and Pb nitrates with oxalic acid

sametime, the polycrystalline manganites are of speci - . .
interest as soon as their synthesis procedure is mucﬁS a precipitator. Different processes can take place in

faster and easier as compared to the single crystals, artn js solution:
they are widely used for thin film preparation as the
targets for laser ablation and magnetron sputtering.
The traditional synthesis of manganites by solid state
or ceramic route involves the high-temperature (1100— e 5
1300°C) annealing of the carbonates or oxides mixtures KM™ + mG0;
in a controlled atmosphere. Meanwhile, itis well known _ kn—2m
thatthe lead oxide starts to melt at 8@and evaporates = Mk(C20u)ml Pmc (1)
as PhO, and PRO, [4, 12] upon further increase of
temperature. For the temperature range 887-1151 K the
vapor pressure temperature dependence for PbO can be

- formation of the insoluble oxalates according to
the reaction

- oxalic acid protoionisation

2— + -

expressed as logP(Pa)L3,71-13,86< 10°/T(K) [12]. G20 +HT =HC0, P (2
That's why itis rather difficult to obtain the La-Pb sam- Co02™ + 2H" = H,C,0, B (3)
ples of the required stoichiometry by the traditional ce-
ramic route. _ . - formation of metal hydrocomplexes

In this paper we describe the co-precipitation tech-
nique for the precursor synthesis and thermal treat- o
ment procedure, resulting in preparation of CMR iM"™ 4+ JOH™ = [M;OH;]'~! Bi (4)
La;_xPb:MnOs; manganites of the predetermined stoi- . o
chiometry. whereg; are the corresponding equilibrium constants.

The g values were calculated using the reference data
according to the equation

2. Experimental AG = —RTIng;, (5)
Bulk  polycrystalline La yPbyMnOz samples

(0 < X < 1) were synthesized by chemical treatmentwhere AG- variation of Gibbs energy for the corre-
of the precursors. It is known that this method permitssponding reactiorR = 8.31 J/molK- universal gas con-
to prepare the products with better magnetic andstant, T- temperature. The equations of the reactions
phase homogeneity as compared to the traditionahnd the corresponding equilibrium constants are listed
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TABLE | Formation logarithms for corresponding reactions

Equation IgBij
C02™ +iHT =H;C,03" i 1 2
o lgB; 1.2 4.3

iMn?* + jOH™ = Mn; (OH)? ! ij 11 12 13 14 23

- 19Bij 3.38 5.72 8.40 7.57 16.2
iLa® + jOH™ =La (OH) ij 11 12 13 14 59

- lgBij 5.4 10.7 16.0 18.9 54.4
iPB?t + jOH- =Ph (OH)f'*' ij 11 12 13 14 34 44 68

lgBij 6.1 10.9 13.7 16.5 32.0 35.0 68.2

Mn?t 4+ C,03~ =MnC;04 lgB 7.2
2La*t 4 3C0%™ = Lap(C204)3 lgB 26.4
PP+ +C,02~ =PbGO, lgB 6.54

TABLE Il The fraction of precipitated metal (mass %) ford&Phy 33MnO3

pH
Cation 1 2 3 4 5 6 7 8 9 10 11 12
La3+ 99.8 99.9 100 100 100 100 100 100 100 100 99.7 97.8
Mn2+ 98.5 99.6 99.7 99.7 99.7 99.7 99.4 99.0 94.6 70.0 0
PR 99.5 99.8 100 100 100 100 100 99.8 99.3 95.6 80.6 0
PH the metals are transferred into the precipitated phase
0 ) . . e 10 1 practically completely. The fraction of metal remain-
. . ‘ ing in the solution is so small, that it can not alter the

stoichiometry of the final product.

A La;_xPbMnOj3 precursors were prepared according

to the following route. The starting oxides PbO, 3,

La,O3 were dissolved in the nitric acid in the pres-

ence of B0, to reduce the manganese to #nFixed

-+ pH=4 was kept by addition of the appropriate quan-
tities of HNO; or NH4OH. The solution of the oxalic

lgS acid was then added till complete precipitation of the

oxalates. The sedimented precipitate was rinsed in dis-

tilled water, separated by decantation technique, and

7 dried in air at room temperature. Thus obtained precur-

sors were precalcinated at 8@in air for 12 hours,

then pelletized, and further annealed at 95 flow-

ing O, for another 12 hours. The existence of the con-

tinuous set of solid solutions with perovskite structure

in Table I. Concentration of the ions in the solution for Lai_xPbMnOz; manganites within the composition

and the precipitated metal fraction were determined byange 0< X < 0.4 was confirmed by X-ray structural

solving the system of equations. Using the pH depenanalysis. Lead and manganese concentrations, as well

dence of the oxalates solubility, the limits of the pH @ M**/Mn“* ratio, were determined by potentiomet-

region were determined within which all the metalsic titration in order to verify the stoichiometry of the

contained in the solution are completely precipitated_samples. The results are listed in Table I1l. With refer-

The dependence of metal oxalate solubility on the pHeNce to Table Ill, one can see that thus defined concen-

of the solution is presented at Fig. 2. As one can se&ation of PB is in good agreement with the theoretical

from Fig. 2 the region of minimum solubility is rather values.

wide and is limited by pH=3-6. It is possible to cal-

culate the fraction of the sedimented metal in order to' ABLE ! The results of La_xPb;MnOs quantitative analysis

be certain that precipitation of metals in the selected Pb content Total Mn content

pH region will result in preparation of compositions (mass %) (mass %)

with the required stoichiometry. In order to prepare the

sample withX = 0.33, the nitrates concentration in the

solution must be La(NQ3 =0.066; Mn(NQ,)z =0.1; 0,15 12,3 12,2 21,8 225 6.93 15.6

Pb(NG;), =0.033 mol/l. The pH dependence of the 025 20,0 20,0 21,2 21,2 4.56 16.6

-6

Figure 2 pH dependence of metal oxalates solubility.

theor. Exp. theor. exp. M Mn*+

sedimented metal percentage content was calculatéd3 2586 26,1 20,8 213 4.53 16.8
using these given concentrations and oxalates solubif4® 3076 303~ 2045 220 45 17.5
045 3418 346 20,18 215 5.6 15.9

ity. The results are presented in Table II. According to, ¢

o , , 40,73 40,0 19,7 21,0 8.26 12.8
these data it is clear that for the selected pH region all
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Hence, utilization of the precursors obtained by the —T—— 1 —— T34
co-precipitation technique, permits to lower the synthe- 13-
sis temperature and to obtain the La-Pb manganites «
the predetermined stoichiometry.

While the compositions withX < 0.4 were found
to be the single-phase perovskites, the additions
PsMngO13 phase was found in the samples with
X >0.4. Its quantities for LgssPly4sMnOz and
Lag 45Ply 55sMNn0O3 compositions were found to be 8
and 25% respectively. The presence of the addltlonc\
PlzMngO,3 phase £13%) was also reported in [16] -
for the Lay 5Py 50MnO3 composition. From our data
we can estimate the quantity of the additional phase fom
the X = 0.5 composition. The obtained result of 16.5% =
is in satisfactory agreement with [16]. The difference
between the exact values can be ascribed to variot
preparation routes (traditional ceramic technology wa:
used in [16]), sintering atmosphere (air in [16] and oxy-
gen in our case) and duration (24 hours in [16] anc
12 hours in our case). It was demonstrated earlier [17
that magnetic and transport properties of doped mar
ganites strongly depend on the annealing duration. — T

The ratio of the sintered density to the theoretical 0,1 02 0,3 04 0,5 0,6
X-ray density had varied regularily with Pb doping level X
from0.71t00.63 for 5< X < 0.40. Similar trends in
the sintering behavior of doped manganites with vary-Figure 3 Comparison of doping variation of the low-field magnetore-
ing deficiency of the A-site cation ratio of the ideal sistance (see definition in the text) and saturation magnetization at
ABO3 perovskite structure were observed in [18] for Msa(5 K).

Sr-doped manganites.

1
[O%)
[}

167

I
W
)

M,,, (5°1°<), uB/f.u.

1
i
[=)

g1 —O°LFMR

Mg, 5K) 12,4

The grain size of the samples under consideratior 3,4 —— — 4 7350
was found to be of the order 6f3 um and did not vary - M sat(SK) """ O 5(300K)
substantially from sample to sample. Large low-field ] s Te

grain boundary magnetoresistance (LFMR) due to the 3>
spin-polarized carriers tunneling (or scattering) at the
interfaces between the individual grains was observes
at low temperatures. To quantify this contribution of
grain boundary properties into the processes of the ele(jij
tric current transport, the high field regions of MRR( =
5K) curves were back-extrapolated to find the zero fleldm
intercept. As it was shown in [19] to the first approxi- ~
mation LFMR~ —J*P*Am?/T wherel is the inter- 2‘”
grain exchange constar,is the electron polarization,
T is the temperature, antim? = m2(H, T)-m?(0, T) 2,6
is the variation of normalized magnetization under the
influence of the applied magnetic field. For the fixed
temperature LFMR —P. Fig. 3 presents the compar- 2,4
ison of doping dependencies for LFMR and saturation
magnetization aMs,(5 K). Clear correlation between 02 03 04 05
these data reflects variation of the spin polarization of ’ ’ ’
carriers at Fermi level with doping and the fact that the
mechanism of spin-polarized carriers tunneling givesigure 4 Compositional dependence of Curie temperatligg;(satura-
the major contribution to LFMR [20]. tion magnetizationteb K (Msa) and resistivity at 300 K4(0, 300 K))
Compositional dependence B, saturation magne- or Lai-xPbMnOs manganites.
tization & 5 K (Msg) andp(0, 300 K) are presented at
Fig. 4. Pronounced correlation between Me(5 K)  the adjacent spins of Mn ions &g ~ cosf;; and is
and T¢ is observed. The higheSic corresponds to maximum for the ferromagnetic type of ordering for
the most perfect alignment of manganese ions magwhich6;; is minimal.
netic moments. Similar relation is observed between Temperature variation of the spontaneous magneti-
the magnetic and transport properties: maximums ofation of the samples under consideration is presented
Msa X) and Te(X) curves are corresponding to the at Fig. 5. One can see that the sharpness of the curves
minimum of p(X). According to the double exchange is the highest for compositions witk = 0.33 and 0.4.
model [5] the probabilityt;; of electron transfer along The value 0fMsa(5 K) for X =0.33 is the highest and
the Mn-O-Mn chain depends on the anglebetween corresponds to the most perfect ferromagnetic type of

1484

>

N

0 (0300K), @ *em
]
(OS]
('8
<

v 2,84

1320




[\
]

Mgy (T), uB/fu.

LA

200 300

T, K

0 100

to be the ferromagnetic insulator [21]. At low doping
levels, for example for LggeSi.10MNO3; composition,

the experimental results can be interpreted only within
the framework of the mixed ferromagnetic - antiferro-
magnetic ground state model [23] assuming the pres-
ence of ferromagnetic clusters in the non-ferromagnetic
matrix (magnetic phase separation). In our case the
Msaf5 K) value for La gsPhy 15sMnO3 composition is
only 2.6 Bohr magnetons and tivs,(T) curve goes
much lower than that for compositions with higher
doping levels. Below Curie temperature the sample
is in the ferromagnetic metallic state. The discrep-
ancy of the observed and theoretical values of satu-
ration magnetization can be ascribed to the presence of
some additional magnetic structure (some canted struc-
ture or the magnetic inhomogeneity) though the addi-
tional experimental studies are required to clarify this
point.

The series of MR, 300 K) curves are presented at
Fig. 6. For such high temperatures the LFMR contri-
bution is almost vanishing. Almost linear decrease of
resistivity is observed reflecting the suppression of the
spin disorder by the external magnetic field as it was
also observed in [20, 24]. Compositional dependence
of magnetoresistance for the maximum applied mag-
netic field 50 kOe is shown at the inset of Fig. 6. Rather
slight variations of magnetoresistance are observed for
X >0.2. As soon as the MR{, T) dependence has the
peak in the vicinity of the ferromagnetic ordering tem-
perature, the local maximum magnetoresistance value

Figure 5 Temperature variation of the spontaneous magnetization forcorresponding toX = 0.15 is due to the smallest differ-

La;_xPbyMnO3z manganites.

ence betweeilc and the temperature of measurement
(300 K). Since the samples witk > 0.4 are not single

magnetic ordering for the samples under consideraphase ones, it is worthwhile to analyze the influence

tion. Decrease oMg,(5 K) values with deviation of

the dopant concentration from 0.33 may be due to the

appearance of the other types of magnetic ordering, fo
example some canted structures, or even the magnet
inhomogeneity. It is difficult to make any conclusion

about the type of these structures only from our mag:
netization data. Different magnetic phases were fount
in doped manganites [21]: ferromagnetic and para:
magnetic insulating, ferromagnetic and paramagnetis
metallic, various canted phases. The exact stricture i
defined by complex interplay between the magnetic.
structural and spin degrees of freedom. Compositior
with X =0.15 is of the particular interest. This doping

level is very close to the theoretical value of percola-
tion thresholdX = 0.16 [22] when the divalent doping

ions are starting to form the infinitive claster, though
the exact value of the percolation threshold depends o
the type of the crystal lattice and microscopic correla-
tion mechanisms. Doping of manganites by divalent
cations leads to introduction of carriers (holes) into
the system and appearance of ferromagnetic interac
tion due to the double-exchange mechanism becaus
the hole transfer with spin memory along the same
Mn-O-Mn chain is responsible for both magnetism and
conductivity. In the vicinity or percolation threshold

the ferromagnetic type of ordering can exist within the
microscopic cluster, but it may be no percolation be-

0 —o—0.15
——0.25
——0.33
—— (.40
——0.45
-101 —— 0.5

=X

[\
(e

MR,

“MR(50KO¢)

Ny
<

151
0,1 02 03 04 0.5 0,6

10

40

50

20 30
H, kOe

tween the clusters. Then different properties can be obrigure 6 Magnetic field dependence of magnetoresistance at 300 K.

served. The LggsSty.1sMNnO3 composition was found

Inset: Compositional dependence of MR(50 kOe, 300 K).
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of the additional phase on the physical properties inas-4
much as its content increases with From the data

presented at Fig. 4 it is clear that the most pronounced®
6. C. SEARLE andS. WANG, Can. J. Phys48(1970) 2023.

7.

relative increase is observed fof0, 300 K) as soon as
the additional phase is probably low conducting. The

relative decrease of the magnetic paramet@sand 8.

Msa5 K)) as well as of the magnetoresistance value is
much smaller.

The Curie temperature values for our samples arg,
compared to the available literature data and are also

.M. SAHANA, K.

“Gmelin Handbuch der anorganischen Chemie. Mangan.,” C3

(Springer-Verlag, 1975).
P.-G. bDE GENNES, Phys. Rev118(1960) 141.

X. JIA,L. LU,K. KHAZENI,V. CRESPLA. ZETTL and
M. COHEN, Physical Review B2 (1995) 9147.

E. SVIRINA,L. SHLYAKHINA andM. LUKINA , Sov. Phys.
Solid State?4 (1982) 1947.

9.1. TROYANCHUK, L. BALYKO andG. BYCHKOV, ibid.

31(1989) 1830.
SATYALAKSHMI, M. HEDGE,
V. PRASAD andS. SUBRAMANYAM, Mater. Res. Bull32

presented at Fig.1. Reasonable consistency is observed (1997) 831.

for X > 0.3. For the most studied bagPhy40MnO3 1

composition, thd¢ value of our bulk sintered polycrys-

[8]. For X < 0.3 theT¢ values for all our samples are

exceeding 300 K being much closer to the data correi4.

sponding to single crystals than for compositions syn-
thesized by the traditional ceramic route [10, 11]. Con-
sidering Pb- and Sr-doping of lanthanum manganites
it is interesting to note that the decreaseTgffor low
doping levels is much less pronounced for Pb-doped
system. Comparing compositions with the same dop-
ing level X =0.15 one can see thdk = 240 K for Sr
doping, butTc = 322 K for Pb doping. That makes Pb- ;¢

doped manganites more promising for possible practi-
19.

cal applications.

In summary, we have defined the conditions of
CMR La;_xPbMnOz manganite synthesis via co-
precipitation route. Utilization of the precursors, ob- ,,

tained by the described technique, permits to lower

the sintering temperature and preserve the stoichiom-

etry of the final product. For the samples of the22.

0.15< X < 0.55 composition range obtained by this
technique the smooth variation of the magnetic an
magnetotransport properties is observed with strong
correlation between ferromagnetic ordering type and

resistivity as a result of double exchange interaction?4.

This correlation is most pronounced fgr= 0.3 dop-
ing level.
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