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Crystal structure and magnetoresistance of La
„22x…/3Nd x/3Ca1/3MnO 3:

Local lattice distortion effect

G. H. Rao, J. R. Sun, J. K. Liang, and W. Y. Zhou
Institute of Physics and Center for Condensed Matter Physics, Chinese Academy of Sciences, P.O. Box 603,

Beijing 100080, People’s Republic of China
~Received 15 May 1996; revised manuscript received 15 July 1996!

The crystal structure, low field ac susceptibility, magnetization, and magnetoresistance behavior of
La(22x)/3Ndx/3Ca1/3MnO3 (x50–2! compounds are investigated. The crystal structure of the compounds
belongs to an orthorhombically distorted perovskite structure. The lattice distortion and the bending of Mn-
O-Mn bond increase with the increase of Nd content. ac susceptibility and magnetization measurements show
that the magnetic transition temperature decreases with the increase of Nd content, and two evident magnetic
transitions are observed forx50.75–1.0. The magnetization isotherms exhibit a field-induced magnetic tran-
sition in the sample. Large magnetoresistance~MR! effects are observed in bulk La(22x)/3Ndx/3Ca1/3MnO3 at
low field. For bulk La1/3Nd1/3Ca1/3MnO3 a MR ratio as high as296% is achieved in a field of 0.67 T. The
maximum MR ratio in a field of 0.67 T increases linearly with the decrease of peak temperature of zero-field
resistivity. Based upon the discussion on local distortions of the lattice and measurements of ac susceptibility,
magnetization, and resistivity, a magnetic inhomogeneity model, i.e., simultaneous occurrence of metallic
La-rich ferromagnetic domains and semiconducting Nd-rich domains, is proposed for the magnetic structure of
La(22x)/3Ndx/3Ca1/3MnO3 compounds. Within the framework of the magnetic inhomogeneity model, it is
argued that the occurrence of resistivity peak could result from a competition of opposite temperature depen-
dence of resistivities in La-rich phase and in Nd-rich phase, thus the peak temperature of resistivity does not
necessarily correspond to a magnetic transition temperature.@S0163-1829~97!03206-2#
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I. INTRODUCTION

Manganese perovskiteR12xAxMnO3 (R5rare earth,
A5alkaline earth! has attracted considerable attention
cently owing to its giant magnetoresistance~GMR! effect
that is considerably larger than the GMR observed in m
netic multilayers and alloys.1–5 The parent antiferromagneti
insulator LaMnO3 involves Mn31 ions with t2g

3 eg
1 (S52)

configuration. The Hund-coupledt2g
3 electrons may be

viewed as a single local spin (S53/2) because of their nar
row one-electron bandwidth, while theeg

1 state hybridized
strongly with the O2p states is either itinerant or localized
The parent compound LaMnO3 is a Mott insulator due to the
strong correlations of theeg electrons.

6 However, it was sug-
gested that proper hole doping by substitution of dival
alkaline earth forR31 ions in LaMnO3 can lead to both
metallic conductivity and ferromagnetism via a double e
change~DE! mechanism, i.e., the hopping ofeg electrons
between Mn31 and Mn41 ions mediated by oxygen anions7

The effective transfer integral ofeg electrons depends on th
relative angle of the localized spins of manganese ions.
structure distortion may not only influence the effecti
transfer integral but also result in superexchange interac
between manganese ions and complicate the magnetic s
ture of the compound. Hwanget al.8 and Fonteubertaet al.9

investigated the size effect of the ions at theA site in
ABO3 on the magnetoresistance of doped LaMnO3 with
fixed Mn31/Mn41 ratio and found that magnetic transitio
and significant magnetoresistance occurred at lower temp
ture as the average ionic radius at theA site was decreased
They argued that the bending of the Mn-O-Mn bond play
550163-1829/97/55~6!/3742~7!/$10.00
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an important role for the size effect. The reported size eff
is essentially an average effect. Different local distortion
the lattice around different ions could result in a magne
inhomogeneity in the compound and give rise to an intrig
ing magnetic structure and magnetoresistance behavior.

In this paper, the crystal structure and magnetoresista
of La(22x)/3Ndx/3Ca1/3MnO3 (x50–2! are reported. The lo-
cal distortions of the lattice around La31 and Nd31 ions are
expected to be different, since, in addition to the differen
in ionic radius, the end compound La2/3Ca1/3MnO3 exhib-
ited a magnetic ordering around 270 K with a fully spi
polarized magnetic moment,10 while the end compound
Nd2/3Ca1/3MnO3 showed a magnetic ordering around 100
with a very low spontaneous magnetization at 77 K.11 After
a brief description of experimental procedure in Sec. II,
crystal structure, ac susceptibility, magnetization, and m
netoresistance of La(22x)/3Ndx/3Ca1/3MnO3 compounds are
reported in Sec. III. A possible relationship between latt
distortion and magnetic structure as well as magnetore
tance is discussed in Sec. IV, and finally a summary is gi
in Sec. V.

II. EXPERIMENTAL PROCEDURES

La(22x)/3Ndx/3Ca1/3MnO3 (x50–2! bulk samples were
prepared by a standard ceramic processing route. Well m
stoichiometric mixtures of La2O3, Nd2O3, MnO2 and
CaCO3 were calcined at 1173 K for 24 h. The powder th
obtained was ground, pelletized, and sintered at 1373 K
96 h with two intermediate grindings, then furnace cooled
room temperature. Phase purity and crystal structure of
synthesized samples were examined by x-ray powder diff
3742 © 1997 The American Physical Society
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tion, by using a Rigaku x-ray diffractometer with a rotatin
anode and CuKa radiation.

Low field ac susceptibility of the samples between 77
and 300 K was measured by means of a sensitive mut
inductance method with a frequency of 320 Hz. The magn
tization of the samples was determined by an extracti
sample magnetometer or a Quantum Design superconduc
quantum interference device magnetometer. The resista
of the samples was measured by a standard four-pr
method between 77 K and 300 K. The magnetoresista
~MR! ratio is defined here asDR/R5(RH2R0)/R0, where
R0 andRH are resistances in a field of zero and H, respe
tively.

III. RESULTS

A. Crystal structure

X-ray powder diffraction~XRD! reveals that single-phase
samples were obtained forx50–2. The diffraction peaks are

FIG. 1. XRD pattern of La1/3Nd1/3Ca1/3MnO3 compound. The
observed data are indicated by crosses and the calculated profi
the continuous line overlying them. The lowest curve shows t
difference between observed and calculated patterns. The ver
bars indicate the expected reflection positions.
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-
g
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sharp and can be indexed by an orthorhombically distort
perovskite structure with space groupPbnm. The crystal
structure was further refined by a standard Rietve
technique.12 Figure 1 shows the observed and calculate
XRD patterns of La1/3Nd1/3Ca1/3MnO3 compound. The final
atomic parameters, weighted patternR factor, ‘‘goodness of
fit’’ ( S),12 and selected Mn-O-Mn bond angles o
La(22x)/3Ndx/3Ca1/3MnO3 are given in Table I. The
structure refinement results are similar to those
Pr12xCaxMnO3 series.

13 Figure 2 shows the dependence o
lattice constants on Nd content. The lattice constantsa and
c decrease linearly with the increase of Nd content, whi
b increases slightly. Although there is a crossover aroun
x50.45 froma.b to a,b, c/A2 remains smaller thana
and b over the whole composition range (x50–2!. There-
fore, the crystal structure of La(22x)/3Ndx/3Ca1/3MnO3 be-
longs to anO8-type structure,13 which is an orthorhomb-
ically distorted perovskite structure resulting from a
cooperative Jahn-Teller effect of Mn31 ions leading to dis-
tortions of Mn31O6 octahedra and their cooperative order
ing.

The deviation from cubic symmetry of an orthorhomic
structure can be described by a so-called average distort
ratio,D, which is defined as13

is
e
cal

FIG. 2. Composition dependence of lattice constants and av
age distortion ratio of La(22x)/3Ndx/3Ca1/3MnO3. c85c/A2.
f

3

TABLE I. Final atomic parameters, weighted patternR factor, ‘‘goodness of fit’’ (S) and selected Mn-O-Mn bond angle o
La(22x)/3Ndx/3Ca1/3MnO3 ~space groupPbnm).

Composition 0.00 0.15 0.30 0.45 0.60 0.75 1.00 1.20 1.50 2.00

R (4c) x 0.4952~6! 0.4942~5! 0.4931~5! 0.4933~5! 0.4931~5! 0.4939~6! 0.4919~3! 0.4920~5! 0.4928~5! 0.4926~6!

y 0.0192~2! 0.0206~2! 0.0221~2! 0.0229~2! 0.0245~2! 0.0253~2! 0.0275~2! 0.0300~2! 0.0327~2! 0.0360~2!

z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Mn ~4a) x 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

y 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
z 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

O1 ~4c) x 0.5578~21! 0.5692~23! 0.5624~24! 0.5663~24! 0.5733~22! 0.5642~24! 0.5637~18! 0.5621~24! 0.5647~24! 0.5727~28!
y 0.4913~17! 0.4912~19! 0.4918~18! 0.4893~18! 0.4883~18! 0.4854~18! 0.4858~13! 0.4879~17! 0.4884~17! 0.4808~20!
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

O2 ~8d) x 0.2217~19! 0.2234~22! 0.2220~21! 0.2241~24! 0.2238~22! 0.2215~22! 0.2182~16! 0.2243~22! 0.2220~22! 0.2157~24!
y 0.2726~22! 0.2766~23! 0.2754~23! 0.2788~21! 0.2817~19! 0.2790~22! 0.2819~15! 0.2864~19! 0.2854~20! 0.2846~22!
z 0.0287~11! 0.0254~13! 0.0297~12! 0.0252~13! 0.0254~12! 0.0311~12! 0.0294~10! 0.0346~12! 0.0374~11! 0.0361~17!

Rwp (%) 13.65 14.34 14.20 14.60 13.36 14.30 11.35 14.10 14.06 17.0
S 1.19 1.25 1.21 1.23 1.20 1.18 1.23 1.22 1.27 1.47
Mn-O1-Mn 161 158 160 159 156 159 159 160 159 156
Mn-O2-Mn 162 163 162 163 163 161 160 159 158 157
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D5
1

3(i51

3 Uai2ā

ai
U,

where ā5(abc/A2)1/3, a15a, a25b, and a35c/A2. The
dependence ofD on Nd content is also shown in Fig. 2. Th
average distortion ratioD exhibits a drastic increase aroun
x51 from D.0.1% for x,1 to D.0.39% atx52, which
implies a larger orthorhombic distortion whenx.1. As
shown in Table I, the angles of Mn-O-Mn bonds show
tendency to decrease with the increase of Nd content, i.e.
bending of Mn-O-Mn bonds increases withx.

B. ac susceptibility and magnetization

Low field ac susceptibility of La(22x)/3Ndx/3Ca1/3MnO3
is shown in Fig. 3. Forx50, the susceptibility exhibits a
sharp increase with the decrease of temperature, indica
an occurrence of magnetic ordering. The magnetic orde
corresponds to a paramagnetic-ferromagnetic transition
Tm5Tc5277 K, which is consistent with previou
reports.4,10 As the Nd content increases,Tm decreases and
the width of the magnetic transition becomes more and m
broad. Forx50.75–1, another magnetic transition occurri
at low temperature is well developed, in addition to the o
taking place at high temperature. Whenx>1.2, however, the
magnetic transition at high temperature is hardly observ
only the transition at low temperature can be determined,
the width of the magnetic transition becomes narrow ag
For x52, a magnetic transition takes place atTm5118 K,
which agrees well with previous report.11

Figure 4 shows the dependence of magnetic transi
temperature on Nd content in La(22x)/3Ndx/3Ca1/3MnO3.
For x50.75–1, two magnetic transition temperatures,Tm
andTm8, can be determined.Tm is coincident with the La-

FIG. 3. Temperature dependence of low-field ac susceptib
of La(22x)/3Ndx/3Ca1/3MnO3. The dotted lines are baselines for th
corresponding curves and downwords arrows indicate magn
transition temperatures.
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rich branch of theTm2x curve, whileTm8 coincident with
the Nd-rich branch. It seems to indicate that the magn
transition at high temperature is related to that
La2/3Ca1/3MnO3, while the magnetic transition at low tem
perature is related to that in Nd2/3Ca1/3MnO3.

Figure 5 presents the temperature dependence of ma
tization of La(22x)/3Ndx/3Ca1/3MnO3 with x50.75–1.2. At
a field of 0.5 T, the temperature dependence of magnet
tion is similar to that of low field ac susceptibility of th
compound. Two magnetic transitions are evident
x50.75 and 1.0. At a higher field ofH>4 T, the magneti-
zation curve becomes a unified one, and the magnetizatio
low temperature corresponds to an almost fully sp
polarized state for the samples withx51.0 and 1.2. The inse
in Fig. 5 shows two magnetization isotherms at 100 K a

y

tic

FIG. 4. Composition dependence of magnetic transition te
perature and peak temperature of resistivity in zero field
La(22x)/3Ndx/3Ca1/3MnO3. Tm8 is the second magnetic transitio
temperature forx50.75–1.0. Solid lines are guides to the eyes.

FIG. 5. Temperature dependence of magnetization of b
La(22x)/3Ndx/3Ca1/3MnO3 (x50.75–1.2! measured in different
magnetic fields. Field-cooling curves are shown. The inset sh
the magnetization isotherms of the sample withx51.0 at 100 and
140 K, respectively.
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140 K for the sample withx51.0. Both the isotherms exhib
two plateaus: the lower one sets in atH1.0.5 T, while the
higher one, which corresponds to an almost fully sp
polarized state of the compound, sets in atH2.4 T and
H2.4.5 T for the isotherms at 100 and 140 K, respective
BetweenH1 and H2, the magnetization shows a rapid in
crease atHc.1.2 T andHc.1.8 T for the isotherms at 100
and 140 K, respectively, indicating a field-induced magne
transition.

C. Magnetoresistance

The magnetoresistance of the bu
La(22x)/3Ndx/3Ca1/3MnO3 is measured by a standard fou
probe method during cooling the sample from 300 to 77 K
zero field or in an applied field. In zero field, the resistiv
exhibits a metallic behavior (dr/dT.0) at low temperature
and a semiconducting behavior (dr/dT,0) at high tempera-
ture for x<1.2. Figure 6 shows the temperature depende
of the resistivity of some samples. The sharp resistivity p
is indicative of the occurrence of metal-insulator (M -I ) tran-
sition. The temperature corresponding to the resistivity p
Tp is also shown in Fig. 4. As the Nd content increases,Tp
decreases rapidly and becomes more and more lower
the magnetic transition temperature,Tm .

When a magnetic field is applied, the temperature dep
dence of resistivity is similar to that in zero field, but th
resistivity decreases, the resistivity peak broadens and s
to a higher temperature. The direction of the applied fi
was the same as that of current. No obvious dependenc
field orientation was observed if the demagnetization eff
is taken into account. The largest change in resistivity ta
place around the resistivity peak, and thus gives rise t
very prominent negative MR effect. Fo
La1/3Nd1/3Ca1/3MnO3 bulk sample, a MR ration as high a
296% is achieved aroundT.90 K in a field of 0.67 T,
which is the highest available magnetic field during cooli
the sample in our experiment. Usually, the MR effect w

FIG. 6. Temperature dependence of resistivity
La(22x)/3Ndx/3Ca1/3MnO3 for x50.3, 1.0, and 1.5, respectively
For x51.5, the difference betweenr(0) and r(0.67 T! is very
small.
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uDR/R0u.90% in R12xAxMnO3 was observed at much
higher field~6–12 T!.1–5 In a field of 0.1 T, the MR ratio in
bulk La1/3Nd1/3Ca1/3MnO3 is about255% , which is much
higher than the MR effect observed in the La-Ca-Mn-O fi
(; 215%! 1 and in the La-Y-Ca-Mn-O bulk sample
(; 213%! 3 in a field of the same strength.

Figure 7 shows a relationship betweenTp and maximum
uDR/R0u in La(22x)/3Ndx/3Ca1/3MnO3 bulk samples at a
field of 0.67 T. uDR/R0umax increases linearly with the de
crease ofTp . For x51.2, uDR/R0u is about 90% at 80 K in
a field of 0.67 T, but its maximum value is not observ
down to 77 K. Forx51.5 and 2, the resistivity exhibits sem
conducting behavior between 77 and 300 K in a field up
0.67 T, and the MR effect is very small.

It is well known that the MR ratio inR12xAxMnO3 does
not show a saturation even at much higher magnetic fie
At a higher applied field,uDR/R0umax will increase and the
linear relationship betweenuDR/R0umax andTp may be bro-
ken. However, the correlation betweenuDR/R0umax and Tp
that uDR/R0umax increases with the decrease ofTp was still
observed at a higher applied field.8,9

IV. DISCUSSIONS

The XRD pattern reveals that at room temperature
crystal structure of La(22x)/3Ndx/3Ca1/3MnO3 belongs to an
orthorhombically distorted perovskite structure. For an id
perovskite structure (ABO3), the crystal symmetry impose
a strong constraint on the ratio ofA-O and B-O bond
lengths:dA-O /dB-O5A2 ~i.e., tolerance factort51). If the
atomA is too large for the cubic cage (BO3), the cage is in
tension and the atomA in compression (t.1). If atomA is
too small, the situation is reversed (t,1). Therefore, some
internal stress will be introduced in the structure when th
exists a size mismatch between atoms atA site andB site.
The internal stress can be partially relieved by structure
tortion. The cubic structure is distorted either by the ato

f

FIG. 7. Dependence of the maximum MR ratio in a field of 0.
T on the peak temperature of resistivity in zero field.



tion

0

1
1

1
4
9

3746 55G. H. RAO, J. R. SUN, J. K. LIANG, AND W. Y. ZHOU
TABLE II. Bond valence sum around each cation (Vi) and average bond valence sum around each ca
site.

Composition 0.00 0.15 0.30 0.45 0.60 0.75 1.00 1.20 1.50 2.0

VLa31 3.09 3.13 3.15 3.14 3.21 3.22 3.25 3.31 3.37
VNd31 2.61 2.63 2.62 2.68 2.69 2.71 2.76 2.82 2.91
VCa21 1.77 1.80 1.81 1.80 1.84 1.85 1.87 1.90 1.94 2.0

V̄R 2.65 2.66 2.65 2.62 2.65 2.63 2.61 2.62 2.62 2.6

VMn31 3.58 3.56 3.57 3.58 3.55 3.56 3.55 3.56 3.53 3.5
VMn41 3.51 3.50 3.50 3.51 3.49 3.49 3.49 3.49 3.46 3.4

V̄Mn 3.55 3.54 3.54 3.55 3.53 3.54 3.53 3.53 3.51 3.4
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B moving off center in its octahedron~when atomA is too
large! giving rise to a ferroelectric phase~e.g., BaTiO3) or
by the cage collapsing by a rotation of the octahedra~when
atomA is too small! leading to a ferroelastic phase. In bo
cases the environment of the cation that is in tension is
torted, which gives rise to a bending ofB-O-B bond.14

Bond valence sum of an atom can be used to examine
internal stress around the atom.14,15The valence of a bond is
defined as

s5expSR02R

B D
whereB50.37 Å,R is the bond length in Å andR0 is the
bond length of unit valence. In general, the sum of the
lences of the bonds formed by any atom,V, is equal to its
atomic valence~valence-sum rule!. The valence sum rule
will be violated if there exists internal stress in the structu
If the bond valence sum of an atomV is larger than its
atomic valence, the atom is in compression, and ifV is
smaller than its atomic valence, the atom is in tension. Fr
the measured lattice parameters~Fig. 2! and the atomic pa-
rameters~Table I!, the bond valence sum around each cat
and the average bond valence sum around each cation s
La(22x)/3Ndx/3Ca1/3MnO3 are calculated and listed in Tab
II. The values ofR0 for La31, Nd31, Ca21, Mn31, and
Mn41 are 2.172, 2.105, 1.967, 1.760, and 1.753, resp
tively. 16 The average bond valence sum aroundR site,
V̄R , is smaller than the expected average atomic vale
~2.67!, and that around Mn siteV̄Mn is larger than the ex-
pected value~3.33!. In other words, on average the ions
R site are in tension, while Mn ions are in compression, a
thus the structure is distorted mainly by rotations of MnO6
octahedra. The deviation of the calculated bond vale
sums from the expected values is indicative of an incomp
release of the internal stress by structure distortion. Howe
the bond valence sum around each cation atR site indicates
that La31 is in compression, while Nd31 and Ca21 are in
tension. Therefore, local lattice distortions around La31 ions
are different from those around Nd31 and Ca21 ions. The
MnO6 octahedra around Nd

31 and Ca21 are likely to rotate
to relieve the internal stress, which will lead to a larger be
ing of Mn-O-Mn bond. As shown in Table I, the angles
Mn-O-Mn bonds decrease with the increase of Nd conte
and accordingly the distortion ratioD increases~Fig. 2!. The
s-
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e
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existence of inhomogeneous local distortion of the latt
might lead to a complex magnetic structure of the co
pounds.

In an ideal cubic perovskiteRMnO3, the anionps orbit-
als are orthogonal to thet2g orbitals of Mn ions and the
anionpp orbitals orthogonal toeg orbitals. The deformation
and rotation of MnO6 octahedra can disturb the orthogona
ity of the orbitals and in general result in an occurrence
antiferromagnetic~AFM! superexchange interaction betwe
Mn ions, which will compete with the ferromagnetic~FM!
interaction.11,13,17According to de Gennes,18 the competition
of the coexisting AFM and double-exchange interactions
tween Mn ions always leads to a distortion of the groun
state spin arrangement and thus gives rise to a canted
structure, since the electron transfer lowers the energy b
term of first order in the distortion, while the initial exchang
energy is increased only in second order. The canted
structure can be stable up to a well-defined temperatureT1,
and aboveT1 the system can be antiferromagnetic, ferroma
netic, or paramagnetic, depending upon the relative amo
of mobile electrons. Taking into account a low spontaneo
magnetization at 77 K,11 a larger distortion ratioD ~Fig. 2!
and semiconducting resistivity between 77 and 300 K~Fig.
6! of Nd2/3Ca1/3MnO3, its magnetic structure at low tem
perature is likely to be a canted spin structure.

As shown in Figs. 3–5, the magnetization of the low m
ment state at high temperature increases with the increas
La content in La(22x)/3Ndx/3Ca1/3MnO3. For the sample
with x50.75, the magnetization of the low moment state
0.5 T could be as high as;60 emu/g(;2.26mB /Mn!, indi-
cating that the low moment state at high temperature can
be an antiferromagnetic one. An alternative possibility is t
the low moment state corresponds to a canted spin struc
and transits to a collinear ferromagnetic state at low temp
ture, which, however, is inconsistent with de Gennes’ pred
tion. In addition, the magnetic transition temperature at l
temperature forx50.75–1.0 lies on the extrapolation lin
~dashed line in Fig. 4! of the Nd-rich branch of theTm2x
curve, while the magnetic transition temperature at high te
perature forx50.75–1 isconsistent with the La-rich branc
of theTm –x curve. Therefore, the low moment state at hi
temperature and the high moment state at low temperatu
La(22x)/3Ndx/3Ca1/3MnO3 ~Fig. 5! seem to be associate
with the magnetic structures of end compoun
La2/3Ca1/3MnO3 and Nd2/3Ca1/3MnO3, respectively.

Based upon the structure refinement results and ana
of bond valence sum around each cation, it is reasonabl
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expect an existence of magnetic inhomogeneity, i.e., sim
taneous occurrence of ferromagnetic domains and nonfe
magnetic domains, in La(22x)/3Ndx/3Ca1/3MnO3. The mag-
netic inhomogeneity could originate from different loc
distortion of the lattice around La31 and Nd31 ions, since in
the crystal structure of La(22x)/3Ndx/3Ca1/3MnO3 com-
pounds Nd31 ions are in tension and the local lattice disto
tions around Nd31 ions are mainly caused by the rotation
MnO6 octahedra, while La31 ions are in compression an
the local lattice distortions around La31 ions are different
from those around Nd31 ions. Taking into account that th
end compounds La2/3Ca1/3MnO3 and Nd1/3Ca1/3MnO3 are
ferromagnetic and nonferromagnetic, respectively, the in
mogeneous local lattice distortions might give rise to a
multaneous occurrence of metallic La-rich ferromagnetic
mains and semiconducting Nd-rich domains. Then
magnetization of the low moment state at high tempera
shown in Figs. 3 and 5 could be attributed to the La-r
phase. As the La content increases, the volume fractio
La-rich phase increases, and the magnetization of the
moment state at high temperature increases accordingly.
Nd-rich phase is expected to transit to a canted spin struc
at low temperature, which might be responsible for the s
ond magnetic transition observed in compounds w
x50.75 and 1.0~Fig. 5!. At a higher applied field, the mag
netization curve becomes a unified one corresponding to
almost fully spin-polarized state, which is indicative of th
occurrence of a field-induced magnetic transition. The fie
induced magnetic transition is evident in magnetization i
therms shown in the inset in Fig. 5. Based on the magn
inhomegeneity model, the low moment plateau in the i
therms sets in at nearly the same field for different tempe
tures and seems to correspond to the saturation of the La
phase,19 while the field-induced magnetic transition occu
in the Nd-rich phase, the onset field of which decreases w
decreasing temperature. For the sample withx51.2, the low
moment state at high temperature is hardly detected at a
of 0.5 T, but its magnetization curve is also switched to
one corresponding to an almost fully spin-polarized state
field of 5 T ~Fig. 5!. For the end compound
Nd2/3Ca1/3MnO3, however, neither the field-induced ma
netic transition nor the saturation is observed at 50 K in
fields up to 6.5 T. These observations seem to indicate
the coexisting La-rich phase might have an induction eff
on the field-induced magnetic transition in Nd-rich phase

Within the framework of the magnetic inhomogene
model, the coexisting La-rich domains and Nd-rich doma
are assumed to distribute randomly in the compound. In z
field, the La-rich ferromagnetic domain is metall
(dr/dT.0) belowTc , and the Nd-rich domain is semicon
ducting (dr/dT,0) between 77 and 300 K. Therefore, th
resistivity peak could result from opposite temperature
pendence of resistivity in La-rich domains and Nd-rich d
mains. As the La content increases, the volume fraction
La-rich phase increases, and the contribution of metallic c
ductivity to the conductivity of the compound increase
which will result in a shift of the resistivity peak to a highe
temperature as shown in Figs. 4 and 6. Based upon the m
netic inhomogeneity model, the peak position of resistiv
does not necessarily correspond to a magnetic transition
perature as observed in manyR12xAxMnO3 compounds8
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and confirmed by neutron diffraction experiment,20 but de-
pends on the relative contribution of metallic phase and
sulating phase to the resistivity of the compound. The lar
the contribution of metallic phase is, the higher the pe
temperature. Taking peak temperature of resistivity a
magnetic transition temperature as in Ref. 9 is, in our op
ion, an approximation exclusively for theR12xAxMnO3
compounds with an almost fully spin-polarized magne
moment as shown in Fig. 4.

As shown in the inset in Fig. 5, a low applied fie
(H,1 T! essentially increases the magnetization drastic
of the La-rich ferromagnetic phase,19 corresponding to an
initial magnetization process before saturation, and redu
the resistivity of the La-rich phase accordingly, which w
give rise to a shift of the resistivity peak to a higher tempe
ture and a large magnetoresistance effect. An applied fi
affects the conductivity of the compound most effectively
the temperature range where the contributions of the La-
phase and Nd-rich phase are comparable. Therefore, a pr
nent MR effect occurs around the resistivity peak
r(0)2T. At a higher applied field (H.1 T!, the magneti-
zation of the La-rich phase approaches to saturation, w
the Nd-rich phase might undergo a field-induced magn
transition, and the MR ratio could be further increased.

V. SUMMARY

The crystal structure, ac susceptibility, magnetization, a
magnetoresistance behavior of La(22x)/3Ndx/3Ca1/3MnO3
are investigated. Crystal structure refinement results re
that La(22x)/3Ndx/3Ca1/3MnO3 compounds crystallize in an
orthorhombically distorted perovskite structu
(O8-structure! at room temperature. As the Nd content i
creases, the lattice distortion and the bending of Mn-O-
bond increase. The local lattice distortions are discus
based on crystal structure refinement results and bond
lence theory.

Low field ac susceptibility measurements between 77
300 K show that the magnetic transition temperature
creases with the increase of Nd content. Forx50.75–1, two
magnetic transition temperatures are observed, and the m
netic transition at high temperature seems to be relate
that of La2/3Ca1/3MnO3, while magnetic transition at low
temperature is related to that of Nd2/3Ca1/3MnO3. The mag-
netization curve becomes a unified one corresponding to
almost fully spin-polarized state at higher fields. The mag
tization isotherms reveal a field-induced magnetic transit
in the sample.

Resistivity and magnetoresistance of bulk sample
measured between 77 and 300 K. Forx<1.2, a resistivity
peak is observed in zero field and larger magnetoresista
occurs around the resistivity peak. In bu
La1/3Nd1/3Ca1/3MnO3 sample, a MR ratio as high as296%
is achieved in a low field of 0.67 T, which is much larg
than previous reports on bulkR12xAxMnO3 in a field of the
same strength. In addition, a linear dependence of maxim
MR ratio in a field of 0.67 T on the peak temperature
resistivity in zero field is observed.

Based upon the discussion on local lattice distortion a
measurements of ac susceptibility, magnetization, and re
tivity, a magnetic inhomogeneity model, i.e., simultaneo



n
ag

er

ity

sti
ea
ne
is

za-
ed
ex-
the

ce
R.

3748 55G. H. RAO, J. R. SUN, J. K. LIANG, AND W. Y. ZHOU
occurrence of metallic La-rich ferromagnetic domains a
semiconducting Nd-rich domains, is proposed for the m
netic structure of La(22x)/3Ndx/3Ca1/3MnO3. It is argued that
the magnetic inhomogeneity could originate from the diff
ent local distortions of lattice around La31 and Nd31 ions.
Within the framework of the magnetic inhomogene
model, the occurrence of resistivity peak could result from
competition of opposite temperature dependence of resi
ity in La-rich phase and in Nd-rich phase and thus the p
temperature does not necessarily correspond to a mag
transition temperature. The low-field giant magnetores
sh
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tance effect might be associated with the initial magneti
tion process of the La-rich phase at low field. A field-induc
magnetic transition occurs in the Nd-rich phase. The co
isting La-rich phase seems to have an induction effect on
field-induced magnetic transition.
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