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Magnetic and magnetotransport properties in the Ni-doped La0.7Sr0.3MnO3 system
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The magnetic and magnetotransport properties of La0.7Sr0.3Mn12xNixO3 (x<0.4) system have been studied.
It is found that Ni doping induces a ferromagnetic state to ferromagnetic cluster state transition near the
metallic critical threshold composition. Interestingly, the largest low-temperature magnetoresistance~MR! at
77 K is found in the samples in the vicinity of the ferromagnetic threshold composition below which the
sample shows both a rapid low-field MR and a slow high-field MR increase and above which only a slow MR
increase is observed. The results suggest that the spin-dependent scattering from internal grain regions is also
responsible for the low-temperature MR. The low-temperature and low-field MR effect is explained in terms of
orientation of the magnetic domains or/and cluster moments associated with the magnetically disordered
regions inside grains which may serve as the spin-dependent scattering centers as well as the pinning centers
for magnetic domain walls.
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I. INTRODUCTION

The hole-doped manganese materials with perovs
structure exhibit a negative colossal magnetoresista
~CMR! effect at the temperature close toTC ,1,2 where they
undergo a ferromagnetic-paramagnetic phase transition
companied by a metal-insulator transition. A resistivity pe
and a CMR peak in most cases are found in the vicinity
the ferromagnetic transition temperatureTC . This intrinsic
CMR effect has been explained by the double excha
~DE!3,4 interaction between Mn41 and Mn31 ions, which me-
diates the simultaneous ferromagnetism and metallic con
tance. Unfortunately, the CMR effect is usually achiev
only in a strong magnetic field in the tesla range, wh
limits its practical applications.

On the other hand, the macroscopic magnetic and ele
properties of real materials can be dramatically modified
various inhomogeneities existed in materials,5–7 such as
chemical inhomogeneity, lattice constant, and possible st
ture inhomogeneities, etc. Among the various inhomoge
ities, the effect of grain boundaries discovered recently in
metallic polycrystalline perovskites8–14 is of particular inter-
est. Besides the intrinsic CMR peak nearTC , a large low-
field magnetoresistance~MR! effect has also been observe
over a wide temperature range belowTC , which is absent in
single crystals. Different from the intrinsic double-exchang
type CMR, the low-temperature and low-field MR effect
supposed to be from an extrinsic factor—grain bounda
where structural disorder and magnetic disorder do exist.
role of grain boundaries in low-field MR has further be
determined by investigating the effects of particle size9–11
PRB 610163-1829/2000/61~18!/12271~6!/$15.00
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and single grain boundary on epitaxial manganese films.15,16

So far, the low-field and low-temperature MR effect has be
explained mainly in terms of spin-dependent tunneli
across the grain boundaries9,10 or spin-dependent magneti
domain scattering at the boundary regions.12,14 However, all
the observed results above polycrystalline samples do
give any convincing evidence for supporting either sp
dependent tunneling or spin-dependent scattering. In cla
cal sense, if spin-dependent scattering at grain boundari
responsible for the low-field MR, one may expect that sp
dependent scattering from the intragrain can also cause
low-field MR when such spin-dependent scattering cen
exist inside the grains. One approach is to introduce so
local spin disorder into the intragrain. This can be done
the direct replacement of Mn by Ni.

In this paper, the magnetism and the related MR beh
iors in a series of La0.7Sr0.3Mn12xNixO3 (x<0.4) polycrys-
talline samples have been reported. It is found that the di
replacement of Mn by Ni destroys the long-range ferrom
netic order and induces a ferromagnetic metallic state
cluster-glass-like insulating state transition. Also, Ni dopi
remarkably influences the low-temperature MR. A large
enhanced low-temperature MR effect is observed in the
cinity of ferromagnetic critical threshold. Furthermore, in o
der to understand the origins of low-temperature MR effe
the magnetotransport properties of Ni-doped and undo
samples have been compared. The results suggest tha
spin-dependent scattering from the internal grain region
responsible for the large low-field MR in these high-N
doped samples rather than the spin-dependent trans
across grain boundaries.
12 271 ©2000 The American Physical Society
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II. EXPERIMENT

A series of ceramic samples La0.7Sr0.3Mn12xNixO3 (x
50, 0.05, 0.1, 0.15, 0.18, 0.2, 0.25, 0.3, and 0.4! were syn-
thesized by conventional solid-state reaction method in
Stoichiometric mixtures of La2O3, SrCO3, MnO2, and NiO
were ground, then fired at 800 °C for 24 h. The powders t
obtained, were ground, pelletized, and sintered at 1350 °C
70 h with two intermediate grindings. The structure of t
samples was characterized by x-ray diffraction~XRD! using
Cu Ka radiation and measured at room temperature. T
resistivity of the samples was measured by four-pro
method. The magnetic field direction was parallel to the c
rent direction. The dependence of magnetization on temp
ture was measured by a superconducting quantum inte
ence device magnetometer~Quantum Design!.

III. RESULT AND DISCUSSION

A. Structure, magnetic, and electronic properties

The powder x-ray diffraction at room temperature sho
that all the samples under investigation are of single-ph
rhombohedrally distorted perovskite structure~space group
R3̄c) without any secondary or impurity phase. Although t
crystal symmetry of these samples remains the same,
lattice parameters change systematically and smoothly
Ni doping, as shown in Fig. 1. The crystal axis lengtha
decreases and the rhombohedral anglea increases gradually
with increasing nickel concentration. This means that the
placement of Mn by Ni increases the rhombohedral dis
tion. The uniaxial straind(5« i2«') induced by this distor-
tion, for example, is estimated about22.231023 for the
samplex50.2, here« i and«' represent the strains parall
to and perpendicular to the threefold symmetry axis, resp
tively.

Figure 2 shows the temperature dependence of mag
zation obtained in the zero-field-cooled~ZFC! and the field-
cooled~FC! processes with an applied magnetic field of 0.
T for three typical La0.7Sr0.3Mn12xNixO3 samples (x50.1,
0.2, and 0.25!. The ZFC magnetization curve indicates th
the sample withx<0.2 undergoes a paramagnetic to ferr
magnetic transition. As nickel contentx increases, both Curie
temperatureTC and magnetizationM are systematically low-
ered, and the ferromagnetic transition becomes broader.
the macroscopic Curie temperatureTC is defined as the tem

FIG. 1. Lattice parameters for La0.7Sr0.3Mn12xNixO3 samples.
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perature of the maximum slope indM/dT. Clearly, the Ni
doping suppresses the ferromagnetism. The FC and ZFC
for the samplex50.2 do not coincide below a relatively hig
temperature, indicating that some randomly frozen-in m
netic clusters are also present. This illustrates that there
coexistence of ferromagnetism~possibly the large ferromag
netic regions with multidomain structure! and magnetic clus-
ters forT,TC . Moreover, there is a local maximum aroun
110 K on both FC and ZFC curves, suggesting the existe
of some antiferromagnetic correlation. By contrast, t
sample withx>0.25 shows the ferromagnetic cluster beha
iors without well-definedTC . Below freezing temperature
(Tf), the cluster-glass~or spin-glass! behavior is observed
which is characterized by the difference between the Z
and FC magnetization data. Moreover, the nonlinearity
reciprocal magnetization 1/M (T) can be found far aboveTf ,
suggesting the clustering of magnetic moments. From
above results, it seems that for present La0.7Sr0.3Mn12xNixO3
system there exists a ferromagnetic critical threshold ofxcm
'0.2;0.25 by crossing which the system evolves into
ferromagnetic cluster state from a ferromagnetic state.
above doping effect on magnetism could be understood
terms of Mn312Mn41 bond percolation, which will be dis-
cussed later.

FIG. 2. Left y axis: magnetization as a function of temperatu
in ZFC and FC processes with applied fields 0.05 T for samp
La0.7Sr0.3Mn12xNixO3. Right y axis: reciprocal magnetization 1/M
as a function of temperature in ZFC process.

FIG. 3. Temperature dependence of magnetization
La0.7Sr0.3Mn0.8Ni0.2O3 at H52 T. The points are experimental dat
the solid is the calculated result. Inset, the reciprocal magnetiza
1/M as a function of temperature.
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Figure 3 shows the temperature dependence of mag
zation atH52 T for the samplex50.2. To better understan
the behavior ofM (T), a simple classical mean-field model
used to parameterize the observed data. According to
mean-field model the magnetization is expressed as17,18

M

MS
5L~a! ~1!

with L(a)5coth(a)21/a and

a5
mH

kBT
1

3TCM

TMS
, ~2!

where kB is the Boltzmann constant. The above equatio
contain three independent parameters:MS , the mean-field
saturation moment,TC , the mean-field Curie temperatur
andm, the magnetic moment of the basic magnetic clust
whose internal degrees of freedom are regarded to be fro
in the energy range of concern. The high-temperature d
as shown in the inset of Fig. 2, are used to estimate
mean-field Curie temperatureTC and the Curie constantC
5mMS/3kB . Taking the value of magnetization~5 K! under
2 T asMS ,TC5240 K andm53kBC/MS'7mB are thus ob-
tained. By substituting this set of parameters into Eqs.~1!
and ~2!, one can calculate the magnetization curveM (T).
The calculated result is also given in Fig. 3. From Fig. 3
can be seen that the experimental dataM (T) are well de-
scribed by the simple mean-field model. However, it is wo
pointing out that the experimental value of magnetizat
underH52 T at 5 K isstill about 12% lower than the theo
retical saturation magnetization. This may be attributed
the local disordered or canted spin alignment from the co
peting ferromagnetic double exchange and antiferromagn
superexchange. While the effect of magnetic anisotro
~mainly from the magnetostrictive strain and with the ord
of magnitude 13105 erg/cm3 ~Ref. 19! on magnetization due
to single frozen clusters is considered to be smaller und
field of 2 T.

Figure 4 shows the temperature dependence of resisti
~r! of La0.7Sr0.3Mn12xNixO3 (x<0.4) series at several dif
ferent magnetic fields, where the arrow and vertical line
dicate the Curie temperature and the position of the resis

FIG. 4. Temperature dependence of resistivity~at zero field and
under an applied field ofH52 or 5 T! for La0.7Sr0.3Mn12xNixO3.
Arrows and vertical lines indicate the Curie temperature and
metal-insulator transition temperature, respectively.
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ity peak, respectively. Obviously, the zero-field resistiv
increases systematically with Ni doping. For the sample w
x<0.05, a metal-insulator transition, characterized by a
sistivity peak, occurs near the Curie temperatureTC . By
contrast, for the sample with 0.1<x,0.2, such a resistivity
peak appears at a temperature far belowTC , and decreases
in temperature with the increasing nickel concentration. T
resistivity peak appearing at a temperature much lower t
the Curie temperature has also been observed in some
manganese perovskites5,6 and ascribed to the inhomogen
ities existed in these systems. For the present case, it ma
related to the local magnetic disorder arising from statisti
composition fluctuations or atomic short-range order due
Ni doping. However, forx>0.2 no any resistivity peak can
be seen and the sample exhibits the insulating behavior in
whole experimental temperature range, either with or wi
out application of the magnetic field. The above results sh
that Ni doping induces a metal-insulator transition. The m
tallic threshold composition is determined asxc'0.2 by the
change of resistivity temperature coefficient (dr/dT) at low
temperature range from positive in the metallic regime bel
the threshold to negative in the insulating regime above i
is noted that this metallic threshold composition is close,
never exactly equal to the ferromagnetic critical threshold

Summarizing the above low-temperature electro
phases together with the corresponding magnetic pha
there are three distinct phase regimes
La0.7Sr0.3Mn12xNixO3 (x<0.4): ~i! ferromagnetic metallic
regime forx<0.18; ~ii ! cluster-glass~or spin-glass!-type in-
sulating regime forx>0.25, and~iii ! transition regime (x
;0.2) where the low-temperature insulating phase exhi
the supposition of ferromagnetic behavior and magnetic c
ter behavior. In previous study of the La0.8Sr0.2Mn12xCuxO3,
only ferromagnetic metallic phase@regime ~i!# and spin-
glass-like insulator@regime~ii !# were investigated.5

It is well known that the double exchange between Mn31

and Mn41 mediates ferromagnetism and metallic condu
tance. When Ni is doped into the samples, it occupies r
domly the Mn site in the lattice, which no longer effective
participates in the double exchange processes. It seems
in the La0.7Sr0.3Mn12xNixO3 a percolation of the Mn31/Mn41

pairs is necessary to simultaneously install double-exchan
like ferromagnetism and metallic conductance. By taking
probability of Mn31/Mn41 pairs as the metallic critical per
colation probability in La0.83Sr0.17MnO3 where low-
temperature ferromagnetic metallic phase starts appearin20

one can get an estimate of the metallic percolation thresh
of xc'0.23 for La0.7Sr0.3Mn12xNixO3. This value is in good
agreement with the observed ferromagnetic critical thresh
(xc'0.20).

In the ferromagnetic metallic regime, there exists a me
lic continuum including some magnetically disordered
gions centered at Ni ions. Spins in these regions are di
dered or canted due to the locally weakened double excha
and the competing superexchange coupling.5 In this case, the
sample is metallic, and the resistivity increases with Ni do
ing, owing to the strong electron scattering from magne
cally disordered regions. While in the ferromagnetic clus
regime, due to fewer pairs of Mn31/Mn41, only some iso-
lated ferromagnetic clusters can form in the Mn-rich regio
and they are buried in the insulating matrix that is magn

e
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cally disordered. In this case, the conductance of the sam
is controlled by electron transport across the insulating
gions. Thus as a whole the sample is insulating. As for in
transition regime, the ferromagnetic metallic continuum
broken up into some large ferromagnetic regions and so
small magnetic clusters, which leads to the supposition
ferromagnetic behavior and magnetic cluster behavior.
sample in this regime may also behave as an insulator at
temperature due to strong electron scattering from the
creasingly magnetic disordered regions.

B. Magnetoresistance

The MR ratio as a function of temperature atH52 T for
La0.7Sr0.3Mn12xNixO3 is plotted in Fig. 5. The MR ratio is
defined asDr/r05(r02rH)/r0 , wherer0 is the zero-field
resistivity andrH is the resistivity in the applied fieldH. For
the sample withx<0.05, a MR peak that is close to bo
Curie temperature and metal-insulator transition tempera
can clearly be seen. This may be interpreted as the C
component related to insulator-metal transition. Howev
for the sample withx>0.1, no MR peak can be observed
the experimental temperature range whether the sample
hibits a metal-insulator transition or not. Furthermore, a s
nificant MR ratio (H52 T) appears in the low-temperatu
range for all samples, either metallic or insulating, and
creases monotonically with decreasing temperature. I
noteworthy that the sample withx50.2 which is near the
ferromagnetic critical threshold exhibits a largely enhanc
low-temperature MR ratio of about 60% atH55 T ~see the
inset in Fig. 5! or about 40% atH52 T ~77 K!. The above
results reveal that Ni doping reduces the intrinsic CMR
fect and enhances low-temperature MR effect for the sam
with x<0.30. It is not surprising that Ni doping suppress
the CMR component. The zero-field resistivityr0 is increas-
ingly influenced by the presence of magnetically disorde
regions. This together with that the change of resistivity~Dr!
induced by applied field nearTC decreases due to the broa
ening of ferromagnetic transition, gives rise to the reduct
in CMR ratio.

It is worth mentioning that the magnetotransport behav
in present La0.7Sr0.3Mn12xNixO3 system at low temperatur
is somewhat similar to that obtained in heterogeneous fe

FIG. 5. MR ratio as a function of temperature at 2 T f
La0.7Sr0.3Mn12xNixO3. Inset, The MR ratio as a function of tem
perature at 5 T for the sample withx50.20.
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magnetic metal-insulator mixture. For convenience, the ze
field resistivity and MR ratio (H52 T) as a function of
nickel content at 77 K are summarized in Fig. 6. Two im
portant features should be noted in the Fig. 6. First, the M
ratio reaches its maximum of about 40% atxc'0.2, which is
located in the vicinity of the ferromagnetic critical threshol
Second, the resistivity increases rapidly near and above
threshold composition. The similar phenomena have a
been observed in the heterogeneous granular ferromag
metal-insulator mixture.21

Figure 7 shows the MR ratio as a function of the appli
field H at 77 K for the samplesx50, 0.15, 0.20, and 0.25
An important feature in Fig. 7 is that the sample withx
<0.2, which is ferromagnetic or ferromagnetic1cluster
magnetic, exhibits a sharp MR increase at low fieldH ~,1.2
kOe! ~i.e., so-called low-field MR effect! followed by a slow
but still significant increase at higher field. The high-fie
MR increase is more remarkable in the sample with hig
nickel content. Here, an important fact which should be e
phasized is that the low-field MR ratio does not decre
obviously with increasing Ni doping for the sample withx
<0.20 even though the low-temperature resistivity increa
by several orders of magnitude~also see Fig. 6!. However,
for the sample withx50.25 that exhibits cluster-like~or
spin-glass! magnetism, the low-field MR effect is not obv
ous, and a large MR ratio can be achieved only at a m
higher applied field.

Low-temperature MR has a low-field and high-field com
ponent. This has also been observed in some other polyc
talline manganites, and attributed to the different physi

FIG. 6. Zero-field resistivity and MR ratio (H52 T) as func-
tions of nickel content at 77 K for La0.7Sr0.3Mn12xNixO3.

FIG. 7. Variation inDr/r0 with applied fieldH at 77 K for
La0.7Sr0.3Mn12xNixO3.
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origins.6,8,9,12,14The low-temperature but high-field MR be
havior has been explained in terms of alignments of
neighboring Mn spins inside the grains or at the gr
boundaries.6,8,14 Similarly, the high-field MR behavior ob
served in the present Ni-doped La0.7Sr0.3MnO3 system can
also be interpreted in terms of the alignments of Mn spins
the magnetically disordered regions centered around Ni io
The spins of ions in these regions are disordered or can
and aligned gradually with increasing magnetic field. The
fore electrons may transfer more easily between Mn31 and
Mn41 ions, leading to MR. In this case, application of a lar
magnetic field is usually needed to align the neighbor
spins completely. Moreover, with increasing Ni dopin
magnetically disordered regions increase, thus leading to
enhanced high-field MR.

In the previous studies, on the other hand, the lo
temperature and low-field MR effect has been explained
terms of spin-polarized electron transport across the g
boundary regions where the structural and magnetic di
ders are regarded as tunneling barriers~intergrain spin-
polarized tunneling model!9,10 or strong scattering center
~spinpolarized scattering model!.12,14 In both tunneling and
scattering models, the magnetotransport depends on the
tive magnetization orientations of two neighboring grain
Moreover, both tunneling and scattering models predica
low-field MR effect. In our case, the resistivity contributio
for the undoped sample is mainly from the grain boundar
and therefore the low-field MR can also be ascribed to
spin-polarized transport across the grain boundary regi
However, the resistivity at 77 K for the sample withx
50.15 or 0.20 is about three or four orders of magnitu
higher than that of the undoped sample~also see Fig. 4!.
Such a large resistivity is expected to be from the intragr
contribution rather than from the intergrain~grain bound-
aries! due to the strongly spin-disordered scattering ins
the grains. The above fact implies that the grain bound
contribution to low-field MR can be neglected and the lo
field MR effect is related to the internal regions of grains.
possible cause is suggested for the low-field MR effect
served in the present Ni-doped samples. The magnetic
disordered regions~centered around Ni ions! inside grains,
introduced by Ni doping, may serve as the pinning cent
for magnetic domain walls as well as the strong sp
scattering centers. A moderately low field can reduce
e
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scattering because of the alignment of the neighboring
mains or/and cluster moments associated with these d
dered regions. As for the samples withx>0.25, only a slow
MR increase at 77 K is found in both low-field and high-fie
ranges. Apparently, the disappeared ferromagnetism~also
disappeared magnetic multidomain structure! is responsible
for lack of the low-field MR in these samples. A furthe
interpretation can be made by considering the following t
points. First, the clusters for the samples withx>0.25 are in
superparamagnetic state at 77 K. Therefore the momen
clusters cannot be easily aligned by the applied field due
their thermal fluctuation. Second, for the small clusters
MR contribution from the spin alignment of ions at clust
surfaces becomes dominant, which leads to the high-fi
MR effect.

IV. CONCLUSION

In summary, the magnetic and magnetotransport prop
ties of La0.7Sr0.3Mn12xNixO3 (x<0.4) system have bee
studied. In the low-doping regime, Ni doping suppress
both ferromagnetic transition and metal-insulator transiti
and causes a metal-insulator transition to occur at a temp
ture far below the Curie temperature. The CMR peak
weakened and even becomes unobservable with increa
Ni doping. Moreover, Ni doping induces a metal-to-insula
transition at a critical nickel composition close to which t
system evolves into a cluster-glass state from a ferrom
netic state. Interestingly, the largest low-temperature mag
toresistance at 77 K is found in the samples in the vicinity
the metallic continuity threshold below which the samp
shows both low- and high-field MR effects and above wh
the sample exhibits only a high-field MR effect. The resu
reveal that besides the grain boundaries the spin-depen
scattering from the internal grain regions also plays an
portant role in both the low-field and high-field MR.
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