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The magnetic and electronic properties of the perovskite system (La0.72xGdx)Sr0.3MnO3 (0<x<0.6) have
been investigated by measurements of magnetization, resistivity and magnetoresistance. The substitution of Gd
on La sites not only results in a decrease of the Curie temperatureTc and the magnetization, but also induces
cluster-glass and ferrimagnetic behaviors. Forx<0.15, the system is metallic below 300 K, while for 0.2
<x<0.4, there is an insulating-metallic transition. Forx>0.5, the system is insulating. Forx>0.3, the
resistivity in the paramagnetic regime can be fitted by variable-range hopping model. Both the high-field~6 T!
and low-field ~1 T! magnetoresistances are significantly enhanced by Gd substitution. The steep insulating-
metallic transition inx50.3 and 0.4 samples gives rise to a large temperature coefficient of resistance. Infrared
spectra measurements provide strong evidence of the change of Mn-O-Mn bond angle due to Gd substitution.
These results suggest that both the average A-site ionic radius~tolerance factor! and the additional magnetic
coupling between Gd31 and Mn31/Mn41 sublattice are important factors in determining the magnetic and
electronic states. The enhancement of colossal magnetoresistance andI -M transition are interpreted based on
the scenario of phase separation.
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I. INTRODUCTION

The mixed valent manganites with the general form
La12yAyMnO3 and perovskite structure have drawn mu
research interest due to their unusual electronic and mag
properties, colossal magnetoresistance~CMR!,1–3 charge
ordering,4,5 orbital ordering,6,7 and phase separation8–10 in
particular. The parent compound LaMnO3 is well known to
be an antiferromagnetic insulator. When a fraction of
trivalent lanthanum ions are replaced by divalent ions s
as Ca, Sr, or Ba, La12yAyMnO3 exhibits a rich and complex
phase diagram. Within a broad doping level 0.2,y,0.5, an
insulating-metallic (I -M ) transition associated with
paramagnetic-ferromagnetic~PM-FM! transition occurs and
the colossal magnetoresistance effect appears just arou
The origin of ferromagnetism and the close correlation
tween the magnetic and transport properties
La12yAyMnO3 are basically interpreted within the frame
work of double exchange model,11 which considers the trans
fer of aneg electron between neighboring Mn31 and Mn41

ions. In addition, the strong electron-phonon interaction d
to the Jahn-Teller effect is also believed to play a key role
these manganites.12

The electronic and magnetic states of La12yAyMnO3 de-
pend on both the hole density~i.e., theA21 doping level! and
the tolerance factor. The tolerance factor, defined at
5^A-O&/A2^Mn-O&, where ^A-O& and ^Mn-O& are the
mean cation-oxygen bond lengths ofA site (La31 andA21)
and Mn site respectively, reflects the local microscopic d
tortions from ideal cubic perovskite structure (t51). The
optimumA21 doping level is close to 0.3, where the doub
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exchange FM interaction reaches its maximum. With d
creasingt, the Mn-O-Mn bond angle decreases, which affe
the transfer integral between Mn31 and Mn41 ions. While
maintaining the optimumA21 doping level, one can tune th
tolerance factor by replacing La with smaller rare-earth io
There have been systematic studies of
(La12xRx)0.7Ca0.3MnO3 system. Hwanget al.13 investigated
the tolerance factor dependence of the electronic and m
netic states in (La12xRx)0.7Ca0.3MnO3 by replacing La31

with some light rare-earth ions Pr31 and Y31. They found
that the FM Curie temperatureTC and conductivity decreas
with increasing Pr31 or Y31 content and establishe
a TC-t phase diagram. Terai et al. studied the
(La12xDyx)0.7Ca0.3MnO3 system and found some effec
different from compounds containing light rare-ear
ions.14 Terashita et al. recently investigated the
(La12xGdx)0.7Ca0.3MnO3 system and suggested that pha
segregation leads to a disagreement between metal-insu
transition and ferromagnetic transition temperature.15

Similar studies in another prototype CMR syste
(La0.72xRx)Sr0.3MnO3 are still not complete,16 especially
those containing heavy rare-earth ions. Due to the m
smaller ionic radius and high magnetic moment, the repla
ment of La by a heavy rare-earth element will not only i
fluence the lattice distortion but also introduce extra m
netic coupling. In this paper, we present a detailed study
Gd-substituted system (La0.72xGdx)Sr0.3MnO3 (0.0<x
<0.6), with the measurents of magnetization, resistiv
magnetoresistance, and infrared spectra. The purpose
study the dependence of magnetic and electronic trans
behaviors on the tolerance factor~controlled by the average
©2002 The American Physical Society14-1
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A-site ionic radius! as well as the effects of the extra rar
earth magnetic moment that has usually been ignored.

II. EXPERIMENT

Polycrystalline samples of (La0.72xGdx)Sr0.3MnO3 (x
50.0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, and 0.6) were p
pared by the standard solid state reaction method. Stoic
metric mixtures of high purity La2O3, Gd2O3, SrCO3, and
MnO2 were first heated at 800°C for 12 h, then at 1000
for 12 h and at 1200°C for another 12 h, with intermedia
grinding. Finally, after being ground and pressed into pelle
the samples were sintered at 1380°C for 36 h. The struc
and phase purity of as-prepared samples were checke
powder x-ray diffraction~XRD! at room temperature. Th
XRD patterns indicate single phase rhombohedral struc
for low-doped (x,0.2) samples and orthorhombic structu
for high-doped (x>0.2) samples. The magnetization w
measured using a Lakeshore vibrating sample magnetom
Resistivity was measured by standard four-probe method
frared spectra were taken in the frequency range from 35
1000 cm21 at room temperature.

III. RESULTS

A. Magnetism

We first investigated the magnetic properties. In Fig.
we show the temperature dependence of magnetizatio
0.1 T magnetic field for (La0.72xGdx)Sr0.3MnO3 (x
50.1, 0.15, 0.3, 0.4, 0.5, and 0.6). With increasing Gd c
tent, the PM-FM transition shifts to lower temperature a
the magnetization decreases. The Curie temperaturesTc ,

FIG. 1. Temperature dependence of magnetization in 0.1 T fi
for (La0.72xGdx)Sr0.3MnO3.
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which are defined as the inflection point inM -T curves, are
summarized in Table I. In order to identify the exact ma
netic structure after the ferromagnetic ordering, we intenti
ally measured the magnetization of thex50.2 sample with
low field ~0.01 T! in both zero-field cooled~ZFC! and field
cooled~FC! process, as shown in Fig. 2. It is clear that t
FC curve does not coincide with ZFC curve just belowTc .
The large discrepancy between ZFC and FC magnetizatio
usually understood as a sign of spin–cluster-glass state
has no simple long-range ferromagnetic ordering.17 The de-
crease of the Curie temperature and magnetization with
replacement of La by smaller rare-earth ions has been
served in previous studies.13–16 The usual interpretation is
that the smaller averageA-site ionic radius causes a large
distortion of the Mn-O-Mn bond and consequently weake
the double exchange interaction. Apart from the abo
mechanism, we believe that the large local moment of Gd31

ions should play a key role in the magnetic behavior.
clarify it, we also measured theM -H curves for both low-
doped (x50.2) and high-doped (x50.5) samples. As shown
in Fig. 3, for thex50.2 sample, M rises up dramatically a
low field and tends to saturate at high field. However, for
x50.5 sample, theM2H behavior is quite different: after a
steep rise in the low field range (H<0.1 T), the magnetiza-
tion still increases steadily with increasing magnetic fie
and does not show any sign of saturation, even at low te
perature (T510 K). The continuous increase ofM with high
magnetic field and the small value of it indicate a ferrima
neticlike state in high-doped samples. Assuming a pure
rimagnetic state~the moments of Gd31 and Mn31/Mn41 are
absolutely opposite!, we expect the net magnetization o

ld
FIG. 2. Temperature dependence of magnetization in 0.0

field for (La0.5Gd0.2)Sr0.3MnO3 in both ZFC and FC processes.
TABLE I. Curie temperatureTc , I -M transition temperatureTp , and the fitting parameterT0 to Mott’s
law, of (La0.72xGdx)Sr0.3MnO3.

Sample x50.1 x50.15 x50.2 x50.3 x50.4 x50.5 x50.6

Tc 328 298 270 168 104 74 66
Tp 270 185 120
T0 4.33107 8.83107 1.13108 1.33108
4-2
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(La0.2Gd0.5)Sr0.3MnO3 to be 4.7 emu/g. This value is consid
erably lower than the experimental data;8.5 emu/g at the
low field regime (;0.1 T). This discrepancy may sugge
that the Gd content is slightly smaller than 0.5. If in a pu
ferrimagnetic state, the magnetization of 8.5 emu/g co
sponds to a Gd content ofx50.48. Another possibility is tha
a spin-canted structure, rather than a pure ferrimagnetic s
exists in the present sample. We note that previous studie
Gd-doped La-Ca-Mn-O have shown a spin-canted struc
in low-doped samples18 and a ferrimagnetic state i
Gd0.67Ca0.33MnO3.19 The spin-canted or the ferrimagnet
state suggest that the exchange coupling between the G31

and the Mn31/Mn41 sublattices tends to be antiferroma
netic.

B. Electronic transport

In Fig. 4, we demonstrate the temperature dependenc
resistivity without magnetic field for all samples. The res
tivity increases with increasing Gd content. Whenx<0.15,
the samples show metallic behavior below 300 K. For
<x<0.4, an insulator-metal transition was observed. Wh

FIG. 3. M -H curves of (La0.5Gd0.2)Sr0.3MnO3 and
(La0.2Gd0.5)Sr0.3MnO3.

FIG. 4. Temperature dependence of the resistivity in zero fi
for all samples.
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x>0.5, the samples are insulating, though an apparent s
change of resistivity was observed forx50.5. To study the
magnetoresistance effect, we also measured the resistivi
several typical samples under different magnetic fields,
shown in Fig. 5. For (La0.6Gd0.1)Sr0.3MnO3, which has aTc
above room temperature, the behavior is metallic below 3
K and the magnetoresistance is relatively small. F
(La0.5Gd0.2)Sr0.3MnO3, there is anI -M transition just atTc
~270 K! and the CMR appears mainly aroundTc . With fur-
ther Gd content, (La0.4Gd0.3)Sr0.3MnO3 and
(La0.3Gd0.4)Sr0.3MnO3 exhibit enhancedI -M transition so
that the resistivity shows a sharp peak at a temperatureTp .
For (La0.4Gd0.3)Sr0.3MnO3 and (La0.3Gd0.4)Sr0.3MnO3, Tp is
185 and 120 K, respectively, much above their Curie te
peratures~168 and 104 K!. We note that the discrepanc
betweenTc and theI -M transition temperatureTp has also
been observed in (La12xGdx)0.7Ca0.3MnO3 whenx>0.2 and
was interpreted as a result of phase segregation.15 It is also
worthwhile to compare Curie temperatureTc with the tem-
perature at which dr/dT reaches a maximum. Fo
(La0.4Gd0.3)Sr0.3MnO3 and (La0.3Gd0.4)Sr0.3MnO3, this tem-
perature is 172 and 111 K, respectively, very close to th
Tc’s, which implies that theI -M transition is triggered by
magnetic ordering.

For x>0.3, the resistivity shows insulating behavior ov
a substantial temperature interval so that we can fit it w
different models. We first tried with the adiabatic small p
laron hopping model20 r5BT exp(Ea /kT). As shown in Fig.
6~a!, the nonlinear shape of these plots suggests that the
sistivity in the paramagnetic regime does not obey the sm
polaron model well. In contrast, the Mott’s variable-ran
hopping model,21 r5r0exp(T0 /T)1/4, can give a better fitting
to the resistivity. As seen in Fig. 6~b!, except forx50.5, the
resistivity in the paramagnetic regime can be fitted by Mo
law very well. This result indicates that Gd dopping caus

d

FIG. 5. Temperature dependence of the resistvity under m
netic fields for several typical samples.
4-3
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strong potential fluctuation which is favorable to th
variable-range hopping. The fitting parameterT0, as sumar-
rized in Table I, is related to localization lengthL by the
expressionkT0518/@L3N(E)#, where k is Boltzman con-
stant,N(E) is the electronic density of states. Since Gd do
ing does not change the Mn31/Mn41 ratio, it is reasonable to
assume thatN(E) is nearly independent on Gd conten
Therefore, the variation ofT0 with Gd content reflects the
change of localization length. From Table I, one can see
T0 increases with increasing Gd content. This implies t
the disorder in the lattice grows up with Gd doping.

The enhancedI -M transition in (La0.72xGdx)Sr0.3MnO3 is
very sensitive to applied magnetic field. From Fig. 5 one c
see that the resistivity peak is significantly depressed by
plied magnetic field, which leads to an enormous enhan
ment of the CMR effect. The corresponding MR ratio is plo
ted in Fig. 6. As shown in Figs. 7~a! and 7~b!, the maximum
MR ratio in 6 T field is ;8300% at 117 K for
(La0.3Gd0.4)Sr0.3MnO3 and ;930% at 182 K for
(La0.4Gd0.3)Sr0.3MnO3. Even in 1 T field, the MR ratio is as
high as 520 and 150% for (La0.3Gd0.4)Sr0.3MnO3 and
(La0.4Gd0.3)Sr0.3MnO3, respectively.

In addition to the CMR, the sharp drop of resistivity at t
insulator-metal transition results in a large temperature c

FIG. 6. ~a! ln(r/T) versus 1/T and~b! ln(r) versus 1/T21/4, for
x>0.3 samples. The dashed lines are fits to Mott’s law.
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ficient of resistance@TCR, defined as (dR/dT)/R], which is
beneficial for bolometric applications.22–24As shown in Fig.
8, the maximum of TCR is;15% and ;7.5%/K for
(La0.3Gd0.4)Sr0.3MnO3 and (La0.4Gd0.3)Sr0.3MnO3, respec-
tively. Since bolometric applications require thin films an
the TCR is usually larger in thin film samples,22 one may
expect a higher TCR in (La0.72xGdx)Sr0.3MnO3 thin films.

FIG. 7. Temperature dependence of the MR ratio in~a! 1 T
magnetic field and ~b! 6 T magnetic field, for
(La0.72xGdx)Sr0.3MnO3 (x50.1, 0.2, 0.3, and 0.4!.

FIG. 8. Temperature dependence of the TCR, defined
(dR/dT)/R, for (La0.72xGdx)Sr0.3MnO3 (x50.3 and 0.4! bulk
samples.
4-4
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IV. DISCUSSION

As generally recognized in previous studies, the sma
ionic radius of Gd31 compared to La31 leads to the decreas
of the tolerance factor with increasing Gd content, wh
results in bending of the Mn-O-Mn bond angle. In order
see how the bond angle varies with Gd substitution, we m
sured the infrared absorption spectra at room temperatur
(La0.72xGdx)Sr0.3MnO3, shown in Fig. 9. The bending mod
n4, located around 390 cm21, reflecting an internal motion
of Mn and O ions located along a particular direction agai
the other oxygen ions in a plane perpendicular to that dir
tion, is highly sensitive to a change in the Mn-O-Mn bo
angle. The streching moden3 located near 600 cm21, corre-
sponding to an internal motion of Mn ion against the oxyg
octahedron, is sensitive to the Mn-O bond length.25 The sig-
nal from x50.0 and 0.1 samples is weak because theirTc’s
are above room temperature. With increasing Gd content
bending mode broadens and shifts while the streching m
hardly moves. This result suggests that the substitution of
on La sites mainly influences the Mn-O-Mn bond ang
rather than the Mn-O bond length. The shift of the bend
mode has its direct consequence in the transport proper
When the shift of bending mode is slight (x<0.1), the re-
sistivity is metallic. For 0.2<x<0.4, the further shift of
bending mode results in anI -M transition. The transition
temperature decreases with increasing shift of the ben
mode. Forx>0.5, the bending mode shifts more and noI -M
transition occurs. The infrared spectra demonstrates tha
Mn-O-Mn bond angle is a critical factor in determining th
electronic and magnetic state.

The significant enhancement of the magnetoresista
especially the low-field magnetoresistance,
(La0.72xGdx)Sr0.3MnO3 samples, is important for practica
applications and also informative as to the mechanism
CMR in perovskite manganites. Recent intensive stud
have shown that a phase separation underlies theI -M tran-
sition and CMR in perovskite manganites,8,9,26,27 i.e., spa-
tially inhomogeneous metallic and insulating areas coe

FIG. 9. Infrared spectra of (La0.72xGdx)Sr0.3MnO3 at room tem-
perature.
09441
r

a-
for

t
c-

n

he
de
d

g
es.

g

he

e,

f
s

st

and the percolation of metallic ferromagnetic clusters w
temperature or by applied field leads to theI -M transition
and CMR. Even when La is replaced by other rare-ea
elements, phase separation and percolative conduction
appear.15,28,29 This phase separation has been proposed
originate from the disorder due to the different ionic radi
of various elements that compose the manganites.8,27 More-
over, Salamon30 recently emphasized the thermodynam
feature of the percolating entities and proposed that the m
netic transition and CMR effect should be viewed in t
context of the Griffiths singularity driven by intrinsic ran
domness.

As described in Sec. III, there is a disagreement betw
I -M transition and ferromagnetic transition temperature
(La0.72xGdx)Sr0.3 MnO3 (x>0.2). The same effect wa
found in (La12xGdx)0.7Ca0.3MnO3 (x>0.2), where it was
believed to result from phase segregation.15 Based on the
scenario of phase separation, the role of Gd in the enha
ment of theI -M transition and CMR may be comprehend
from two sides. On the one hand, the decrease of ave
A-site ionic radius~i.e., the decrease of the tolerance factort)
with increasing Gd content leads to the gradual bending
the Mn-O-Mn bond, which causes the enhancement of
effective Jahn-Teller electron-phonon coupling and result
a reduced mobility of the carriers.31 Meanwhile, the doping
of Gd promotes the random character of the distribution
A-site ions (La31,Sr21,Gd31), leading to the random distri
bution of hoppings and exchange between the locali
spins. As discussed in Ref. 27, the cluster size in the ph
separation regime is governed by the strength of disor
~the smaller the disorder, the larger the cluster size!. There-
fore, the increase of disorder induced by Gd substitution w
definitely influence the cluster size in the phase separa
regime. On another hand, the substitution of nonmagn
La31 by magnetic Gd31 would introduce extra magneti
coupling since Gd31 has a large local moment. The clust
glasslike behavior and the ferrimagnetic feature introdu
by Gd substitution suggest an antiferromagnetic excha
coupling between Gd31 and Mn31/Mn41 sublattice. The
competing antiferromagnetic coupling would also contribu
to the disorder in the lattice and influence the cluster size
the phase separation regime.

Therefore, as the extent of disorder grows with G
doping, we may expect that the cluster size reduces. T
means that the phase separation aroundTc in
(La0.72xGdx)Sr0.3MnO3 is in the form of many small isolated
metallic clusters, coexisting with insulating areas. Due to
lower Tc caused by Gd doping and the fact that the perco
tion point is consistent withTc , the small metallic clusters
would accumulate while the resistance of the insulat
phase keeps increasing before reachingTc . When a large
number of small metallic clusters percolate simultaneou
triggered by the ferromagnetic ordering, theI -M transition
would be more severe and accomplished within a narr
temperature range, leading to the steep drop of resistiv
Also, in such a form of phase separation, it would be mu
easier for an applied magnetic field to trigger a collect
percolation of isolated metallic clusters. In addition, beca
the extra magnetic coupling induced by Gd31 can be tuned
4-5
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by external field, the microscopic magnetic structure, a
consequently the size of metallic ferromagnetic cluste
are more sensitive to applied magnetic field. Due
above points, the CMR is greatly enhanced
(La0.72xGdx)Sr0.3MnO3.

V. CONCLUSION

The influences of Gd substitution in La0.7Sr0.3MnO3 have
been studied. The substitution of Gd on La sites not o
results in the decrease of Curie temperatureTc and the mag-
netization, but also induces cluster-glass and ferrimagn
behaviors. The insulating-metallic transition shifts to low
temperature with increasing Gd content and theI -M transi-
ton temperature disagrees with Curie temperatureTc when
x.0.2. Both the high-field and low-field magnetoresistan
are significantly enhanced by Gd substitution. Infrared p
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non spectra reveal the change of Mn-O-Mn bond angle,
not bond length, due to Gd substitution. These results s
gest that both the averageA-site ionic radius~tolorence fac-
tor! and the extra magnetic coupling between Gd31 and
Mn31/Mn41 sublattice are important factors in determinin
the magnetic and electronic states. The enhancemen
CMR andI -M transition are interpreted in terms of the pha
separation.
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