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Colossal magnetoresistance in Gd 1/2Sr1/2MnO3
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Colossal magnetoresistance has been observed in polycrystalline Gd0.5Sr0.5MnO3 perovskite.
Irreversibility and sharp anomalies in the magnetostriction, magnetization, and magnetoresistance
isotherms take place at low temperatures (,90 K), which have been attributed to the establishment
of a charge-ordered state~CO!. For temperatures lower than'42 K, the CO state coexists with a
cluster-glass state, as deduced from the magnetic and specific heat behavior and neutron scattering
experiments. The linear-thermal-expansion measurements show an abrupt drop forT'TCO when a
sufficiently high magnetic field is applied. The appearance of this anomaly has been attributed to the
partial delocalization of the carriers by the field. ©1998 American Institute of Physics.
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I. INTRODUCTION

Several studies concerning the oxides of the ty
A12xAx8MnO3 ~A5rare earth; A85divalent alkaline ion!
have shown the great importance of the lattice on the m
netic and transport state in the mixed-valence mangan
Chemical and geometrical factors1,2 as the mean size of th
radius in the A site,̂ r A&, the hole-dopingx and, as recently
observed, the random A-site disorder,3 play an essential role
for the occurrence of colossal magnetoresistance~CMR!.
Magnetic order occurs at lower temperatures for decrea
^r A& values, and frustrated magnetic states are observed
very low values of this magnitude.1,4 The CMR phenomenon
is related to the existence of a metal–insulator~M-I ! transi-
tion in the material. This effect is optimized for a hol
doping concentrationx'0.3 together with the valuêr A&
'1.23 Å.2 Relatively, few studies concern the perovskit
based on heavy rare earths due to the small average ra
the A site and hence nonexistence of M-I transitions. F
A5Gd and the hole-dopingx50.3, the insulating behavio
persists in the whole temperature range, whereas a M-I t
sition is observed when a bigger rare-earth cation
considered.2 Nevertheless, when the M-I transition is a
tained for low average A-site cation perovskites, bigger m
netoresistance ratios are obtained, what makes this h
rare-earth-based manganites attractive for investigation.

In this article we report the crystallographic, calorime
ric, magnetic, magnetostrictive, and magnetotransport p
erties of the highly distorted perovskite Gd0.5Sr0.5MnO3, for
which CMR has been observed. This effect has also b
observed in other compounds of the series with A85Sr
~A5Sm, Pr, Nd!.5 The mean size radius in the A site fo
Gd0.5Sr0.5MnO3 is relatively small~^r A&'1.208 Å vs 1.221
7660021-8979/98/83(12)/7664/4/$15.00
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Å for Sm, 1.236 Å for Nd and 1.244 Å for Pr! and no spon-
taneous M-I transition is observed. Gradual charge local
tion ~CL! with lattice distortion have recently been propos
as the mechanism responsible for the increase in the resi
ity of this kind of compounds in the paramagnetic regime6,7

The conduction is performed via magnetic polarons wh
existence has been proved recently.8 The application of an
external field quenches the localization process, favoring
metallic-like state.

The magnetotransport properties reported earlier for
compound, present qualitative differences with respect
those found here.4 The application of a 5 T field induces a
metallic-like state in a reduced temperature ran
('25– 50 K), whereas for lower temperatures the therm
variation of the resistivity recovers the semiconductor-li
behavior. We have tested that the shape of the resisti
versus temperature curve is not affected by the measurem
process followed~i.e., field cooled, FC, or zero-field cooled
ZFC!. Nevertheless, the preparation method used can a
the intrinsic properties of the sample due to very small va
tions resulting in the stoichiometry and the Mn–O–Mnbond
angle. If, for example, the oxygen content is affected, o
can expect drastical changes in the transport properties,9 due
to the crucial role plaid by the last through the electro
phonon interaction.10

The magnetotransport behavior of the studied compo
can be explained considering a crossover from a CL to
inhomogeneous charge-ordered~CO! state appearing at low
temperatures. The CO state is found to coexist with a clus
glass~CG! state at lower temperatures, leading to a ph
segregation in the compound. Such a coexistence of st
has not been reported before in the manganese oxides
4 © 1998 American Institute of Physics
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though a spin-glass magnetic state has been observed in
tems presenting CO, like in the layered manganese ox
La12xSr11xMnO4 within some concentration range11 and in
Pr0.7Ca0.3MnO3.

12 A CO-CG coexistence of states cou
probably explain the magnetotransport behavior
Nd0.5Ca0.5MnO3 observed by Mahendiranet al.13 The exis-
tence of CO state is very typical in thex50.5 hole-doping
concentration. The emergence of a CG phase is a co
quence of the existing competition between the ferrom
netic double-exchange and antiferromagnetic exchange in
action in this highly distorted perovskite.

II. EXPERIMENT

The polycrystalline sample was prepared using
‘‘wet’’ solid state reaction method mixing stoichiometr
amounts of Gd2O3, SrCO3, and MnO2 in concentrated nitric
acid. The solution was heated boiling off the excess ni
acid. This precursor was calcinated in air at 900 °C ov
night. The remaining black powder was pressed into pel
and sintered at 1200 °C in air for three days. The sample
analyzed by means of x-ray powder diffraction.

Electrical resistivity and magnetoresistance measu
ments were made on bar-shaped pellets by the four-p
method with the current perpendicular to the applied field
the temperature range 4.2–300 K. Magnetic fields up to 1
were used. Thermal expansion measurements were
formed in high temperature range using a ‘‘push rod’’ a
differential transformer method. Between 4 K and room tem-
perature parallel magnetostriction and thermal expans
measurements were performed by means of the strain g
technique, using a steady magnetic field up to 12 T. Spe
heat was measured by means of a standard semiadia
technique in warming mode. Ac initial magnetic susceptib
ity measurements were performed using a mutual inducta
method with an excitation field in the primary 70 mOe
frequencies of 403 Hz. Neutron diffraction experiments w
performed at the Laue–Langevin Institute using the D4
strument. This instrument uses a very short neutron wa
length (l50.5 Å) in order to diminish the huge neutron ca
ture cross section of Gd nucleons for higher wavelen
values.

III. RESULTS AND DISCUSSION

The Gd0.5Sr0.5MnO3 sample was tested to be sing
phase, with an orthorhombically distorted perovskite str
ture ~spatial group Pbnm! determined by Rietveld refine
ment, in agreement with the structure observed in rela
compounds.14 The unit cell parameters are given bya
55.425(4) Å, b55.429(4) Å, andc57.644(5) Å. The
calculated distortion respect to the ideal cubic structure
D50.33%. The Mn–O–Mnbond angles present the valu
164.6° for Mn–O~1!–Mn and 160.0° for Mn–O~2!–Mn. The
Mn–O distance is 1.94 Å.

In Fig. 1 the linear thermal expansion~LTE! of
Gd0.5Sr0.5MnO3 without and under applied magnetic fields
6 and 12 T has been represented. Fitting the high tempera
thermal expansion using a Debye–Gru¨neisen approximation
with QD5500 K ~dashed line in Fig. 1! we can account for
Downloaded 20 Mar 2002 to 137.205.8.2. Redistribution subject to AIP
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the lattice vibrations, but an additional contribution is o
served to appear aroundTp'400 K. With the application of
a sufficiently high magnetic field an abrupt drop is observ
in the LTE ~at around 90 K forH512 T!. This behavior is
qualitatively similar to that observed in Pr2/3Ca1/3MnO3.

15

The explanation of this effect is based in the suppression
the applied magnetic field of the extra contribution appear
in the lattice thermal expansion, when the field value
enough to destroy the charge-ordered state.Tp defines the
appearance of the CL state, i.e., of the lattice polarons-ch
carriers accompanied by a localized distortion which contr
utes to the anomalous anharmonic effect. The magnetic fi
favors the charge delocalization releasing the distort
linked to it. As we observe in the figure, for Gd0.5Sr0.5MnO3

under 12 T, the lattice thermal expansion does not reco
the expected anharmonic behavior~an excessD l'0.36
31023 is detected at 4.2 K!. One can think that a highe
field value is necessary to produce the full quenching of
CL state producing the extra contribution to the lattice e
pansion in this compound. Nevertheless, as we will see la
this is not the case because saturation in the magnetostri
is already reached for lower values of the applied field. T
remaining excess in the thermal expansion under field ca
explained considering the existence of inhomogeneities
the sample, some parts of the sample transform to the m
lic state under the applied field whereas some will remain
the more stable CL state.

The thermal variation of the magnetoresistance of
sample can be observed without and under an applied m
netic field up to 15 T in Fig. 2. Without the field the resi
tivity increases exponentially over the whole temperat
range, and reaches values beyond the possibilities of our
perimental setup. When a magnetic field above 4 T isapplied
the r(H) vs T curves display a sharp decrease at low te
perature. The resistance valueRM attained at the maximum
increases exponentially with decreasing values of the t
peratureTM at which the maximum occurs. A linear relatio
of TM versus the applied magnetic field was observed. Th
linear relations are also accomplished in the terbium16 and
yttrium-substituted17 ~La–Ca!MnO3 perovskites.

FIG. 1. Linear thermal expansion~LTE! of Gd0.5Sr0.5MnO3 without and
under applied field of 6 and 12 T. The dashed curve represents a fit o
high temperature LTE using a Gru¨neisen law and a Debye temperatu
QD5500 K.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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In Fig. 3 we display the~a! magnetostriction and~b!
magnetoresistance isotherms measured at different tem
tures. These results show similar field dependence for b
magnitudes, confirming the importance of the electron-lat
coupling in these oxides. The magnetostriction display
smooth variation with increasing applied field up to a cert
critical value Hc . At this field value a steep drop of th
magnetostriction is observed, that corresponds to the dif
ence existing at the same temperatures in the LTE curve
0 and 12 T~see Fig. 1!. At the same field value a hug
reduction of the resistivity is also observed. Both mag
tudes, magnetostriction, and magnetoresistance are clo
correlated. The isotherms show an increasing hysteretica
havior for temperatures lower than'90 K. This feature is an
indication of the existence of a first-order transition asso
ated to the field induced delocalization of the charge. A
consequence we assume that below 90 K the CO state se

FIG. 2. Thermal dependence of the resistivity for different values of
applied magnetic field.

FIG. 3. ~a! Magnetostriction and~b! magnetoresistance isotherms at seve
temperatures.
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The CO state is destroyed when a sufficiently high field
applied, giving rise to the kink observed in the 12 T LT
The charge becomes delocalized by the field and the la
contracts.

In Fig. 4 we can observe the existence of a sharp cus
Tf'42 K. However, no peak or singularity is observed
the specific heat measurements around this temperature~see
inset of Fig. 4!. This suggests the existence of a spin-gla
like state below the freezing temperatureTf . The FC and
ZFC magnetization measurements support this possib
~see inset of Fig. 4!. Neutron diffraction pattern spectra wer
obtained at several temperatures. The absence of mag
contribution on the Bragg peaks and the lack of extra m
netic peaks discards the existence of long range magn
order in this compound. The existence of magnetic clus
can best be checked by looking at the small angle scatte
of the sample. However, due to the extremely high abso
tion cross section of Gd a short neutron wavelength had to
used in this experiment, limiting the access to the lowq
range. Therefore we do not have a definitive evidence of
existence of magnetic clusters, however, the bump obse
at low temperature (T,90 K) at 2u'3° can certainly be
associated with the existence of short range antiferrom
netic correlations within the CO paramagnetic regions.

In Fig. 5 we show the magnetization isotherms at

e

l

FIG. 4. Thermal variation of the ac susceptibility of Gd0.5Sr0.5MnO3. The
inset shows the specific heat results~black circles! and the field cooled and
zero-field cooled magnetization obtained as a function of temperature u
Happ50.1 T.

FIG. 5. Magnetization isotherms for Gd0.5Sr0.5MnO3.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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lected temperatures to be compared with the results of F
3~a! and 3~b!. A clear anomaly is observed at the critical fie
values, which indicates the existence of two regions. At fi
below the critical a continuous increase of the magnetiza
is observed. Using an Arrott plot representation we c
firmed the lack of spontaneous magnetization in this regi
which agrees with the proposed existence of a CG st
From the lack of long range magnetic order~as shown from
neutron diffraction experiments! we can conclude that thi
regime, as suggested from the reported experiments, con
of ferromagnetic clusters over a CO paramagnetic ba
ground. The increase of magnetization within this regime
be explained by a partial rotation of these clusters towa
the field direction, and also the possible increase in size.
field values reachingHc , a rapid increase in the magnetiz
tion is observed, allowing to determine the critical field val
which is comparable with the values obtained from oth
measurements. As the field is increased the CO is destro
sharply nearHc and smoothly at larger field values. Th
ground state at the maximum field consists of ferromagn
clusters coexisting over a paramagnetic matrix in which
CO is suppressed, but still the charge is to some exten
calized. The jump in the magnetization may be underst
considering an increase of the cluster size when the CO s
is destroyed. It is interesting to note that the value of
magnetization at 10 K under 12 T is larger than expec
from the Mn13/Mn14 ratio. A similar result was observed fo
~La2/3Tb1/3!2/3Ca1/3MnO3,

16 and in Pr0.7Ca0.3MnO3.
18,19As in

those cases the effect can be explained if we consider
paramagnetic rare earth contribution. From the Brillou
function we can obtain the paramagnetic contribution of
to magnetization at applied field of 12 T and at 10 K, bei
approximately 77 emu/g. The contribution arising from t
manganese ions is in that case'73 emu/g. This value is a
17% lower than the expected if all the moments were fer
magnetically aligned with the field, which correlates w
with the relatively high resistivity value found at this field

A CG insulator state has also been found for the Tb-r
perovskites of the family (La12xTbx)2/3Ca1/3MnO3.

16 For
low values of the tolerance factor, a higher distortion of t
Mn–O–Mnbond angle is obtained, leading to a reduction
the one-electron bandwidth and a weak ferromagn
double-exchange interaction. The correlation length for th
clusters is about'12 Å in ~La, Y/Tb!2/3Ca1/3MnO3.

8 The
magnetic behavior of Gd0.5Sr0.5MnO3 suggests that in this
compound magnetic clusters are present at high temp
tures, freezing atTf with random orientation in a manne
analogous to the spin-glass freezing. BelowTCO the applica-
tion of a field increases the size of the clusters, and a
critical field value the clusters percolate as the CO is
stroyed. For Gd0.5Sr0.5MnO3, the CO is very stable, the clus
ter growth induced by the field is relatively small and t
value of the resistivity below the transition remains hi
relative to that expected for a metal~in Gd0.5Sr0.5MnO3 r
'50V cm at 25 K under 15 T!.
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In conclusion, this is the first manganese oxide prese
ing colossal magnetoresistance in which a phase segreg
consisting of CG and CO paramagnetic regions in coex
ence is reported.
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