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Effects of Cr doping in La0.67Ca0.33MnO3: Magnetization, resistivity, and thermopower
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~Received 8 May 2000; published 29 December 2000!

The effects of Cr substitution on Mn sites in the colossal magnetoresistance~CMR! compound
La0.67Ca0.33MnO3 have been studied by preparing the series La0.67Ca0.33Mn12xCrxO3 (x<0.3). A careful
study in the magnetic and electrical transport properties has been carried out by the measurements of magne-
tization, resistivity, magnetoresistance, and thermopower. It was found that Cr is impotent in loweringTC

when x<0.2. An extraordinary magnetotransport behavior, characterized by double bumps, was observed
aroundx50.1. As a result, the temperature range of CMR is greatly broadened. The analysis of resistivity and
thermopower data in the paramagnetic state enable us to identify the polaronic transport mechanism. Morever,
it is found that the polaron activation energy as well as polaron binding energy are almost constant within a
broad Cr content. We suggest these peculiar effects of Cr doping could be the consequence of the possible
double exchange interaction between Mn31 and Cr31.
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I. INTRODUCTION

Mixed-valence manganites with the perovskite struct
have been studied for a long time. Early research was m
vated by a need to develop insulating ferromagnets wit
large magnetization for high-frequency applications. Rec
renewed interest has focused on the negative colossal m
netoresistance~CMR! effect observed near the Cur
temperature.1–3 The basic structural, magnetic, and transp
properties of R12xAxMnO3 (R5rare earth,A5Ca, Sr,Ba)
were widely studied in the past years. For a broad dop
range, 0.2<x<0.5, there is an insulating-metallic~IM ! tran-
sition associated with a paramagnetic-ferromagnetic tra
tion. The ferromagnetism and the magnetic correlation
transport property in these compounds has been tradition
explained in terms of the double exchange~DE! mechanism4

which considers the magnetic coupling between Mn31 and
Mn41 that results from the motion of an electron across
two partially filled d shells with strong on-site Hund’s cou
pling. Recent detailed research has, however, shown tha
alone is insufficient to account for the rich variety of ph
nomena found in these compounds. Instead, a str
electron-phonon coupling due to the Jahn-Teller effect
Mn31 ion was proposed to play a key role in the
manganites.5–7 It has been becoming generally recogniz
that the system involves complex interplays among cha
lattice, and spin. In this kind of situation, localization of th
charge carriers as magnetic polaron in the high-tempera
paramagnetic state is believed to be a key factor to give
of the observed colossal magnetoresistance8,9

The great analogy between superconducting cuprates
CMR manganites suggests that the magnetotransport pro
ties of the latter should be sensitive to the doping of
manganese sites. The study of the effects of Mn-site dop
with other elements is expected to provide important cl
concerning the mechanism of CMR as well as the explor
of novel CMR materials. During the past two years, the
have being increasing reports on the effects of Mn-site
ment substitution. It was found that doping Mn sites w
foreign elements generally decreases Curie temperatureTC
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and the IM transition temperatureTp . However, the exact
effect depends on the nature of the doping element. The d
ing element can be divalent@such as Mg,13 Cu,14 Ni,15–18and
Zn ~Ref. 14!#, trivalent @such as Al,19 Fe,16,20–22 Ga,16,23

Co,14,15,24Cr ~Refs. 14, 16, 25 and 26!#, and tetravalent@Ti
and Sn~Ref. 16!#. Among these doping elements, Cr has
spectacular effect and attracts more attention. Maignanet al.
reported the rather constant TC values in
Sm0.56Sr0.44Mn12xCrxO3 system.16 Raveau et al.26 and
Barnabe´ et al.27 found that Cr substitution on the charge o
dered insulator Pr0.5Ca0.5MnO3 can induce an IM transition
without applied magnetic field. In this paper, we will discu
our investigation concerning the effect of Cr substitution
the prototype CMR material La0.67Ca0.33MnO3 by magneti-
zation, electrical transport, magnetoresistance, and t
mopower measurements within a broad doping level 0
<x<0.3. The experimental results prove Cr doping could
a potent way in tuning CMR response, and implies the p
sibility of DE between Mn31 and Cr31.

II. EXPERIMENT

Polycrystalline samples of La0.67Ca0.33Mn12xCrxO3 (0.0
,x<0.3) were synthesized by conventional solid-state re
tion method. Appropriate amounts of La2O3, CaCO3,
MnO2, and Cr2O3 were mixed and heated in air at 900 °
for 12 h, 1000 °C for 12 h, and 1150 °C for 24 h with inte
mediate grinding. After pressed into pellets, a final sinter
was carried out at 1400 °C for 24 h. The structure and ph
purity of as-prepared samples were checked by powder x
diffraction ~XRD! using CuKa radiation at room tempera
ture. The XRD patterns prove that all samples are sing
phase with orthorhombic perovskite structure. Magnetizat
measurements were performed using a vibrating sam
magnetometer~VSM!. After zero-field cooling down to 5 K,
the magnetization data were collected in 50 Gauss field d
ing the warming process. Resistivityr under zero and 6-T
magnetic field was measured by standard four-probe met
ThermopowerS was measured by conventional differenti
method in the 80–300-K temperature range.
©2000 The American Physical Society04-1
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III. RESULTS AND DISCUSSION

A. Magnetic properties

The temperature dependence of magnetization
La0.67Ca0.33Mn12xCrxO3 system (x<0.3) is shown in Fig. 1.
All samples, even for the doping levelx50.3, exhibit a steep
ferromagnetic-paramagnetic transition. The Curie tempe
ture TC , which is defined as the inflection point ofM;T
curve, are summarized in Table I for all samples. From it o
can see thatTC decreases rather slowly with increasing
content forx<0.2, and a little more rapidly forx50.3. In
contrast, it was reported that Fe, Ni, Co, Ga, Al, etc., are
potent in loweringTC . The inefficiency in drivingTC sug-
gests that Cr doping does not destory double exchange
romagnetism remarkably as some other elements. This
ture of Cr substitution was found previously. But there see
no consistant interpretation reached yet. Maignanet al. re-
ported the rather constant TC values in
Sm0.56Sr0.44Mn12xCrxO3 (x<0.2),16 and ascribed it to the
Mn31-O-Cr31 ferromagnetic interaction which may be als
double exchange type in terms of the identical electro
configuration (t2g

3 eg
0) between Mn41 and Cr31. On the other

hand, some authors argued that Cr ions are unable to

FIG. 1. Temperature dependence of magnetization in a 5
magnetic field for La0.67Ca0.33Mn12xCrxO3 (x<0.3).

TABLE I. Parameters on magnetic and transport properties
La0.67Ca0.33Mn12xCrxO3.

Sample TC (K) Tp (K) Er (meV) Es (meV) Eb (meV)

x50.05 224 225 138 7 262
x50.08 221 216 146
x50.1 208 208 133 12 242
x50.12 216 212 142
x50.15 202 205 139 14 250
x50.2 195 163
x50.3 175 11
05440
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part in DE and explained the rather weak dependence ofTC

on Cr content as that DE between Mn ions is not stron
affected until a given Mn ion has Cr ions as a significa
fraction of its nearest neighbors.25 We are inclined to the
former view. If the role of Cr doping is merely to dilute DE
between Mn ions, like that of Fe, Co, Ni, there should no b
difference of the effect onTC for them, opposing the experi
mental results. Although there is no definite evidence pr
ing DE between Mn31 and Cr31 at present, the possibility o
it keeps alive considering the peculiar magnetic and mag
totransport behaviors induced by Cr doping. In the Sec. III
we will discuss it in details with the transport and CMR da

The maximum of magnetization in a 50-G field kee
increasing fromx50.05 tox50.15. Then it goes down with
further Cr content. We note that the case ofx50.12 sample
stands out for its obviously low value of magnetization. Co
respondingly, the resistivity ofx50.12 sample also exhibits
abnormally large result, which will be demonstrated in t
subsequent section. Both magnetization and resistivity
remeasured for this sample, but the results retains. We
not sure if this abnormalcy is intrinsic and originates fro
the certain fraction of Cr content. However, since o
samples are polycrystalline, some extrinsic factors such
grain size and boundary can not be excluded to be resp
sible for it.

For all samples, the magnetization belowTC shows a
slight drop with cooling. Especially, for highly dope
samples (x50.15, 0.2, and 0.3), there is a fast drop of ma
netization at the lowest temperatures. The peculiar shap
M2T curves suggests a complex magnetic structure be
TC . Although the ferromagnetic interaction dominates af
the magnetic transition, there also exists antiferromagn
interaction between Cr31 ions. The coexistance of, and com
petition between, ferromagnetic and antiferromagnetic in
action could lead to the formation of cluster-glass state. T
steep drop of magnetization at low temperature may sign
the freezing of such cluster-glass state. In fact, previous
tensive studies have disclosed that a cluster~spin! galss be-
havior is usually observed in Mn-site doped manganites.18,21

B. Transport properties

Figure 2 depicts the temperature dependence of resist
of La0.67Ca0.33Mn12xCrxO3 system under zero and 6 T mag-
netic field. It is well known that La0.67Ca0.33MnO3 shows a
metallic-insulating~MI ! transition near Curie temperatur
TC;265 K. When Mn is partly substituted by Cr, the sy
tem displays a more complicated and interesting trans
behavior. With increasing Cr content, the MI transition shi
to lower temperature, and an additional bump grows up a
it. As a result, theR(T) curves ofx50.08 and 0.1 sample
display double-bumps feature~as seen clearly in the inset o
Fig. 2!. For thex50.12 sample, the original peak is wea
enough to merge into the greatly enhanced additional bu
Whenx reaches 0.15, no insulating-metallic transition occ
though the double-bending feature of theR(T) curve is still
clear. Whenx exceeds 0.15, the resistivity exhibits insulatin
behavior in all temperatures studied. We note that
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double-bump feature of R~T! curve was also observed i
Sm0.56Sr0.44Mn12yCryO3 (y50.07 and 0.10)~Ref. 16! and
Pr0.5Ca0.5Mn12yCryO3 (y50.10).16,26From these consisten
results we can conclude that this double-bumps feature
resistivity is intrinsic and originates from the crucial role
Cr element. Under an applied magnetic field, both bumps
resistivity are deeply compressed. This peculiar feature
resistivity with and without magnetic field leads to the e
traordinary CMR effect in La0.67Ca0.33Mn12xCrxO3.

In Fig. 3, we demonstrate the temperature dependenc
CMR response for La0.67Ca0.33Mn12xCrxO3 system (x
<0.15), where MR is defined as MR5@r(0)
2r(6T)#/r(6T). In contrast to the case in
La0.67Ca0.33MnO3 that CMR occurs merely nearTC , the
temperature range of CMR response is enormously bro
ened by Cr doping. Corresponding to the double bumps
zero-field resistivity, CMR also exhibits two peaks. With i
creasing Cr content, the original peak of CMR decays wh
the additional peak of CMR rises. The coexistence of t
peaks of MR results in CMR remains in a broad temperat
range from the lowest to near room temperature, espec
for doping levelx around 0.1. This extraordinary CMR be
havior is beneficial and informative to practical applicati
in terms of the very broad temperature range of CMR
sponse. Therefore it proves that Cr substitution on Mn
could be a potent way in tuning CMR.

The first peak of CMR lies very nearTC , which suggests
that it originates from the same mechanism based on the
between Mn ions as in undpoed La0.67Ca0.33MnO3. The sec-
ond peak of MR grows with increasing Cr content. Therefo
it should be ascribed to the crucial role of Cr. As we me
tioned above, there is a possibility of the occurrence of
through Mn31-O-Cr31 due to the identical electronic con
figuration between Cr31 and Mn41. The present results o
CMR behavior in La0.67Ca0.33Mn12xCrxO3 could be support-
ing evidence to this view. It is well known that DE correlat

FIG. 2. Temperature dependence of resistivity under zero
6-T magnetic field for La0.67Ca0.33Mn12xCrxO3 (x<0.3).
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the electrical transport to magnetic configuration, i.e., a m
netic order favors the motion of carrier. Therefore an appl
magnetic field promotes the conductivity and leads to CM
The appearance of an additional peak of CMR
La0.67Ca0.33Mn12xCrxO3 implies that the interaction throug
Mn31-O-Cr31 could be of the nature of DE rather than s
perexchange because superexchange generally does no
rise to the CMR. Due to the different coupling constant b
tween Mn31-O-Mn41 and Mn31-O-Cr31, the delocalization
of carriers by applied magnetic field happens at two se
rated regions, consequently resulting in two CMR peaks.

C. Polaronic transport and thermopower

There have been extensive discussion on the polar
transport behavior in the paramagnetic phase
R12yAyMnO3.10–12 As shown in Fig. 4, we found that th
high-temperature resistivity of La0.67Ca0.33Mn12xCrxO3 (x
<0.2) can be fitted by the adiabatic small polaron hopp
model,

r5BT exp~Er /kBT!, ~1!

whereB is a constant,Er is the resistivity activation energy
andkB is Boltzmann constant. Forx50.3, the resistivity data
do not fit small polaron model well. But the low temperatu
resistivity of it can be fitted by the variable range hoppi
model,28 r;exp(T0 /T)1/4, as shown in the inset of Fig. 4
From these fits, we obtain the resistivity activation ener
Er , which are listed in Table I. It can be seen the polar
activation energy is changed very little by the substitution
Cr. Forx<0.15, Er keeps nearly constant (;140 meV).

In order to obtain insight into the nature of polaron
paramagnetic state, we also performed measurements of
mopowerS as a function of temperature for some typic
samples. As shown in Fig. 5~a!, S increases with cooling and
a prominent peak develops at temperaturesTs with increas-
ing x. At T,Ts , the thermopower drops suddently and kee
nearly zero at low temperature whenx<0.15. Forx50.3

d

FIG. 3. Magnetoresistance versus temperature
La0.67Ca0.33Mn12xCrxO3 (x<0.15).
4-3



e
c

i
n
g

in

a

he
o
a

w

out

in
e-
netic
Cr
ar-

is
cal

in
ects
tic

r.
ed
the

s

YOUNG SUN, XIAOJUN XU, YUHENG ZHANG PHYSICAL REVIEW B63 054404
sample,S remains a high value afterTs . We found thatTs is
nearTC , which suggests the prominent peak ofS is related
to the onset of long-range magnetic order. By fitting the th
mopower data to the classical expression of the Seebeck
efficient for a thermally activated case,

S5
kB

e S Es

kBTD1S` , ~2!

whereEs is the thermopower activation energy, andS` is the
Seebeck coefficient at high-temperature limit, as dipicted
Fig. 5~b!, we can draw out the thermopower activation e
ergyEs which are also summaried in Table I. There is a lar
discrepancy betweenEr andEs , which is a hallmark of po-
laronic transport.28 With theseEr andEs from above models
we can calculate the polaron binding energyEb52(Er

2Es) for some typical samples, as listed in Table I. With
experimental resolution,Eb virtually varies slightly with Cr
content, a surprising result. The nearly constant polaron
tivation energy Ea and binding energy Eb in
La0.67Ca0.33Mn12xCrxO3 suggest that the basic nature of t
magnetic polaron does not remarkably changed by Cr d
ing. This dramatic feature, though not well understood, m
further indicate the equality of Cr31 with Mn41, and conse-
quently add the support to DE between Cr31 and Mn31. The
possible occurrence of DE between Mn31 and Cr31 is an
interesting and attractive subject. To clarify the answer,

FIG. 4. ln(r/T) versus 1/T for La0.67Ca0.33Mn12xCrxO3 (x
<0.2). The dashed lines are fits to small polaron model. The in
shows ln(r) versus 1/T1/4 for the x50.3 sample.
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are undertaking a careful study on the LaMn12xCrxO3 sys-
tem. The experimental results and discussion will come
in the future.

IV. CONCLUSIONS

We have investigated the effects of Cr doping
La0.67Ca0.33MnO3 by magnetic, electrical transport, magn
toresistance, and thermopower measurements. The mag
transition temperature decreases slowly with increasing
content. An extraordinary magnetotransport behavior, ch
acterized by double bumps, was observed forx around 0.1.
As a result, the temperature range of CMR response
greatly broadened by Cr substitution, beneficial to practi
application. Besides, the large difference betweenEr andEs
provides evidence of small polaron transport mechanism
the high-temperature paramagnetic state. The peculiar eff
of Cr doping, especially the inefficiency in both magne
order temperatureTC and polaron binding energyEb , sug-
gests the possibility of DE between Mn31 and Cr31.
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FIG. 5. ~a! Temperature dependence of thermopower, and~b!
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8H. Röder, J. Zang, and A. R. Bishop, Phys. Rev. Lett.76, 1356
~1996!.

9A. J. Millis, Nature~London! 392, 147 ~1998!.
10T. T. M. Palstra, A. P. Ramirez, S.-W. Cheong, B. R. Zegarski

Schiffer, and J. Zaanen, Phys. Rev. B56, 5104~1997!.
11M. Jaime, M. B. Salamon, M. Rubinstein, R. E. Treece, J.

Horwitz, and D. B. Chrisey, Phys. Rev. B54, 11 914~1996!.
12A. Lanzara, N. L. Saini, M. Brunelli, F. Natali, A. Bianconi, P. G

Radaelli, and S.-W. Cheong, Phys. Rev. Lett.81, 878 ~1998!.
13A. Maignan, C. Martin, and B. Raveau, Z. Phys. B: Conde

Matter 102, 19 ~1997!.
14K. Ghosh, S. B. Ogale, R. Ramesh, R. L. Greene, T. Venkate

K. M. Gapchup, Ravi Bathe, and S. I. Patil, Phys. Rev. B59,
533 ~1999!.

15Mark Rubinstein, D. J. Gillespie, John E. Snyder, and Terry
Tritt, Phys. Rev. B56, 5412~1997!.

16A. Maignan, F. Damay, A. Barnabe´, C. Martin, M. Hervieu, and
05440
.

,

.

.

.

.

n,

.

B. Raveau, Philos. Trans. R. Soc. London, Ser. B356, 1635
~1998!.

17Ji-Wen Feng and Lian-Pin Hwang, Appl. Phys. Lett.75, 1592
~1999!.

18Z.-H. Wang, B.-G. Shen, N. Tang, J.-W. Cai, T.-H. Ji, J.-G. Zha
W.-S. Zhan, G.-C. Che, S.-Y. Dai, and Dickon H. L. Ng,
Appl. Phys.85, 5399~1999!.

19J. Blasco, J. Gareı´a, J. M. de Teresa, M. R. Ibarra, J. Perez, P.
Algarabel, C. Marquina, and C. Ritter, Phys. Rev. B55, 8905
~1997!.

20K. H. Ahn, X. W. Wu, K. Liu, and C. L. Chien, Phys. Rev. B54,
15 299~1996!.

21J. Cai, C. Wong, B. Shen, J. Zhao, and W. Zhan, Appl. Phys. L
71, 1727~1997!.

22S. B. Ogale, R. Shreekala, Ravi Bathe, S. K. Date, S. I. Patil
Hannoyer, F. Petit, and G. Marest, Phys. Rev. B57, 7841
~1998!.

23Young Sun, Xiaojun Xu, Lei Zheng, and Yuheng Zhang, Ph
Rev. B60, 12 317~1999!.

24N. Garathri, A. K. Raychaudhuri, S. K. Tiwary, R. Gundakara
A. Arulraj, and C. N. R. Rao, Phys. Rev. B56, 1345~1997!.

25O. Cabeza, M. Long, C. Severac, M. A. Bari, C. M. Muirhead, M
G. Francesconi, and C. Greaves, J. Phys.: Condens. Matte11,
2569 ~1999!.

26B. Raveau, A. Maignan, and C. Martin, J. Solid State Chem.130,
162 ~1997!.

27A. Barnabe´, A. Maignan, M. Hervieu, F. Damay, C. Martin, an
B. Raveau, Appl. Phys. Lett.71, 3907~1997!.

28N. F. Mott, Conduction in Non-Crystalline Materials~Oxford
University Press, New York, 1993!.
4-5


