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Effects of Cr doping in Lag gCay 3dMN0O 5: Magnetization, resistivity, and thermopower
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The effects of Cr substitution on Mn sites in the colossal magnetoresist€@pHR) compound
Lag 6 Ca 3dMNO; have been studied by preparing the serieg gi@a, 3Mn; _,Cr,O; (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 loWgring
when x<0.2. An extraordinary magnetotransport behavior, characterized by double bumps, was observed
aroundx=0.1. 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 betweenMrand CF*.
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[. INTRODUCTION and the IM transition temperaturg,. However, the exact
effect depends on the nature of the doping element. The dop-
Mixed-valence manganites with the perovskite structuréng element can be divalefguch as Md;* Cu,** Ni,*>~*¥and
have been studied for a long time. Early research was motZn (Ref. 14], trivalent [such as AR’ Fel®620-22 Gal6-2
vated by a need to develop insulating ferromagnets with £0,**>?*Cr (Refs. 14, 16, 25 and 2§ and tetravalenTi
large magnetization for high-frequency applications. Recenand Sn(Ref. 16]. Among these doping elements, Cr has a
renewed interest has focused on the negative colossal magpectacular effect and attracts more attention. Maiggriaal.
netoresistance(CMR) effect observed near the Curie reported the rather constant T  values in
temperaturé-® The basic structural, magnetic, and transportSmy ¢St 4Mn; _,Cr,O; systemt® Raveau et al?® and
properties of R;_,A,MnO; (R=rare earthA=Ca, Sr,Ba) Barnabeet al?’ found that Cr substitution on the charge or-
were widely studied in the past years. For a broad dopinglered insulator BrCa sMnO; can induce an IM transition
range, 0.2x<0.5, there is an insulating-metallitM ) tran-  without applied magnetic field. In this paper, we will discuss
sition associated with a paramagnetic-ferromagnetic transiur investigation concerning the effect of Cr substitution on
tion. The ferromagnetism and the magnetic correlation othe prototype CMR material ligCa 3dVIinO3 by magneti-
transport property in these compounds has been traditionallgation, electrical transport, magnetoresistance, and ther-
explained in terms of the double excharl@®&E) mechanisti ~ mopower measurements within a broad doping level 0.05
which considers the magnetic coupling between*Mmnd  <x=0.3. The experimental results prove Cr doping could be
Mn*" that results from the motion of an electron across thea potent way in tuning CMR response, and implies the pos-
two partially filled d shells with strong on-site Hund’s cou- sibility of DE between MA* and CP*.
pling. Recent detailed research has, however, shown that DE
alone is insufficient to account for the rich variety of phe- Il. EXPERIMENT
nomena found in these compounds. Instead, a strong
electron-phonon coupling due to the Jahn-Teller effect of Polycrystalline samples of g/ Ca 3Mn;_,Cr,0; (0.0
Mn®* ion was proposed to play a key role in these <x=<0.3) were synthesized by conventional solid-state reac-
manganites:’ It has been becoming generally recognizedtion method. Appropriate amounts of J@;, CaCQ,
that the system involves complex interplays among chargeyinO,, and CyO; were mixed and heated in air at 900°C
lattice, and spin. In this kind of situation, localization of the for 12 h, 1000 °C for 12 h, and 1150 °C for 24 h with inter-
charge carriers as magnetic polaron in the high-temperatur@ediate grinding. After pressed into pellets, a final sintering
paramagnetic state is believed to be a key factor to give rise/as carried out at 1400 °C for 24 h. The structure and phase
of the observed colossal magnetoresisté&fice purity of as-prepared samples were checked by powder x-ray
The great analogy between superconducting cuprates amiffraction (XRD) using CuK, radiation at room tempera-
CMR manganites suggests that the magnetotransport propdtre. The XRD patterns prove that all samples are single-
ties of the latter should be sensitive to the doping of thephase with orthorhombic perovskite structure. Magnetization
manganese sites. The study of the effects of Mn-site dopingheasurements were performed using a vibrating sample
with other elements is expected to provide important cluesnagnetometefVSM). After zero-field cooling down to 5 K,
concerning the mechanism of CMR as well as the exploringhe magnetization data were collected in 50 Gauss field dur-
of novel CMR materials. During the past two years, thereing the warming process. Resistivigy under zero and 6-T
have being increasing reports on the effects of Mn-site elemagnetic field was measured by standard four-probe method.
ment substitution. It was found that doping Mn sites with ThermopowerS was measured by conventional differential
foreign elements generally decreases Curie temperdigire method in the 80—300-K temperature range.
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part in DE and explained the rather weak dependenci-of
7T LaCaMn, Cr0, —5x=0.05 on Cr content as that DE between Mn ions is not strongly
I e affected until a given Mn ion has Cr ions as a significant
6r Mﬁ: —9—x=0.12 fraction of its nearest neighbof3.We are inclined to the
| AA_f_Hﬂ o former view. If the role of Cr doping is merely to dilute DE
5 i +_,P+-+*:*“A’5A'+'+ omoo“o o —k—x=03 between Mn ions, like that of Fe, Co, Ni, there should no big
S 4k @.ooféoﬁgﬂwﬁwzﬁ:ﬁ - f difference of the effect ofi ;. for them, opposing the experi-
S |, opfAtoonnoea™ mental results. Although there is no definite evidence prov-
E sl " ing DE between MA" and CF* at present, the possibility of
= it keeps alive considering the peculiar magnetic and magne-
= g | wewwerTTITIeEaa— totransport behaviors induced by Cr doping. In the Sec. Il B,
I f**’**w we will discuss it in details with the transport and CMR data.
1t The maximum of magnetization in a 50-G field keeps
X increasing fronx=0.05 tox=0.15. Then it goes down with
or orek further Cr content. We note that the casexef0.12 sample

— stands out for its obviously low value of magnetization. Cor-
0 50 100 150 200 250 300 respondingly, the resistivity of=0.12 sample also exhibits
T (K) abnormally large result, which will be demonstrated in the
subsequent section. Both magnetization and resistivity are
FIG. 1. Temperature dependence of magnetization in a 50-Gemeasured for this sample, but the results retains. We are

magnetic field for LgeLCayaMn; - ,Cr,03 (x<0.3). not sure if this abnormalcy is intrinsic and originates from
the certain fraction of Cr content. However, since our
Il RESULTS AND DISCUSSION samples are polycrystalline, some extrinsic factors such as
A. Magnetic properties g_rt:)alinfsim_at and boundary can not be excluded to be respon-
sible for it.

The temperature dependence of magnetization of pFqor g samples, the magnetization beld: shows a
Lag 68 3MnNy - CrOs system §=<0.3) is shown in Fig. 1. gjight drop with cooling. Especially, for highly doped
All samples, even for the doping levet 0.3, exhibit a steep  sgmples x=0.15, 0.2, and 0.3), there is a fast drop of mag-
ferromagnetic-paramagnetic transition. The Curie temperanetization at the lowest temperatures. The peculiar shape of
ture Tc, which is defined as the inflection point M~T  \_T curves suggests a complex magnetic structure below
curve, are summarized in Table | for all samples. From it oner . - Although the ferromagnetic interaction dominates after
can see thalc decreases rather slowly with increasing Crhe magnetic transition, there also exists antiferromagnetic
content forx<0.2, and a little more rapidly fok=0.3. In " interaction between @f ions. The coexistance of, and com-
contrast, it was reported that Fe, Ni, Co, Ga, Al, efc., are alhetition between, ferromagnetic and antiferromagnetic inter-
potent in loweringTc . The inefficiency in drivingTc sug-  action could lead to the formation of cluster-glass state. The
gests that Cr doping does not destory double exchange fegeep drop of magnetization at low temperature may signify
romagnetism remarkably as some other elements. This fegnhe freezing of such cluster-glass state. In fact, previous ex-
ture of Cr substitution was found previously. But there seemseansive studies have disclosed that a clugsein galss be-

no consistant interpretation reached yet. Maigeaal. ré-  havior is usually observed in Mn-site doped manganfités.
ported the rather constant To  values in

Sy 56S0.44MN; _Cr, 05 (x=<0.2),1® and ascribed it to the
Mn3*-O-CP* ferromagnetic interaction which may be also B. Transport properties

double exchange type in terms of the identical electronic Fi 5 deoi h d q f resistivi
configuration €3,e%) between MA* and CF*. On the other igure 2 depicts the temperature dependence of resistivity
hand, some authors argued that Cr ions are unable to tald L2062 3Min; Oz system under zero drb T mag-
' netic field. It is well known that Lgg/Ca 3dMnO3 shows a
metallic-insulating (MI) transition near Curie temperature
LI'C~265 K. When Mn is partly substituted by Cr, the sys-
tem displays a more complicated and interesting transport
behavior. With increasing Cr content, the Ml transition shifts
to lower temperature, and an additional bump grows up after

TABLE |. Parameters on magnetic and transport properties fo
Lag 6C.3dMN; —xCr,Os.

Sample T¢ (K) T, (K) E, (meV) Eg (meV) E, (meV)

x=0.05 224 225 138 7 262 it. As a result, theR(T) curves ofx=0.08 and 0.1 samples
x=0.08 221 216 146 display double-bumps featufas seen clearly in the inset of
x=0.1 208 208 133 12 242 Fig. 2. For thex=0.12 sample, the original peak is weak
x=0.12 216 212 142 enough to merge into the greatly enhanced additional bump.
x=0.15 202 205 139 14 250 Whenx reaches 0.15, no insulating-metallic transition occurs
x=0.2 195 163 though the double-bending feature of tRET) curve is still
x=0.3 175 11 clear. Wherx exceeds 0.15, the resistivity exhibits insulating

behavior in all temperatures studied. We note that the
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s n;_,Cr,O; (x=<0.15).
FIG. 2. Temperature dependence of resistivity under zero anbao'mcao'33’\/I 1-xCh0s ( )

6-T magnetic field for Lg#Ca.sMn; -xCrOs (x<0.3). the electrical transport to magnetic configuration, i.e., a mag-

netic order favors the motion of carrier. Therefore an applied
double-bump feature of () curve was also observed in magnetic field promotes the conductivity and leads to CMR.
Sy 5651p.4Mn; -, Cr, O3 (y=0.07 and 0.10)Ref. 16 and The appearance of an additional peak of CMR in
ProsCaysMn; _,Cr,O5 (y=0.10).**From these consistent Lay s/Cay 3Vin; - Cr, O3 implies that the interaction through
results we can conclude that this double-bumps feature dfin®*-O-Cr** could be of the nature of DE rather than su-
resistivity is intrinsic and originates from the crucial role of perexchange because superexchange generally does not give
Cr element. Under an applied magnetic field, both bumps ofise to the CMR. Due to the different coupling constant be-
resistivity are deeply compressed. This peculiar feature ofween Mr#™-O-Mn** and Mr?*-O-Cr**, the delocalization
resistivity with and without magnetic field leads to the ex-of carriers by applied magnetic field happens at two sepa-

traordinary CMR effect in Lgg/C8 3dVIn, _,Cr, Os. rated regions, consequently resulting in two CMR peaks.
In Fig. 3, we demonstrate the temperature dependence of
CMR response for Lgs/CapsMn;—,CrO; system & C. Polaronic transport and thermopower

<0.15), where MR is defined as MKp(0)
—p(6T)])/p(6T). In contrast to the case in . ; .
Lag ¢:Cay s MnO; that CMR occurs merely nedfq, the transport belfgilllzlor in the_ paramagnetic phase of
temperature range of CMR response is enormously broa?.l—yAyMnO& AS.ShO.W” in Fig. 4, we found that the
ened by Cr doping. Corresponding to the double bumps i |gh—temperature resistivity of b3/Cp.3VIn _Cr,Os (x .
zero-field resistivity, CMR also exhibits two peaks. With in- =0.2) can be fitted by the adiabatic small polaron hopping
creasing Cr content, the original peak of CMR decays whilemOdeL
the additional peak pf CMR rises_. Tr_\e coexistence of two p=BTexpE,/ksT), 1)
peaks of MR results in CMR remains in a broad temperature P
range from the lowest to near room temperature, especiallwhereB is a constanti, is the resistivity activation energy,
for doping levelx around 0.1. This extraordinary CMR be- andkg is Boltzmann constant. For= 0.3, the resistivity data
havior is beneficial and informative to practical applicationdo not fit small polaron model well. But the low temperature
in terms of the very broad temperature range of CMR re+esistivity of it can be fitted by the variable range hopping
sponse. Therefore it proves that Cr substitution on Mn sitenodel?® p~exp(T,/T)¥*, as shown in the inset of Fig. 4.
could be a potent way in tuning CMR. From these fits, we obtain the resistivity activation energy
The first peak of CMR lies very nedic, which suggests E,, which are listed in Table I. It can be seen the polaron
that it originates from the same mechanism based on the DEctivation energy is changed very little by the substitution of
between Mn ions as in undpoeddfCa 3MnO;. The sec-  Cr. Forx<0.15, E, keeps nearly constant{140 meV).
ond peak of MR grows with increasing Cr content. Therefore In order to obtain insight into the nature of polaron in
it should be ascribed to the crucial role of Cr. As we men-paramagnetic state, we also performed measurements of ther-
tioned above, there is a possibility of the occurrence of DEmopowerS as a function of temperature for some typical
through Mrf*-O-CP" due to the identical electronic con- samples. As shown in Fig(#&, Sincreases with cooling and
figuration between Gt and Mrf*. The present results of a prominent peak develops at temperatifesvith increas-
CMR behavior in Lg g8 3dMn; _,Cr, O3 could be support- ingx. At T<Tg, the thermopower drops suddently and keeps
ing evidence to this view. It is well known that DE correlates nearly zero at low temperature wher=0.15. Forx=0.3

There have been extensive discussion on the polaronic
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sample Sremains a high value aftéi;. We found thafT is T (K

nearTc, which suggests the prominent peak®is related FIG. 5. (a) Temperature dependence of thermopower, énd

to the onset of long-range magnetic order. By fitting the theryhermopowers versus 17, for Lag g/Cay sMn; ,Cr0; (x<0.3).
mopower data to the classical expression of the Seebeck co-

efficient for a thermally activated case, are undertaking a careful study on the LaMpCr,O3 sys-
tem. The experimental results and discussion will come out
in the future.

kg E
S:B<s

o kBT) +S., 2 IV. CONCLUSIONS

We have investigated the effects of Cr doping in
. L . L nO; by magnetic, electrical transport, magne-
whereE; is the thermopower activation energy, dyis the toaroéesﬁgﬁg\g, and t);lerm%power measurements. The mgagnetic
Seebeck coefficient at high-temperature limit, as dipicted ifyansition temperature decreases slowly with increasing Cr
Fig. 5(b), we can draw out the thermopower activation en-content. An extraordinary magnetotransport behavior, char-
ergy Es which are also summaried in Table I. There is a largeacterized by double bumps, was observedxfaround 0.1.
discrepancy betweefi, andEs, which is a hallmark of po-  As a result, the temperature range of CMR response is
laronic transport?® With theseE,, andE from above models  greatly broadened by Cr substitution, beneficial to practical
we can calculate the polaron binding energy=2(E, application. Besides, the large difference betwBgrandEg
—E;) for some typical samples, as listed in Table I. Within provides evidence of small polaron transport mechanism in
experimental resolutior,, virtually varies slightly with Cr  the high-temperature paramagnetic state. The peculiar effects
content, a surprising result. The nearly constant polaron amf Cr doping, especially the inefficiency in both magnetic
tivation energy E, and binding energy E, in  order temperatur@c and polaron binding energy,, sug-
Lag 6/Ca 39N, Cr O suggest that the basic nature of the gests the possibility of DE between fhand CF™.
magnetic polaron does not remarkably changed by Cr dop-
ing. This dramatic feature, though not well understood, may
further indicate the equality of € with Mn**, and conse- The authors are grateful to Professor M.-L. Tian and Dr.
quently add the support to DE betweerr Cand Mr?™. The  Lin Chen for help in experiments. This work was supported
possible occurrence of DE between #Mnand CF* is an by the National Natural Science Foundation of China and the
interesting and attractive subject. To clarify the answer, weRFDP.
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