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Magnetoresistance in La _,Sr,CoO;3 for 0.05=<x=<0.25
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The dc resistivity, magnetoresistance, and magnetic susceptibility ,of,58,CoO3; compounds have been
investigated in the temperature range of 4—300 K for magnetic fields up to 7 T. In the doping range studied
(0.05=x=0.25 the electronic properties of the material exhibit a crossover from semiconducting to metallic
behavior. The magnetoresistance is highest in the semiconducting state. A correlation was found between the
energy gap determined from the dc conductivity and the energy scale identified from neutron scattering data.
The results are interpreted in terms of a double-exchange model.

The recent discovery of colossal magnetoresistdhi®)  mean field approximation. The “perfect” ferromagnetic or-
in thin films of La-Ca-Mn-O(Refs. 1,2 and giant magne- der leads to a spin splitting of the conduction band, whereas
toresistance in a ferromagnetic perovskite of La-Ba-Mn-Othe magnetic disorder is viewed as a source for extra scatter-
(Ref. 3 generated a renewed interest in this family of com-ing processes.
pounds. Magnetization and resistivity studies of The magnetoresistance, and the electrical conduction in
La; _,SrMnO; single crystalsrevealed several phases with general, is strongly influenced by the spin state of the Co
the the highest magnetoresistance observed at the paramagns, which was the subject of recent neutron scattering mea-
netic insulator to ferromagnetic metal transition. Neutronsurements by Asagt al® Motivated by this study, we inves-
scattering measurements on ¢s8r, .MnO5 (Ref. 5 dem-  tigated the low- and high-field magnetization, dc electrical
onstrated that the ferromagnetism inds8r, sMnQO3 is itin-  resistivity, and the magnetoresistance, for magnetic fields up
erant in character. to 7 T, on a set of ceramic samples of composition

Although most of the recent attention has been focused oha; _,Sr,CoO;. In contrast to the work by Yamaguchi
the MnO; perovskites, similar properties have been observeet al,'* we concentrated on the low doping range
in materials based on CoQ The first studies of magnetic 0.05=x=<0.25.
and transport properties of La,Sr,CoO3 by Jonker and La,_,Sr,Co0O; polycrystalline samples were prepared by
van Santeh were interpreted by Goodenou§hRecently the solid state reaction method similar to that described in
Seraris-Rodrguez and Goodenough performed extensiveRef. 10. The appropriate mixture of L5, SrCO;, and
magnetic and transport studies of pure LaGdBef. § and CoO was ground and calcined repeatedly at 950 °C for 10
doped La_,Sr,C005.° Itoh et al'? deduced the magnetic days, fired at 1300 °C for about 28 h and then cooled in air at
phase diagram of La ,Sr,CoO5 from magnetization mea- a rate of approximately 100 °C/h. This cooling rate is con-
surements. Three phases were identified: at low temperatursilered to be “fast,” as opposed to “slow” cooling rate of
spin-glass (for x<0.18) and cluster-glasgfor x>0.18) 100 °C/day used by Itokt al*° Fast cooling (60 °C/hhas
phases and, at high temperatures, a paramagnetic phase. Tieen also used in the recent work of 8es-Rodrguez and
magnetization dependence of the resistivity ofGoodenougH.The samples were confirmed to be of a single
La; _,Sr,Co0; single crystals was investigated for-0.2 by  phase with rhombohedrally distorted perovskite structure by
Yamaguchiet all! The electronic structure of the material powder x-ray diffraction analysis. The low-field magnetic
was studied near the semiconductor-metal transition iproperties of the samples produced here agreed well with the
La,_,Sr,Co0; by using electron spectroscolfy. published resulf§ and the resistivity curves far=0.2 and

The negative magnetoresistance in the transition metd).25 were similar to those obtained in Ref. 9. We found,
perovskites is usually interpreted in terms of the “double-however, that the temperature-dependent resistivities of dif-
exchange” mechanism, suggested by Zéiemd developed ferent cuts from the same specimen were different. In order
by Andersof* and de Gennes. The principal idea is that to remedy this shortcoming, we performed an additional heat
most of the electrons on the outer shells of the transitiorireatment at 950 °C fo5 h and we cooled the samples
metal reside on localized orbits, coupled by Hund'’s rule toslowly, at a rate of 100 °C per day as suggested by Itoh
large magnetic moments, whereas others participate in thet all° After the heat treatment the low-field magnetic prop-
conductionvia overlapping orbits. Due to the exchange in- erties did not change significantly, but the resistivity did: In
teraction between the two types of electrons, the conductionontrast to the fast-cooled specim@iise resistivity curves
is conditional on the appropriate orientation of the underly-for x=0.2 and 0.25 had a positive slope for the whole tem-
ing localized moments. A related approach, suggested fgoerature range measured. The resistivity measurements were
metals by de Gennes and Friedeind adapted to semicon- very reproducible for all compositions. The data reported
ductors by Haat al,!’ treats the magnetic moments in a here were obtained on the slow-cooled material.
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high accuracyespecially for semiconductor samples, where

°/g¥\ 3 a temperature lag between the sample and the thermometer
PNy eos o could easily lead to a resistance difference larger than the
| DTOR 00050:0:0:0:0:0:0-0:0:0-0:0-0-0--00-0.0-0-<. magnetoresistangeand it also provides a full picture of the
f/ 3 possible nonlinearity and hysteresis of the MR.
B et 1o Magnetization measurements on our samfeg. 1) led
- ®@8e0a00000000000000] to results similar to those observed by Itehal® At the
. ‘“'""*\ ? higherx values the samples exhibit ferromagnetism, with a
X by, s ' Curie temperature of 220 K for=0.25. At lowx the mag-
8 :::: B T, netic response is much weaker; note the difference in the
s G, ° scale for the upper two curves in Fig. 1. This behavior was
_A_A,A'A}A.A.A.A«A-M'A&ﬁ% g e interpreted by Itohet al1® as evidence for a spin-glass-like
[-a-A DA AADD DD DD DB phase .
” The high-field magnetizations at 10 K are presented in
'""""""‘"""'~V-v«v-v,‘ e e Table | along with the average magnetizations per Co and per
‘%‘;:;:;:;:;i;j;ilf;f;;;;.". IR Sr atoms in units ofug. We found about 30% higher mag-
TIeag " netization than Seris-Rodrguez and Goodenoughlid for
V_V\V,V.v‘v.v-v‘v-v'vv-v-V'V‘V'V'V‘v‘v s o similar compositions. The high-field magnetization per Co
0 1(')0 2(')0 350 aftom measured by Itobt al'.lo on thex=0.5 §ample is also
T(K) higher than that reported in Ref. 9. The difference may be

due to the different cooling rates of the samples.

FIG. 1. Low-field magnetization measurements on samples of According to the data, the magnetization per Co alom

various Sr contenk. For eachx, the lower magnetization was Incréases approx.|matelly linearly with _doplng concentration.
éEach Sr atom brings five to seven spins to the system. The

obtained in the zero-field-cooled measurement, the higher one cof=. . Lo
responds to field cooling. The curves are shifted for better view; th igh value of magnetization per Sr site indicates that each

high-temperature magnetization is close to zero for each sampledopant atom converts about two Co atoms into a hig-

The vertical bars indicate the magnetization scale.¥%00.05 and  intermediate}- spin configuration. o
x=0.1 the scale is expanded by a factor of 50. In Fig. 2 the solid lines represent the dc resistivity of the

samples. The room temperature resistivity of the 0.2

Magnetization measurements were performed using a sgample turned out to be higher than that of x+e0.18 com-
perconducting quantum interference deWi8®UID) magne- pound. A systematic error, caused by geometrical factors,
tometer in low(20 G and high(50 kG = 5 T) magnetic may be responsible for this.In the figure the curve corre-
fields. For the low-field measurements the samples were firsponding tax=0.18 was scaled up and the curve correspond-
cooled in zero magnetic fieldZFC measuremeptthen in  ing to x=0.20 was scaled down by a factor of 1.4. For low
the 20-G magnetic fieldFC measurementA difference be- concentrations of Sr the samples are semiconductors. There
tween the ZFC and FC data indicates a magnetic phase witre two distinct energy gaps in the semiconducting state: at
permanent magnetization and hysteresis in the magnetizatidrigher temperaturesX30 K) the conductivity is character-
curve. To estimate the saturation magnetization of the systemed by a larger gap; at low temperatures30 K) a lower
we took ZFC data for the high field. gap is observed. The crossover behavior is common for

The electrical resistance was measured as a function afoped semiconductofS;we will discuss this matter later.
temperature and magnetic field in a superconducting magnétor x=0.18 the conductivity shows the signs of a metal-
with the maximum applied field oH=7 T. The samples insulator transition. The resistivity of this sample drops dra-
were rectangular in shape and aboutxBX2 mm in size. matically at high temperature and approaches the metallic
Four electrical leads were glued with silver paste, in lineresistance of the highly doped samples. The magnitude and
along the long axis of the specimen. The outside leads wertemperature dependence of the resistivity of tke).20 and
used to supply the current. The voltage drop was measure@dl25 samples is metallic.
on the inside leads. The direction of current was perpendicu- In the Mn analog of the material, the highest magnetore-
lar to magnetic field. The linearity in the current-voltage de-sistance has been observed in the neighborhood of the ferro-
pendence has been checked at several temperatures and magignetic transition. Figure 3 illustrates that a similar behav-
netic fields; for the range of currents used here the resistivitjor was found in our metallic samples: There is a MR peak
proved to be Ohmic for all samples. near the Curie temperature of tRe=0.18-0.25 compounds.

To investigate the magnetoresistance we swept the magdowever, we found even larger values of MR in the semi-
netic field at several fixed temperatures. This method gives aonducting phase, and the highest MR was observed in the

TABLE |. Magnetizations of La_,Sr,Co0O, for differentx at 5 T and 10 K.

X 0.05 0.10 0.15 0.18 0.20 0.25
Magnetization(emu/g 8.24 11.62 19.14 29.05 31.88 36.31
Magnetic moment per Co atonug) 0.36 0.50 0.82 1.23 1.34 1.52

Magnetic moment per Sr atonug) 7.2 5.0 5.4 6.8 6.7 6.1
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FIG. 2. Logarithm of resistivity vs. inverse temperature for a set FIG. 3. Magnetoresistanc®R/R, as a function of temperature.
of samples of various doping level The solid line is the result of The curves are shifted along the vertical axis for better view and the
the measurement in zero magnetic field. Note the crossover betwedfiR scale is indicated by the bar on the upper left side. The MR is
two distinct activation energies for lowand the metallic behavior ~close to zero at room temperature for all samples. The arrows indi-
at highx. The symbols are resistivities measuredHr=7 T. The  cate the ferromagnetic transition temperature.
inset showqopen symbolsthe activation energies evaluated from
the slopes of resistivity curves for semiconducting samples. Alsghe conduction, characterized by a conductivity of
shown in the insetsolid squargis the energy gap obtained for the 02€XP(—A,/kgT). The experimental data for=0.05, 0.10,
x=0 sample from thermal expansion measurements by ésal. ~ and 0.15 in Fig. 2 are reasonably well fitted by the empirical
(Ref. 18. The solid line in the inset is guide to the eye. formula

low-temperature spin-glass regime. The magnetoresistance p t=0oin +osexp( — A, /kgT), 2

exhibits a hysteresis as it follows the internal magnetic fields . ;
. ; ! . where n’ = v/[v+exp(A;/kgT)] is the number of excited
in the sample, which lags behind the externally applied Mage 3%+ aioms. The parameters,, A, o, A, are 0.025

netic field (Fig. 3, insel. The resistivity in the 7-T magnetic ~—,; ~ 3 R
. ? . S .7 *cm -, 140K, 150007 cm™ *, 340 K forx=0.05; 0.66
field, as obtained from field sweeps similar to that shown in _; em—1 90 K, 4000~ % cm~, 210 K forx=0.10: 0.20

the inset of the Fig. 3, is represented in Fig. 2 by open symh,1 em-L 40 K, 50001 cm-L. 80 K for x=0.15, re-

bols. :
In order to understand the electronic transport in theSpeCt'Vely' . . .
P In La;_,Sr,CoO5 the dopant Sr introduces high-spin

doped samples, we first consider the pure materia% 3 62 Cott i h 2 | i h
LaCoQ,. The ground state electronic configuration of Co(l2g€) CO™" into the systen”An electron residing on the

) N 2 0
atom ist§,eJ with zero spirf The thermal excitation of Co ’(tjherg"llally e>r<10|ted CEI Ican tmove t(t) the C:? hgtes ;’r']a
atoms to the high-spith,e; (Co") state is responsible for ouble - exchange. ow: temperature, whan=x, the

the anomalous thermal expansion of pure LaGd® The charge transport happen_s bY hopping_ betweert ‘Csites
. . . 3 where the number of carriers is determined by the number of

concentratiom of excited Co atoms can be estimated®as : n ;
excited CG* atoms. The overlap between the corresponding

v orbitals depends strongly on the doping level. This explains
= W' (1) the small_value and strori@xponentiagl x dependence of the

factor o4 in Eq. (2).

where v=15 is the multiplicity of the high-spin state. Re- At temperatures above 30 K the number of excited
markably, the Co low-spin— high-spin transition gap in Co®* becomes greater than the dopant concentrakipn
pure LaCoQ, estimated from thermal expansithcoin-  therefore it is more appropriate to consider an array of
cides very well with the activation energy determined fromCc®" sites to which C6" donates a hole that can jump,
our low-temperature resistivity measurements, if the data aragain using double exchange. The resulting band is nearly
extrapolated tax=0 (Fig. 2, insel. This coincidence sug- full, and the number of holes is, resulting in ao, which
gests that the low-temperature conduction is intimately rescales approximately linearly with the doping. Disorder
lated to the thermal activation of high-spin states with a gapgauses localization of the electronic states close to the band
modified with doping, presumably due to lattice distortion.edge in the vicinity of the Fermi level. Nevertheless, since
At high temperatures another activated process dominatgearly all Co sites participate in the conduction, the overlap
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integral is large, leading to high mobility carriers at an en-effect due to the displacement of oxygen around the*Mn
ergy A, below the Fermi energy. This is in accordance withion plays an important role. This mechanism sensitively de-
>0 . pends on the presence of an unpaired electron on the upper
The highest magnetoresistance was observed at low dog;, level and therefore may not be active in our samples. In
ing levels and low temperatures, where Itehal’® sug-  accordance with the arguments of Milli al, the signifi-
gested spin-glass behavior. The double-exchange conductig@ntly lower value of MR in Co compounds corresponds to
in this state is strongly affected by the disorder in the spinhe gouble-exchange mechanism alone.
distribution. This disorder is partially suppressed by external
magnetic field resulting in high, negative magnetoresistance. The authors wish to thank J. M. Tranquada for initiating
In our metallic samples the MR is 5 times smaller thanthis study and for useful discussions, and L. Henderson
that observed in the spin-glass state, and it is also muchewis for help in sample preparation. Work at SUNY, Stony
smaller than the MR of the Mn@perovskites. In a recent Brook, is supported by the NSF Grant No. DMR9321575.
work, Millis et al?! argue that double exchange cannot beWork at BNL is supported by the U.S. Department of Energy,
the sole source of the anomalous large magnetoresistance ivision of Materials Science, under Contract No. DE-
the LaSrMnO compound. They suggest that the Jahn-TelleAC02-76CH00016.
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