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Effects of Gd, Co, and Ni doping in La2/3Ca1/3MnO3: Resistivity, thermopower,
and paramagnetic resonance
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The effect of elemental substitutions on the properties of the ferromagnetic, conducting, highly magnetore-
sistive compound La2/3Ca1/3MnO3 has been studied. The results of Co doping and Ni doping on the Mn site and
Gd doping on the La site are reported. These compounds were investigated by x-ray diffraction, magnetization
measurements, resistivity measurements, thermopower measurements, and by paramagnetic resonance. The
result of replacing La by Gd atoms is to lower the ferromagnetic~or metal-insulator! transition temperature, an
effect which is shown to be due to bond bending caused by the lattice adjusting to the size differential between
the La and Gd ions. On the other hand, the reduction of the magnetic transition temperature when Mn ions are
replaced with Co or Ni ions isnot attributed to changes in the size of the ions. Instead, we ascribe the lowering
of the ferromagnetic transition temperature to a weakening of the double-exchange interaction between two
unlike ions. The resistivity and Seebeck coefficient in these materials have been investigated as a function of
elemental substitution. The magnetic polaron theory of Zhang is used, phenomenologically, to provide a
quantitative explanation of these transport properties. In addition, the effect of these elemental substitutions on
the linewidths of the paramagnetic resonances is studied and is discussed in terms of exchange narrowing and
spin-lattice relaxation.@S0163-1829~97!02634-9#
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I. MOTIVATION

Compounds which are high-temperature superconduc
~HTS’s! and display colossal magnetoresistivity~CMR! have
much in common. Both materials are transition-metal oxid
containing rare-earth metals and incorporating alkaline m
als acting as hole dopants. Both are brittle ceramics, p
cessed in similar ways and subject to similar materials pr
lems. ~The major difference between these two types
materials, besides the obvious fact that one is a super
ductor and the other a magnet, lies in the transition m
employed—copper versus manganese—and in
structure—two-dimensional layered versus cubic per
skite.!

Because of their similarities, we have reasoned that th
experiments which had, in the past, proved useful for
HTS’s might also be instructive for CMR. In particular, w
were attracted to the study of elemental substitutions, wh
had, even in the earliest days, proved to be valuable in
study of the HTS’s.

For example, the effect of the rare-earth replacemen
La in LaSrCuO or of Y in YBaCuO has a surprisingly sma
effect on the superconducting transition temperature~with Pr
proving to be an interesting exception1!. Contrariwise, para-
magnetic substitutions for copper in HTS compoun
showed a profound lowering of the transition temperat
due to the pair-breaking interaction with the transition-me
replacements.2 Replacement of Cu with nonmagnetic Zn~a
nonmagnetic substitution! depressed the superconducti
transition temperature more than any other Cu eleme
substitution—yet another unexpected result. The effect
substituting Pr for Y or of Zn for Cu, although deleterious
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superconductivity, is expected to provide important clu
concerning the elusive mechanism of high-temperature
perconductivity. For this reason, we have opted to study
effect of substitutions in themanganitesin order to obtain
clues concerning the mechanism ofcolossal magnetoresis
tance.

II. INTRODUCTION

In this paper, we will discuss our investigation concerni
the effect of elemental substitutions on the CMR mate
La2/3Ca1/3MnO3. We have substituted Gd for La, Co for Mn
and Ni for Mn in the compound La2/3Ca1/3MnO3, by manu-
facturing a series of samples with the formul
(La12xGdx)2/3Ca1/3MnO3, La2/3Ca1/3~Mn12xCox)O3, and
La2/3Ca1/3~Mn12xNix)O3, with x50.0, 0.25, 0.50, 0.75, and
1.0. ~Although we refer to these perovskites as ‘‘O3,’’ no
effort beyond examining their magnetic transition tempe
ture and examining the x-ray-diffraction patterns was ma
to verify the oxygen stoichiometry.! These samples, made b
the conventional ceramics ‘‘shake and bake’’ route,3 were
heated to 1300 °C under oxygen several times, after sev
intermediate grindings and pressings. The powder patte
rays of the resulting powders with Co and Ni substitutio
are shown in Fig. 1.~Most of the structure in the individua
lines is caused by orthorhombic or tetragonal distortions4 in
the material where the actual unit cell is composed of sev
primitive La2/3Ca1/3MnO3 cells. These distortions will be dis
cussed at length in a subsequent section.! Subsequently,
these bulk samples were used as targets to produce thin
by utilizing pulsed laser deposition. Both bulk samples a
thin films were investigated.
5412
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56 5413EFFECTS OF Gd, Co, AND Ni DOPING IN . . .
Before discussing our results on these samples
(La12xGdx)2/3Ca1/3MnO3, La2/3Ca1/3~Mn12xCox)O3, and
La2/3Ca1/3~Mn12xNix)O3, it is well to indicate, now, what is
already known concerning theend pointsof each of these
substitutional series.~1! The low-temperature phase o
La2/3Ca1/3MnO3 is ~of course! a double-exchange ferromag
netic metal,5 whereas we shall subsequently show in t
paper that Gd2/3Ca1/3MnO3 is an insulating spinglass a
low temperatures. ~2! The low-temperature phase o
La2/3Ca1/3CoO3 has recently been also shown to be a doub
exchange ferromagnetic metal.6 ~3! The low-temperature
phase of LaNiO3 is a Pauli-paramagnetic metal7 from which
we can extrapolate that La2/3Ca1/3NiO3 is also a Pauli para
magnet, since it contains more carriers. We were, howe
unsuccessful in manufacturing single-phase specimen
several of these end-point materials in this study.

In the present paper, several techniques have been us
determine the effect of these elemental substitutions on
fundamental properties of these CMR materials. Magn
measurements and electrical-conductivity measurem
were utilized to determine the phase diagrams. Thermopo
and conductivity measurements were used to test theorie
magnetic polaron conduction. Finally, electron paramagn
resonance was employed to examine the nature of the
change interactions and relaxation mechanisms at temp
tures above the Curie point.

We have chosen to discuss the effects of Gd substitut
on the rare-earth site and the effects of Co/Ni substituti
on the transition-metal site in one medium-length pap
rather than in two small papers. By so doing, we can pres
a more coherent explanation of the electron paramagn
resonance~EPR! linewidth and its dependence on elemen
substitutions, and we may contrast the different effects
Co, Ni, and Gd substitution on the linewidth. It is also use
to contrast the different mechanisms which are respons
for the depression of the Curie temperatures in the th
cases. The rare-earth substitutions are discussed in S
III–V, while the transition-metal substitutions are discuss
in Secs. VI–X.

For reasons of completeness, we have also included s
transport data and an interpretation previously reported
Jaimeet al.8 on the Gd-doped samples discussed herein.

FIG. 1. Powder x-ray-diffraction spectra of polycrysta
line, ceramic ~a! La2/3Ca1/3~Mn12xCox)O3 and ~b!
La2/3Ca1/3~Mn12xNix)O3.
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III. „La12xGdx…2/3Ca1/3MnO3: REPLACEMENT
OF La BY Gd

The initial reports on colossal magnetoresistance w
perplexing to those of us who were unfamiliar with the l
erature on ‘‘tolerance factors.’’ It has been found that t
magnetic and electrical properties of the doped ra
earth manganites—as typified by the metal-insula
or ferromagnetic-paramagnetic transition temperatur
strongly depended on which trivalent rare-earth or the di
lent alkal metal was used. This seemed surprising becaus
the weak sensitivity of the HTS’s superconducting transit
to most rare-earth types. Utilizing a concept of the toleran
factor—first developed by Goldschmidt in the 1930’s
Hwanget al.9 demonstrated that the rare earth exerts an
fect on the metal-insulator transition temperature prima
by virtue of its ionic radius.

In the undoped perovskite lattice LaMnO3, the Mn ions
occupy theB sites and are surrounded by oxygen octahed
which share corners to form a three-dimensional netwo
while the La ions occupy theA sites between these octah
dra. The tolerance factort is defined by

t5
~dA-O!

A2~dB-O!
, ~1!

wheredB-O is the Mn-O distance anddA-O is the rare-earth
site-oxygen site distance.t is a characterization of the siz
mismatch that occurs when theA-site ions are too small to
fill the space in the three-dimensional network of MnO6 oc-
tahedra. For a perfect size match (t51), the Mn-O-Mn bond
angle u is 180°. For t,1, the octahedra tilt and rotate t
reduce the excess space around theA site, resulting in
u,180°. Since the electronic overlap strongly depends onu,
the ferromagnetic transition temperature will decrease wh
ever the average rare-earth ionic radius decreases—for
ample by substituting a heavy rare-earth ion for a light
ion.

Hwang et al. proceeded to construct a phase diagram
temperature vs tolerance factor by investigating compou
of the form A0.7B0.3MnO3, where A is a combination of
trivalent rare earth ions andB is a divalent alkali-earth ion.
In this series, the tolerance factor is systematically vari
while the hole carrier doping is fixed at its optimum valu
;30%. Hwanget al. ~primarily! investigated the series o
samples represented by the formulas La0.72xPrxCa0.3MnO3
and La0.72xYxCa0.3MnO3. Their phase diagram is repro
duced in Fig. 2, onto which we have superposed our res
for (La12xGdx)2/3Ca1/3MnO3 ~represented by the large soli
circles!. Our results—described below—on the G
substituted compounds agree well with the general ph
diagram proposed by Hwanget al. @excepting the fact tha
we find a spin-glass phase~SGI! where Hwanget al. find a
ferromagnetic insulator phase# and supports the assertion th
the transition temperature in Gd-substituted manganite
primarily determined by changes in the average size of
rare-earth ion.

We have manufactured a series of compounds with
formula (La12xGdx)2/3Ca1/3MnO3 ~x50, 0.25, 0.50, 0.75,
and 1.0! in order to confirm the phase diagram of Fig.
Figure 3 displays the behavior of the magnetization a
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5414 56RUBINSTEIN, GILLESPIE, SNYDER, AND TRITT
function of temperature for bulk samples. Thex50 andx
50.25 samples have ferromagnetic transitions close to
‘‘metal-insulator transition’’ at the maximum of the resistiv
ity versus temperature curve, observed in measuremen
the resistivity versus temperature in these samples. The
maining samples are spin glasses~as determined by the pres
ence of an irreversibility peak at low temperatures! and dis-
play only insulator-type behavior. Very similar effects a
observed in the thin films. There are the data which are p
ted on the phase diagram of Fig. 2. In Fig. 2 the tolera
factor ~or equivalently the averageA-site ionic radius, asso
ciated with each composition! is calculated from tabulated
values, using the same coordination numbers as Ref. 8. G
seen to have a profound effect on both the metallic and m
netic properties of the Mn perovskite. Between 25% a
50% Gd substitution for La results in an insulating sp
glass. As we have discussed, this effect is primarily due
the size difference between the La and Gd ions—the ‘‘l

FIG. 2. Phase diagram of temperature vs tolerance factor for
systemA0.7B0.3MnO3, whereA is a trivalent rare-earth ion andB is
a divalent alkali-earth ion@after Hwanget al. ~Ref. 9!#. Superim-
posed black circles represent the data on (La12xGdx)2/3Ca1/3MnO3

from the present paper. The portion on the diagram labeled
represents a spin-glass-like phase for (La12xGdx)2/3Ca1/3MnO3.

FIG. 3. Temperature dependence of magnetization obtaine
an applied magnetic field of 30 G for bul
(GdxLa12x)2/3Ca1/3MnO3, x50.0, 0.25, 0.50, 0.75, and 1.0.
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thanide contraction’’—and the manner with which the latti
adjusts to this size differential.

IV. PARAMAGNETIC RESONANCE „La-Gd…

In addition to magnetism and resistivity measuremen
we have performed electron paramagnetic resonance stu
on these compounds. We initially chose to substitute Gd
La because Gd has no orbital angular momentum and o
not to contribute excessively to the spin relaxation.~Later,
however, we concluded that the contribution of Gd to t
paramagnetic resonance linewidth was similar to that
other rare-earth elements.! In Fig. 4 we display the electron
paramagnetic-resonance absorption-derivative spectra fo
five samples of polycrystalline (La12xGdx)2/3Ca1/3MnO3
taken at room temperature~23 °C and 105 °C!. Both tem-
peratures are within the paramagnetic phase of the sam
The spectral linewidth is plotted in Fig. 5~b! as a function of
Gd concentration; the linewidth of La2/3Ca1/3MnO3 is plotted
as a function of temperature in Fig. 5~a!. The following re-
sults apply to the resonance of these manganite sample
the paramagnetic phase:~1! The linewidth, moderately smal
in the pure La sample, increases rapidly with Gd concen

e

I

at

FIG. 4. Room-temperature and 105 °C electron-paramagne
resonance ~EPR! absorption derivative spectra of bul
(La12xGdx)2/3Ca1/3MnO3, x50.0, 0.25, 0.50, 0.75, and 1.0.

FIG. 5. ~a! Peak-to-peak linewidth of bulk La2/3Ca1/3MnO3 vs
temperature at 9.3 GHz.~b! Peak-to-peak linewidth of bulk
(LaxGd12x)Ca1/3MnO3 at room temperature vs Gd concentration
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56 5415EFFECTS OF Gd, Co, AND Ni DOPING IN . . .
tion. ~2! The linewidth increases linearly with temperatur
~3! The linewidth is nearly independent of frequency, i
creasing a bit from 9.3 to 35 GHz.~4! Theg value is close to
2.0.

Searle and Wang performed electron spin resonance in
manganites.10 These authors examined the resonance
shape and linewidth of La12xPbxMnO3—a double-exchange
ferromagnet with a maximum Curie temperature of 350 °C
in the temperature range from 77 to 430 K. In the ensu
years, several more studies have been reported.11 The present
study, however, differs from pervious studies insofar as
investigates the effect of systematically substituting
moment-bearing rare-earth ion such as Gd for theS50 La
ion. We are thus able to supply some new information a
ideas, even though we worked primarily with polycrystalli
samples in the paramagnetic state.

It has long been established that the resonance linew
of magnetic materials well above their ordering temperat
can be exchange narrowed.12 In the absence of strong ex
change interactions, the linewidth of the paramagnet
caused by the random dipolar field experienced by each
from all its neighboring spins. This field, denoted byDHdip ,
is of order of magnitudeM ~the zero-temperature magne
zation! and can be more precisely evaluated by the V
Vleck method of moments.13 The exchange energy produc
mutual spin flips, which reduces the dipolar broadeni
When the exchange interaction energy is large compare
the dipolar energy, the linewidthDH is given by the expres
sion

DH5
~DHdip!

2

Hex
, ~2!

whereHex is the ~suitably defined! exchange field, of orde
kTc /mB . This equation assumes that the contribution of
spin-lattice relaxation to the linewidth can be neglected.

In (La12xGdx)2/3Ca1/3MnO3 the dipolar field arises from
both the Mn and Gd ions. However, the exchange field at
Mn site is roughly two orders of magnitudelarger than the
exchange field at the Gd sites. Thus the dipolar field is n
rowed in La2/3Ca1/3MnO3 ~whereDH5300 Oe!, but not in
Gd2/3Ca1/3MnO3 ~whereDH52000 Oe!. We have found that
manganites incorporating other rare-earth ions—even th
with non-S-state ground states such as Nd—have linewid
of the same order of magnitude as Gd2/3Ca1/3MnO3.

The observation that the linewidth is nearly independ
of frequency~or, equivalently, applied magnetic fieldH! is
~nearly! consistent with the exchange narrowing expressi
Eq. ~2!, which predicts a linewidth with no dependence
the applied field. Of course, Eq.~2! is a limiting expression,
strictly valid for T@T, and assumes negligible spin-lattic
relaxation.

On the other hand, the temperature dependence of
linewidth is at odds with a purely exchange-narrowed l
shape. The quasilinear increase of the linewidth with te
perature indicates that an additional temperature-depen
spin-lattice contribution becomes evident at higher tempe
tures. At room temperature, this mechanism is appare
dominated by the exchange-narrowed spin-spin interac
discussed above. At higher temperatures the spin-lattice
laxation determines the linewidth. The linear temperature
.
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pendence of the linewidth is not inconsistent with such
explanation.~The possibility that the exchange interactio
decreases with temperature, causing an increase in linew
is not likely considering the magnitude of the effect. Seve
workers have previously observed similar temperature
pendences in other exchange-narrowed materials14 and at-
tributed them to a temperature-dependent exchange field!

The resonance linewidth attains aminimumvalue near the
Curie point. In the ferromagnetic state, it increases with
creasing temperature.15 In polycrystalline samples, this in
crease in linewidth is caused by the irregular shape of
crystallites and the resulting distribution of the demagne
ing factors. In single crystals or in thin films, the linewid
also increases with decreasing temperature below the or
ing temperature. This result is thought to have its origin in
intrinsic granularity or inhomogeneity which seems to
present in most of these mixed valence mangan
materials.16 The g value remains fixed atg>2 in the ferro-
magnetic state. Oseroffet al.11 have reported that the peak
to-peak linewidth of La2/3Ca1/3MnO3 increases linearly with
temperature from a minimum value of several hundred ga
at room temperature to a value of;2 kOe at 800 °C, again
suggesting that spin-lattice relaxation of the Mn ions is
sponsible for the high-temperature linewidth, while t
room-temperature linewidth is determined by the exchan
narrowing mechanism.

V. TRANSPORT PROPERTIES „La-Gd…

In this section we briefly discuss the resistivity an
thermopower in polycrystalline ceramic and puls
laser deposition ~PLD! film samples of composition
(La12xGdx)2/3Ca1/3MnO3. Many of these results have bee
previously reported in joint publications with the Universi
of Illinois group led by Salamon.8 Figure 6~B! shows plots of
~a! resistivity ~normalized! and ~b! thermopower for PLD
films with x50, 0.25, and 0.50. These films were made fro
the identical ceramic material of Fig. 1 and were laser
lated and deposited on a LaAlO3 substrate. The resistivity
peak of thex50 thin film is at 265 K and drops to 142 K a
x50.25. The resistivity peak of thex50 ceramic sample,

FIG. 6. ~A! ~a! Resistance~normalized! and~b! thermopower vs
temperature for ceramic samples of (La12xGdx)2/3Ca1/3MnO3, x
50.0, 0.25, and 0.50.~B! ~a! Resistivity~normalized! and~b! ther-
mopower vs temperature for PLD thin film samples
(La12xGdx)2/3Ca1/3MnO3, x50.0, 0.25, and 0.50 atH50.
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5416 56RUBINSTEIN, GILLESPIE, SNYDER, AND TRITT
from which this thin film was evaporated, is at 255 K a
drops to 95 K forx50.25. The resistance and thermopow
results for the ceramic materials are displayed in Figs. 6~A!,
~a! and~b!, respectively. Samples withx>0.5 are insulators
as noted in Fig. 2, and do not display a resistivity peak. T
properties of the thin film are found to differ somewhat fro
the target material. This effect can result from several cau
during the film growth: epitaxial growth of the perovskite o
the LaAlO3 substrate, segregation of the La and Ca catio
or loss of oxygen.

In this section we shallonly discuss the behavior of thes
samples in the insulating phase, at temperaturesabove the
resistivity maximum. In later sections we shall extend t
discussion to the entire temperature range. We assum
accordance with current thought, that the conductivity in
high-temperature regime is dominated by the hopping m
tion of self-trapped small polarons.17 In this high-
temperature regime, the classical expressions for the ele
cal resistivity r and the Seebeck coefficient for therm
electricity,S, are given by the expressions8

r5r0T expS Es

kBTD ,
~3!

S5
kB

e S ES

kBTD1S` ,

whereEs andES are the~unequal! activation energies for the
resistivity and the thermopower, respectively, andS` is the
Seebeck coefficient at asymptotically high temperatures
measure of the entropy of crystalline and magnetic disor
~Other symbols have their conventional meanings.! By fitting
the experimental data to Eq.~3!, we obtain the sets of pa
rameters shown in Table I for the ceramic samples. Sim
values are obtained for the PLD films. The large discepa
between activation energy for conductivity,Es , and ther-
mopower,ES , is a hallmark of polaronic transport.17 Since
the factor (kB /e) of Eq. ~3! determines the slope of the Se
beck coefficient at high temperatures~with the convention
that e is negative for electrons!, we conclude from the sign
of Es that charge carriers are holelike in these three sam
above the Curie temperature. The magnitude ofS` is not
well understood, although Hundley and Neumeier18 have re-
cently written on this subject.

What sort of things do we learn by measuring the tra
port properties of Gd-substituted samples? It is possible
learn something about the nature of the magnetic polar
By comparing the~0% Gd!/~100% La! sample to the~25%
Gd!/~75% La! sample, we find that substituted Gd ions low
the Mn-Mn exchange interaction substantially by bend
the Mn-O-Mn bond angle.

TABLE I. Parameters used in Eq.~3! to fit thermopower and
resistivity data of ceramic samples with the compositi
(La12xGdx)2/3Ca1/3MnO3 for x50.0, 0.25, and 0.50.

Percent Gd Es ~eV! ES ~eV! S` ~mV/K !

0% 0.140 0.004 223
25% 0.145 0.015 254
50% 0.140 0.018 256
r

e

es
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However, the polaron activation energy is changed v
little by the substitution of Gd for La. Despite the larg
change in the exchange energy~as determined by their Curie
temperatures!, there is virtuallyno change in the activation
energy for conductionEs ~;140 meV!. From this fact cer-
tain theories of polaron formation may be eliminated. F
example, Dionne19 has proposed an interesting polaro
theory in which the electrons become self-trapped at the
rie temperature, with an activation energyEs which is
~nearly! equal to the exchange energy~2zJ12S1S2 , using
conventional symbolism!. Dionne’s hypothesis does not ap
pear to be tenable since it appears to conflict with our ob
vations concerning Gd-La-substituted compounds where
Curie temperatures are observed to change without a co
sponding change in the activation energies.

VI. COBALT AND NICKEL SUBSTITUTIONS

These samples were fabricated, as before, by grind
pressing, and reacting the appropriate mixtures of oxides
carbonates. The samples were reacted under oxy
at a temperature of 1300 °C several times and th
x rayed. The powder x-ray-diffraction spectra
La2/3Ca1/3~MnxCo12x)O3 and La2/3Ca1/3~MnxNi12x)O3 are
displayed in Fig. 1. The orthorhombically distorted sing
phase perovskite structure is present in all the Co samp
but the Ni samples were found to be multiphase for Ni co
centrations in excess of 75%. These samples, with 75%
100% Ni, probably should have been sintered at a low
temperature in order to form the proper phase. We did
remake these samples, and we will only report
La2/3Ca1/3~MnxNi12x)O3 with 1.0<x<0.50. The literature7

indicates, however, that LaNiO3 is a nonmagnetic Pauli para
magnet, and so we have reason to expect that La2/3Ca1/3NiO3
will also be a Pauli paramagnetic metal.

The Mn100Co0, Mn90Co10, Mn100Ni0, Mn90Ni10, and
Mn75Ni25 samples were ferromagnetic and have Curie po
which are indicated in Fig. 7 for polycrystalline Mn-C
samples and for polycrystalline Mn-Ni samples.~In this no-
tation, Mn100Co0 refers to the compound La2/3Ca1/3MnO3.!
The remaining samples displayed spin-glass behavior

FIG. 7. Magnetic transition temperature vs dopant conc
tration for a series of bulk La2/3Ca1/3~Mn12xCox)O3 and
La2/3Ca1/3~Mn12xNix)O3 samples. Shaded portion represents reg
where samples are electrically conducting below the transition t
perature. At concentrations where no ferromagnetic transitions
observed, the temperature of the irreversibility peak~Fig. 3! is used.



e
s a
pi
h
a
lli
tio
on
op
g

ion
b

ut

h

be
.
b
o

ce

e

fe
-
or
b
nc

i-
rs

e

-

n

th
-

nt
in

ti-
tio
ud
of

of

s

the

ned
e

here
tic
tive

of

of a

ints,
data
ta.
s
ters
f

ne is

56 5417EFFECTS OF Gd, Co, AND Ni DOPING IN . . .
which the field-cooled and zero-field-cooled traces diverg
below the spin-glass temperature. The remaining sample
spin glasses. In Fig. 7 we have plotted the Curie or the s
glass temperature as a function of Ni or Co doping. T
shaded region of the plot represents the region of the ph
diagram where the materials are found to exhibit meta
behavior at low temperatures. The metal-insulator transi
nearly coincides with ferromagnetic-paramagnetic transiti

It is apparent from Fig. 7 that there is a large initial dr
in the Curie temperature as a function of Co or Ni dopin
There are two process which can contribute to this condit
~1! changes in the Mn-O-Mn bond angle which are caused
substituting a larger Ni or Co ion for a Mn ion, and~2! the
inability of an itinerant electron to hop or tunnel, witho
assistance from a Mn ion to a neighboring Ni or Co ion.

First, we consider the effect of the Ni and Co ions on t
Goldschmidt tolerance factor, defined in Eq.~1!. Using the
ionic radii tabulated by Shannon,20 we find t50.916, 0.927,
and 0.938 for La2/3Ca1/3MnO3, La2/3Ca1/3~Mn0.90Co0.10!O3,
and La2/3Ca1/3~Mn0.90Ni0.10!O3, respectively.~In this calcula-
tion, we used 6 as the coordination number for the 31 and
41 transition-metal ions and 9 as the coordination num
for the La31 and Ca21 ions.! Using the phase diagram of Fig
1, we find that the expected lattice contraction caused
substituting 10% Co or 10% Ni should have the effect
increasingthe Curie temperature from 250 to 350 K. Sin
the Curie temperature is observed to substantiallydecrease
under these circumstances, it is necessary to hypothesiz
other, more potent mechanism.

Since the Zener double-exchange mechanism is inef
tive unless an electron can hop~or tunnel! between nearest
neighbor transition-metal ions without altering its spin
energy, we can attribute the lowering of the Curie point
Co ~or Ni! substitutions to an assumed energy inequivale
of the ground-state energies of neighboring Mn and Co~or
neighboring Mn and Ni! ions. We can estimate the magn
tude of this effect by making some assumptions. We fi
assume that the low-temperature charge carriers areband
polarons. Further, we assume that the differences betw
the binding energies of an electron on a Co~Ni! ion and Mn
ion exceed the polaron bandwidth~which eliminates the pos
sibility of energy-conserving coherent hops!. Finally, as a
result of these conditions, we can conclude that there is
double-exchange interaction between neighboring Co~Ni!
ions and Mn ions. We can estimate that the change in
Curie temperatureDTc is related to the concentration of im
purity ions,c, by the approximate relationship

DTc

Tc8
'2c. ~4!

Here,Tc8 is the Curie temperature in the absence of the a
ferromagnetic superexchange interaction, the latter obta
from the Néel temperature of LaMnO3, TN550 K. Hence
DTc'2300c, and a 10% impurity concentration is es
mated to yield a decrease of 30 K in the magnetic transi
temperature. This is the correct sign and order of magnit
for the drop in the transition temperatures
La2/3Ca1/3~Mn0.90Co0.10!O3 and La2/3Ca1/3~Mn0.90Ni0.10!O3.
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VII. RESISTIVITY „Co-Mn AND Ni-Mn …

In Figs. 8~a! and 8~b!, the temperature dependence
electrical resistanceof a series of La2/3Ca1/3~MnxCo12x)O3
laser-ablatedthin films is displayed. Figure 8~a! displays a
least-squares fit of Eq.~5! ~to be discussed below! to the
electrical conductivity data of two CMR compound
La2/3Ca1/3~MnxCo12x)O3 with x51.0 and 0.9. The symbols
are representative data points, and the lines are the fits to
data. The open circles show the data atH50, and the solid
lines are the results from fits to these data. The darke
circles show the data atH52.5 T and the dashed lines ar
the results from a fit to the data. Shown in Fig. 8~b! is the
electrical conductivity~data only! of three CMR compounds
La2/3Ca1/3~MnxCo12x)O3 with x50.2, 0.33, and 0.5, which
evince only semiconducting temperature dependence. W
the resistivity maximum exists, it is close to a ferromagne
transition temperature and is accompanied by a nega
magnetoresistance.

We find it convenient to discuss our data in terms

FIG. 8. Temperature dependence of electrical resistance
series of La2/3Ca1/3~MnxCo12x)O3 laser-ablated thin films.~a! A
least-squares fit of Eq.~5! to the electrical conductivity data of two
CMR compounds La2/3Ca1/3~MnxCo12x)O3 with a resistivity maxi-
mum x51.0 and 0.9. The symbols are representative data po
and the lines are the fits to the data. The open circles show the
at H50, and the solid lines are the results from a fit to this da
The solid circles show the data atH52.5 T, and the dashed line
are the results from fit to the data. The resulting fitting parame
are given in Table II. Shown in~b! is the electric resistivity data o
three CMR compounds La2/3Ca1/3~MnxCo12x)O3 with x50.2, 0.33,
and 0.5, which are insulators at all temperatures. The dashed li
the resistivity of thex50.2 compound atH52.5 T.
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Zhang’s spin-polaron theory.21 Zhang has adapted Holstein
classic lattice-polaron theory22 to the discussion of electron
which are self-trapped by the electron-magnon interact
This theory, although less detailed and sophisticated t
some others,23 is elegant and physically transparent. We fi
it useful because its central result is a simple mathema
formula which can be easily used in conjunction with co
mercial curve-fitting computer programs.

Zhang’s theory of electrical conductivity in perovski
structures is based on a Hamiltonian composed of only th
terms: a single-electron kinetic energy term, a single-mag
energy term of the localized spins, and a term describing
Hund’s-rule interaction between the itinerant electrons a
localized spins. It omits complications resulting fro
magnon-magnon interactions, electron-electron interacti
and electron-phonon interactions. Using an approximation
a single optical magnon frequencyv0—a drastic assumption
especially at low temperatures—Zhang obtains the follow
expression for the conductivity at finite temperaturesT and a
finite applied fieldH:

r~0!

r~T!
5

s~T!

s~0!

5expF2
2Es

v0
N~v01gmBScH !G

1
b2

EskBT
expF2Es

kBT G . ~5!

In this equation,N(v0)5@exp(v0 /kBT)21#21, the number of
thermal magnons,Es is the activation energy of the~local-
ized! spin polarons, andv0 andb are functions of the basic
Hamiltonian, but we treat them here as adjustable par
eters. This expression, which represents the sum of two
allel currents, has the following simple interpretation: T
first term describes the coherent, elastic hopping of a s
polaron which is dominant at low temperatures, while t
second term describes the incoherent, inelastic hopp
dominant at high temperatures. These two conduction p
cesses have very different temperature dependences.
former term describes band polarons with a temperat
dependent effective mass, whose conductivitydecreasesas
the temperature increases; the latter describes thermally
sisted hopping where the conductivityincreaseswith in-
creasing temperature. These two processes compete to
the metal-insulator transition observed in the manganites
our treatment of the transport properties of La-Gd provski
Sec. V, we only discussed the high-temperature behavio
this section describing the Mn-Co and Mn-Ni perovskite
we attempt to expand this discussion to include the en
temperature range.

Equation~5! predicts that the resistivity decreases nea
exponentially with inverse temperature at high temperatu
and increases linearly with temperature at low temperat
The former prediction is one of small-polaron hoppin
which we have already utilized in our discussion of the hig
temperature resistivity of (La12xGdx)2/3Ca1/3MnO3. The
low-temperature prediction will not be reflected in the da
since it requires knowledge of the magnon dispers
relationship—which is explicitly ignored in Zhang’s calcul
n.
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tion. The true value of this equation is its simplicity and t
reassurance that it is derived~with approximations! from a
basic Hamiltonian.

Several purelyempiricalrelations for the conductivity uti-
lizing two parallel conducting channels have been previou
proposed for the manganites24 in which the low-temperature
term is explicitly dependent on the magnetization, there
forcing the resistivity maximum to coincide with the ferro
magnetic transition temperature. Perhaps this can also
achieved using Eq.~5! by renormalizing the magnon fre
quency in a mean-field approximation so th
v0→v0@M (T)/M (0)#. However, Zhang has informed u
that he does not believe this is a proper procedure.25 Ques-
tions relating to the proximity of the metal-insulator trans
tion and the ferromagnetic-paramagnetic transition can
answered by rederiving the analog of Eq.~5!, but keeping the
magnon-magnon interactions in the basic Hamiltonian.

The solid lines and dashed lines of Fig. 8~a! are a plot
showing the ‘‘best fit’’ of Eq.~5! to the conductivity data of
two CMR compounds which display the resistivity max
mum: La2/3Ca1/3~MnxCo12x)O3 with x51.0 and 0.9. The
other curves are from insulating compositions that do
show a resistivity maximum. The resulting fitting paramete
are given in Table II.

We should not expect a highly accurate fit to the data
reasons which were outlined above~such as the neglect o
dispersion and of electron-phonon interactions!. But to us it
seems to contain much of the right physics. The param
Es is the polaron hopping energy, and all the samples fit
theory with physically acceptable valuesEs'100–
200 meV. Moreover, the ‘‘optical’’ magnon
frequencyv0 is found to scale, approximately, with the ma
netic transition temperatureTc—another physically reason
able result. The value of the spinSc used to fit the magnetic
field dependence does not represent a single spin. It re
sents the value of a small cluster of spins—a phenome
which has been previously noted by several authors.
large spins may come from a clustering of Ca ions or even
a nonuniform distribution of oxygens.

VIII. THERMOPOWER „Mn-Co AND Mn-Ni …

The ratio between the temperature differential and volta
across a sample is called the Seebeck coefficientS and is an
intrinsic property of the material. The theory of this coef
cient shows that it is a simple measure of the entropy
charge carrier~provided that electrons, not phonons, are t
carriers of the heat energy!.26 At low temperatures, in a de
generate metal which may consist of band polarons, the S

TABLE II. Parameters used in Eq.~8! to fit the resistivity data
of PLD thin films with the composition La2/3Ca1/3~Mn12xCox)O3

for x50, 0.1, 0.2, 0.33, and 0.5.

Percent Co Es ~eV! v0 ~K! b ~eV! Sc

0% 0.18 337 0.30 3.4
10% 0.09 159 0.32 8.7
20% 0.09
33% 0.11
50% 0.10
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TABLE III. Parameters used in Eq.~8! @or Eq. ~5!# for fitting the resistivity and thermopower data o
bulk, sintered compositions La2/3Ca1/3~Mn12xCox)O3 ~x50 and 0.1! and La2/3Ca1/3~Mn12xNix)O3 ~x50.1,
0.25, and 0.5!.

Sample
ES

~eV!
Es

~eV!
S`

~mV/K !
EF

~eV!
v0

~K!
b

~eV!

Mn100 0.0028 0.2 210 0.35 425 0.24
Mn90Co10 0.0073 0.17 234 0.24 274 4.7
Mn90Ni10 0.0078 0.19 228 314 5.2
Mn75Ni25 0.13
Mn50Ni50 0.18
ra

a
s
m

ch

. In
Eq.
beck coefficient is proportional to the first power of tempe
ture and has the same sign as the charge carriers,

S'
k

e Fp2

3 GFkBT

EF
G . ~6!

At high temperatures where the polarons are self-trapped
conduct electricity and heat by a thermal activation proce
the Seebeck coefficient is inversely proportional to the te
perature and is given by the formula already given in Eq.~3!.
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When two different kinds of carriers are present, ea
with a well-defined Seebeck coefficientS and conductivity
s, the measured thermopower is given by

S5~s1S11s2S2!/~s11s2!. ~7!

Zhang has not published an equivalent formula to Eq.~5! for
the Seebeck coefficient of a system of magnetic polarons
its absence, we shall approximate the answer by using
~7! with the partial conductivities taken from Eq.~5! and the
partial Seebeck coefficients taken from Eqs.~6! and ~3!:
S~T!5

ATexp@~22Es /v0!N~v0!#1~ES /T1S`!
b2

ErkBT
exp@2Es /kBT#

exp@~22Es /v0!N~v0!#1
b2

EskBT
exp@2Es /kBT#

, ~8!
del
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s as
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l 0
l,
where we treatA, ES , and S` as parameters to be dete
mined by fitting the data to the expression. The remain
parameters were obtained by fitting the measured resistiv
to Eq. ~5!. The dependence of this expression on magn
field is omitted, but appears in a similar fashion to Eq.~5!.
This equation predicts that the thermopower is zero aT
50 and initially increases~or decreases! linearly with tem-
perature. At high temperatures, the thermopower is expe
to decrease~increase! inversely proportional to temperature
attaining a valueS` at asymptotically high temperatures.

A least-squares fit of Eq.~8! to the zero-magnetic-field
thermopower data of the sintered bulk compoun
La2/3Ca1/3~Mn90Co10!O3 and La2/3Ca1/3~Mn90Ni10!O3 is
shown in Fig. 9~a!. The resistivity data for these compoun
are shown in Fig. 9~b!. The circles are representative da
points, and the lines are the fits to the data. The resul
fitting parameters for the conductivity data for the co
pounds containing 10% Co and the compound contain
10% Ni, as well as those for other compositions, are ta
lated in Table III. These parameters were held fixed in the
of the data to Eq.~8!. This conductivity data yielded the
fitting parameters to the thermopower data, which are a
displayed in Table III.

An omnipresent ‘‘bump’’ is present in the low
temperature thermopower of the lanthanum manganite
g
es
ic

ed

s

g
-
g
-
t

o

at

'20 K, and is probably not to be expected from any mo
which considers electronic contributions exclusively. Th
feature has previously been attributed to such mechanism
‘‘phonon drag’’ or ‘‘two-level systems,’’27 but there appears
to be no consensus. In the present paper, we shall sim
ignore this feature. In addition, since the thermopower d
become increasingly unreliable for samples of large resis
ity, we shall only consider two samples:~a! 90% Mn 10%
Co and ~b! 90% Mn 10% Ni. ~The 100% Mn sample is
discussed in Ref. 8 and in several additional papers on t
mopower in manganites.!

The Seebeck coefficient of the sample containing 10
Mn is zero atT50. As the temperature increases, the sign
S oscillates about zero and then drops to28 mV/K at '250
K ~the Curie temperature!. From 250 to 350 K,S remains
negative and declines steadily.

The Seebeck coefficient of sample~a!, Mn90Co10, is zero
at T50 and then decreases with temperature quasilinea
At the Curie temperature, 150 K,S abruptly begins to rise to
a value of16 mV/K. Above 180 K,S(T) decreases inversel
with temperature.

The Seebeck coefficient of sample~b!, Mn90Ni10, remains
very close to a value of zero in the temperature interva
,T,Tc , whereTc is the Curie temperature of this materia
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170 K.S(T) then abruptly rises to a value115 mV/K at 200
K; at higher temperatures, it decreases with temperature i
inverse manner.

Above the Curie temperature, we find that the th
mopower activation energy~binding energy! ES equals
8 meV for both La2/3Ca1/3~Mn0.90Co0.10!O3 and
La2/3Ca1/3~Mn0.90Ni0.10!O3 compared to 10 meV for
La2/3Ca1/3MnO3. At low temperatures, the initial sign o
the Seebeck coefficient is positive for La2/3Ca1/3MnO3,
zero for La2/3Ca1/3~Mn0.90Ni0.10!O3, and negative for
La2/3Ca1/3~Mn0.90Co0.10!O3.

The observation of oscillations in the sign of the the
mopower is an indication that the low-temperature, narr
polaron bands may possess a complex density of states—
which can be altered by temperature. For example, Asam
et al.28 have suggested that the double degeneracy of theg
band can be split by temperature-dependent structural di
tions, thereby altering the band filling factor between el
trons and holes.

IX. PARAMAGNETIC RESONANCE „Mn-Co AND Mn-Ni …

In Fig. 10 we show the room-temperature 9.3-G
EPR spectra of ~a! La2/3Ca1/3~Mn12xCox)O3 and ~b!
La2/3Ca1/3~Mn12xNix)O3 for some representative values ofx.
These resonances are all observedabovethe Curie tempera-
ture. The asymmetry of the La2/3Ca1/3~Mn12xNix)O3 line

FIG. 9. ~a! A least-squares fit of Eq.~8! to the thermopower data
of the compounds La2/3Ca1/3~Mn90Co10!O3 ~open circles! and
La2/3Ca1/3~Mn90Ni10!O3 ~solid circles!. The symbols are representa
tive data points and the lines are the fits to the data.~b! A least-
squares fit of Eq.~5! to the electrical conductivity data of thes
compounds. The resulting fitting parameters for both the th
mopower data and the conductivity data are given in Table III.
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shapes is caused by skin depth complications due
the use of sintered, bulk, conducting samples. A loo
powder sample was used in studying the spectra
La2/3Ca1/3~Mn12xCox)O3. In these figures, only the line
shapes are meaningful; the intensities may bear little rela
to one another as the spectrometer sensitivity was alte
from run to run.

The effects of Co and Ni substitutions on th
La2/3Ca1/3MnO3 resonance spectra differ markedly from o
another. On the one hand, Co substitutions drastic
broaden the resonance line. At room temperature, polyc
talline La2/3Ca1/3MnO3 has a linewidth of 350 Oe. When C
atoms are substituted for 10% of the Mn atoms, the linewi
increases to 4000 Oe. When Co atoms are substituted
20% of the Mn atoms, the resonance is incompletely visi
on a 10 000 Oe sweep; we estimate the linewidth of
Mn80Co20 sample to be approximately 10 000 Oe. The we
narrow resonance in the center of the Mn80Co20 spectrum is
attributed to a weak, second phase of the sample. On
other hand, the effect of Ni is to progressivelyweakenthe
resonance withoutbroadeningit substantially. In Fig. 11 we
plot the linewidths of Co-doped and Ni-doped manganites
a function of dopant concentration. We see that the linewi
of the cobalt-substituted samples increases strongly with
balt concentration, while the linewidth of the nicke
substituted samples is nearly independent of Ni concen
tion.

We have previously discussed the broadening effect of
on the manganite paramagnetic resonance in Sec. IV, w
we surmised that the broadening near room temperature
primarily caused by the dipolar field of the Gd ions. How
ever, the origin of line broadening in Co- and Ni-substitut
manganites is more complex. The Co and Ni ions weaken
exchange field, as determined by the reduction in the C
temperature, but this is too small an effect, in itself, to a
count for the large increase in the linewidth of Co-substitu
compounds. It seems reasonable to conclude that Co
broaden the paramagnetic resonance line by a rapid s

r-

FIG. 10. Room-temperature 9.3-GHz EPR spectra of sinte
ceramic samples of ~a! La2/3Ca1/3~Mn12xCox)O3 and ~b!
La2/3Ca1/3~Mn12xNix)O3. The asymmetric line shape results fro
the effects of electrical conductivity. The weak, narrowg52 reso-
nance in the Mn80Co20 spectrum is probably caused by a we
second phase. The Mn0Ni100 is multiple phase, but the weak reso
nances from this sample originate in the empty microwave cav
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lattice relaxation of the Co ion. Accordingly, we attribute t
insensitivity of the linewidth to Ni doping to a smaller spin
lattice relaxation mechanism for the Ni ion.

An alternative explanation for the disparate behaviors
the Ni- and Co-substituted samples is the ‘‘bottlenec
effect29 which can develop between the Mn and Ni spin s
tems when both ionsg values are close to 2.0. Another po
sibility may be that the Mn/Ni samples are segregated i
Ni-rich and Ni-poor regions.

X. DISCUSSION

In the preceding sections of this paper, we have prese
the results of a variety of disparate experiments on cob
nickel-, and gadolinium-substituted La2/3Ca1/3MnO3 com-
pounds. In this section, we shall attempt to provide a sh
discussion of each of the following points:~a! the connection
of the EPR results to the transport properties,~b! the rela-
tionship between the experiments on bulk materials and
films, and ~c! the systematic variation, if any, of the spin
polaron-model parameters.

A. Relationship of EPR data to transport measurements

We have already established that substitution by G31

ions of La31 ions influences the magnetic and transport pr
erties primarily by distorting the lattice due to the dispar
between the Gd31 and La31 ionic radii. These distortions
evident in powder x rays, Fig. 1, serve to alter the Mn-O-M
bonding angles and modify both the exchange and tran
integrals, whose values determine the magnetic and elect
properties.

The effect of Gd substitution on the EPR spectra is a
strong~Figs. 4 and 5!. We have attributed the increased lin
width of the Gd-doped specimens to the~non-exchange-
narrowed! dipolar fields originating at the Gd31 spin mo-
ment. The transport and EPR, results are indeed consi
with one another. Despite the substantial influence of the
ion on both the transport and resonance parameters, ne
phenomenon requires anything but passive involvement f
the rare-earth ion, whose electrons remain unhybridized w
the conduction electrons and stay localized about their r
earth core.

FIG. 11. Dependence of the linewidth on dopant conc
tration for La2/3Ca1/3~Mn12xCox)O3 ~open circles! and
La2/3Ca1/3~Mn12xNix)O3 ~dark triangles!.
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We have previously inferred that the effect of replacing
Mn ion with a transition-metal ion such as Ni or Co,
La2/3Ca1/3MnO3, is not at all the same as the replacement
La31 by Gd31. Both the transition-metal replacements a
the rare-earth replacements lower the magnetic and m
insulator transition temperatures, but they do so by co
pletely different physical mechanisms. While Gd lowers t
transition temperature by distorting the lattice, Ni and C
have little effect on the lattice. These transition-metal io
decrease the Curie temperature by forbidding the energy-
spin-conserving double-exchange event between it and
nearest-neighbor Mn ions. This process is allowed only
tween two ions of identical~to within a bandwidth! ground-
state energies, with each ion possessing a very large Hun
rule interaction energy.

EPR studies can relate to the magnetic and transpor
vestigations by identifying the ground states of the individu
transition-metal ions. The optimal, unalloyed compou
La2/3Ca1/3MnO3 has a relatively narrowg52.0 resonance
indicating a very small admixture of orbital angular mome
tum in the ground state. Replacing the Mn ions with eith
Co or Ni ions in the pure Mn oxide also produces co
pounds with ag52.0 resonance. However, the effect of su
stituting Co ions on EPR spectra is to significantly increa
the linewidth to the point where the resonance cannot
observed observable at 20% Co. The effect of substituting
ions for Mn ion is dramatically different, since the linewidt
remains almost unchanged with the addition of Ni~Figs. 10
and 11!. Similar effects have been observed in many oth
alloy families—e.g., 3d impurities in metals or in exchange
coupled paramagnets—and have been satisfactorily
plained by the phenomenon of ‘‘bottlenecking.’’30

The bottleneck effect occurs when the ‘‘host’’ and ‘‘im
purity’’ resonances have similarg values and the spin-lattice
relaxation rate of the impurity spin is sufficiently small.
these conditions are met, the two spin systems couple to e
other, producing a narrow resonance line. Otherwise, with
bottleneck, the impurity can rapidly relax the host resonan
resulting in a very broad resonance line. Using the crite
for bottlenecking, we deduce that Ni impurities
La2/3Ca1/3MnO3 haveg>2.0; contrariwise, Co impurities in
La2/3Ca1/3MnO3 have ag value far from 2.0.

The possible ionization states for the Ni and Co impurit
in La2/3Ca1/3MnO3 are 31, 41, and~in the case of dissocia
tion! 21. Since the Ni ions are assumed to participate in
bottleneck process, asine qua nonis that these ions have ag
value near 2.0 and that they have a small spin-lattice re
ation. This combination implies that the orbital angular m
mentum is quenched,̂L&50 to first order. The electrons
must then completely fill an ‘‘octahedral subshell’’ to a
complish this. Of the three possible nickel ionization stat
only Ni21—a (d8) configuration—fills the bill. Co, on the
other hand, is known to exist both in the high- and low-sp
configurations and the Co31 and Co41 ionization states. It
cannot act as a bottleneck, and its broadening effect on
Mn resonance is understandable.

B. Bulk samples vs thin films

Some experiments, such as Hall effect and ferromagn
resonance, can only be performed on thin films, wher

-
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other experiments can be performed on thin films and b
samples. In prior sections we have referred to data from b
samples and from thin films of the same nominal compo
tion. In Figs. 6~A! and 6~B! we have compared and con
trasted the electrical resistance and thermopower of b
forms of (La12xGdx)2/3Ca1/3MnO3 samples. Since the mea
sured parameters of the bulk samples and their corresp
ing thin films disagree, the question concerning the origin
these differences naturally arises.

Ever since the earliest report of colossal magne
resistance,31 it has been evident that the properties of th
films and those of bulk samples~or those thin films anneale
at elevated temperatures under oxygen! were somewhat dif-
ferent. Since then, several experimental papers have rep
on the variability of manganite properties with oxygen co
tent. ~Perhaps the most dramatic evidence of this phen
enon is the conversion of LaMnO3 from an antiferromagne
to a ferromagnet precipitated by a slight increase in the o
gen content.! Since the parameters of thin films can often
optimized by annealing them in an oxygen-rich atmosphe
we feel that the major source of variation between the t
film and bulk properties is primarily caused by a correspo
ing variation in the oxygen content.

A similar variability exists in the properties of bul
samples whenever the oxygen content is not carefully c
trolled. As mentioned earlier in the text, we have attemp
to optimize the oxygen content by sintering and annea
each sample under identical conditions. We havenot verified
the oxygen content by chemical or physical measureme
but where possible, we have confirmed that our results ar
agreement with previously published measurements.

C. Spin-polaron model

Numerous parameters are found in Zhang’s spin-pola
theory. Four parameters are contained in the expression
the conductivity, Eq.~5!: Es , v0 , b, and Sc . Three addi-
tional parameters are contained in the thermopower exp
sion of Eq.~8!: A, ES , andS` .

At temperatures high with respect to the resistivity-pe
temperature, Zhang’s model becomes identical with
theory of small adiabatic polarons, and the two survivi
parametersES andSc are identified with the polaron activa
tion energy~which is approximately equal to half the polaro
binding energy! and with the spin of the core electrons, r
spectively.~This small-polaron theory, with matrix elemen
modified by the Jahn-Teller distortion, is currently in fav
with some experimentalists and theorists.23! Had we been
able to extend our conductivity measurements to higher t
peratures, our values for these parameters would, doubt
prove to be more accurate. In the case of p
La2/3Ca1/3MnO3, where others have used small-polar
theory to describe their own high-temperature data, we m
justify our use of Zhang’s theory by comparing our ow
parameters to those obtained by previous workers. Ja
et al.8 obtainedES5126 meV and Tanakaet al.32 reportES
5116 meV for a La0.8Ca0.2MnO3 sample, while we have ob
tained values ofES which vary between 130 and 140 me
~for different samples! by fitting Zhang’s theory to data ob
tained below 300 K.

The remaining parameterSc is the value of the ‘‘core’’
spin. It is greatly in excess of theS52 value which we
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expect from Mn41 spins. This effect has previously bee
observed in many samples displaying colossal magnetore
tance. Several explanations have been offered, some inv
ing granular superparamagnetism and others involving a
bottleneck between Mn31 and Mn41 ions. No generally ac-
cepted explanation exists, as of yet.

The equation which we have utilized for fitting our the
mopower data, Eq.~8!, reduces to the standard expressi
obtained for small-polaron hopping at sufficiently high tem
peratures and yields value ofES in reasonable agree with
existing data in the case of La2/3Ca1/3MnO3. ~There appears
to be little agreement for the value of the Seebeck coeffic
at ‘‘infinite’’ temperature, S` , from experiment or from
theory.!

Finally, we arrive at the discussion of the low-temperatu
parameters of the equations. The most illuminating aspec
Zhang’s theory is that it does not demand the existence o
abrupt metal-insulator transition. Instead, the theory po
the existence of two coexisting electronic processes: a co
ent, energy-conserving tunneling process and an incohe
thermally assisted hopping process. Both processes are
perature dependent, with the probability of the former d
creasing with temperature, while the probability of the ho
ping process increases with temperature. At so
intermediate temperature near the peak in the tempera
dependent resistivity, the hopping process will overwhe
the tunneling process, and the sample appear to behave
insulator at higher temperatures. Zhang points out that
peak temperature need not coincide with the Cu
temperature—and indeed, many workers have reported
the two temperatures are not identical. However, the Cu
temperature and the resistivity-peak temperature are no
dependent, since they both depend on the number of the
magnons. Zhang’s treatment, which we have used, exa
bates this discrepancy by failing to include the magno
magnon interaction in the Hamiltonian, which, in tur
causes the average magnetization to diminish with temp
ture in a critical fashion. Including this interaction in th
theory, even in a crude mean-field fashion, will undoubte
have the effect of bringing the ‘‘metal-insulator’’ temper
ture and the Curie temperature closer together.

XI. CONCLUSIONS

We have examined the experimental consequences
some elemental replacements within the colossal mag
resistive compound La2/3Ca1/3MnO3. First, we have system
atically replaced the La ions with Gd ions and investiga
the resulting changes in the paramagnetic resonance
width and magnetic transition temperature. We have c
cluded that the paramagnetic resonance linewidth at ro
temperature is primarily caused by exchange-narrowed
dipolar fields, while Gd dipolar fields are largely unaffect
by the exchange process. At higher temperatures ano
process, presumably spin-lattice relaxation, begins to do
nate the paramagnetic linewidth, causing the linewidth
increase linearly with temperature.

The phase diagram, constructed by plotting the magn
transition temperature of (La12xGdx)2/3Ca1/3MnO3 versus
the average rare-earth ionic radius~or, equivalently, the tol-
erance factort!, agrees very well with phase diagrams
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other rare-earth manganites found by other workers. F
this, we have concluded that the magnetic transition
(La12xGdx)2/3Ca1/3MnO3 is determined, primarily, by a siz
effect, namely, theaverageionic radius of the rare-earth ion

The effects of replacing the Mn ions in La2/3Ca1/3MnO3
by Co and Ni ions were also investigated. The effects of t
replacement on the magnetic transition temperature
strong, but arenot caused by an ion size effect. Instead, w
have postulated that the observed reduction of the Curie t
perature with Mn substitution is caused by the absence
double exchange interactions between unlike transition io

The effect of Co and Ni substitutions on the electric
resistivity and thermopower was presented and parametr
with Zhang’s magnetic polaron theory. While Zhang’s tre
ment yields a good qualitative fit to the data with and witho
an applied magnetic field, more work is needed to yield
ll

,

g

a,

Z

ta
,

E.

-

B

o,

tz
.

-

nd
m
f

is
re

m-
of
s.
l
ed
-
t
a

good quantitative fit. Finally, the effects of Ni and Co su
stitutions on the paramagnetic linewidth were displayed, a
the Ni ion was found to be a Ni21 ion.
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