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Transport anomalies in the high-temperature hopping conductivity and thermopower
of Sr-doped La(Cr, Mn)O3

R. Raffaelle, H. U. Anderson, D. M. Sparlin, and P. E. Parris
Departments ofPhysics and Ceramic Engineering, University ofMissouri Rol—la, Rolla, Missouri 6540l

(Received 27 August 1990)

A minimum exists in the electrical conductivity of the perovskite-type ceramic LaCrl Mn 03 as
a function of Mn content near x =0.05. This minimum has been explained in terms of a crossover
from multiple trapping to percolation among energetically lower Mn sites. In this paper electrical
conductivity and Seebeck measurements are presented on a similar series in which 10 mol%%uo Sr was
substituted for La in order to increase the small polaron concentration through the compensation of
Sr ions according to the Verway mechanism. The data suggests that there is an apparent suppres-
sion of the Verway compensation mechanism in all Mn-doped samples. The hopping crossover ob-
served in the Sr-free series is retained with Sr doping, although the position and depth of the
electrical-conductivity minimum are altered. Difficulties in the present understanding and interpre-
tation of the electrical conductivity and Seebeck measurements as a function of Mn and Sr content
in these materials are discussed. An electronic structure is suggested, which seems to resolve many
of these problems.

I. INTRODUCTION

The class of materials known as perovskites or pseudo-
perovskites has received considerable attention over the
past 30 years due to the fact that they often exhibit prop-
erties considered useful for the development of ther-
moelectric devices; e.g. , high melting points, a wide range
of thermal and electrical conductivities, ferroelectricity,
and ferromagnetism. ' The basic pervoskite structure is
represented by the formula ABO3 in which A, the large
cation site, may be an alkali, akaline-earth, or rare-earth
ion, and B, represents a transition-metal cation. While
the ideal pervoskite structure is cubic, the majority of the
ABO3-based compounds deviate slightly from the cubic
structure and form orthorhombic, rhombohedral, or
tetragonal "pseudopervoskite" structures.

The search for materials that possess the structural sta-
bility and electrical conductivity required in fuel-cell ap-
plications has led to the investigation of a number of sub-
stitutionally mixed perovskites. Many of these mixed
systems involve compounds prepared with two or more
isovalent species of B-site ion in an attempt to retain in
the composite the desirable properties (e.g. , high conduc-
tivity, chemical stability) found in the end members.
Another class of substitutions is based on the so-called
Verway controlled ionic valency principle in which the
conductivity of a transition-metal oxide is controlled by
substituting donors or acceptors for parent A-site cations
in the pervoskite structure in order to effect changes in
the carrier concentration found on the B-site cations.

A series which has prompted considerable recent inves-
tigation due to its potential usefulness in fuel cells is
LaCr, Mn 03. The end member, LaCr03, exhibits a
thermally activated high-temperature electrical conduc-
tivity due to p-type small polaron hopping among the B-
site cations and is extremely stable to high temperatures
over a wide range of oxygen partial pressures. The less-

stable LaMnO3 has been thought to conduct via the same
mechanism as LaCr03, but has a significantly greater
conductivity. Attempts at substituting Mn for Cr in
LaCr03 to incorporate the increased conductivity found
in LaMn03 have led to some unexpected results. Most
notably, the substitutional inclusion of a relatively small
amount of Mn has been found to cause the electrical con-
ductivity to drop orders of magnitude below that of ei-
ther end member. This decrease leads to a minimum in
the electrical conductivity at about 5 mo1% Mn content.
In a recent paper this behavior was attributed to the ex-
istence of a significantly lower small-polaron site energy
at those B sites in which Mn has been substituted for Cr.
According to this interpretation, a small concentration of
Mn sites or small clusters can act as traps for carriers
diffusing among Cr sites. In this limit (x (( I) conduction
is dominated by multiple trapping, and hence the conduc-
tivity is decreased from that of pure LaCr03. At higher
Mn concentrations direct transport among extended per-
colating clusters of Mn traps becomes possible and the
conductivity rises. These two different conduction re-
gimes have traditionally been analyzed in terms of
separate (but closely related) models of hopping transport
in disordered systems. The multiple-trapping behavior is
usually analyzed in terms of a random-well model, '
while dynamical percolation is more typically analyzed
using a random-barrier model. '" As discussed below,
the La(Cr, Mn)03 system is interesting in that it shows
that real disordered systems can display aspects associat-
ed with both models.

In this paper, a more complete description of the ear-
lier work8 on the La(Cr, Mn)03 series is provided, along
with additional electrical conductivity and Seebeck
coeKcient measurements for a related series containing a
small fraction (10 mo1%) of Sr substituted for La. The
motivation for studying the Sr-doped series was to in-
crease the carrier concentration, and thereby sort out the
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carrier density versus mobility dependence of the conduc-
tivity previously measured in the undoped series. The
multiple-trapping behavior observed at low Mn concen-
trations was expected to be sensitive to the ratio of
charge carriers to traps in the system. Thus, the depen-
dence of the conductivity minimum upon carrier concen-
tration was viewed as a means of testing the crossover in-
terpretation offered in Ref. 8.

As anticipated, crossover behavior is retained in the
Sr-doped series. A shift to higher Mn concentration in
the position of the conductivity mimimum does occur. In
order to obtain a consistent interpretation of both the
doped and undoped electrical conductivity and thermo-
power, it appears necessary to conclude that the Verway
mechanism is suppressed in all Mn-doped samples: i.e.,
the addition of 10 mol % Sr does not seem to result in the
expected increase in the number of 8-site small polarons,
except in the LaCr03 end member. This suppression is
nearly complete in members of the Sr-doped samples
which contain more than about 20 mo1% Mn. This ob-
servation raises the question as to how Sr ions are being
compensated in these samples.

The paper proceeds as follows. In Sec. II the experi-
mental details of the measurements are described. In Sec.
III the results of the electrical-conductivity and thermo-
power measurements are presented, first for the
La(Cr, Mn)03 series and then for the Sr-doped samples.
The final section contains an analysis of the results along
with a discussion regarding possible mechanisms which
might allow for the Verway compensation of Sr ions
without the comcomitant generation of additional mobile
carriers.

II. EXPERIMENTAL PROCEDURE

To ensure adequate data for analyzing the composi-
tional dependence of the electrical conductivity, samples
of the series La, Sr Cr& Mn„03 were prepared con-
taining Mn in 10 mol% increments, with values of the
mole fraction of Mn ranging from x =—0 to x = 1, and the
mole fraction of Sr having either the value y =0 or
y =0.1. Additional samples were made in 5 mol% Mn
increments in the region 0&x (0.3 associated with the
electrical-conductivity minimum.

Powders for the series were prepared using a method
similar to that first outlined by Pechini, ' which involves
measuring precursor amounts of La carbonate, Cr ni-
trate, and Mn nitrate and dissolving them in a solution of
ethylene glycol, citric acid, nitric acid, and water. This
solution is then slowly evaporated to an amorphous solid
and calcined at 1173 K to remove the organics. In the
preparation of these powders, as is the case with most ox-
ides, care must be taken to control the processing factors
necessary to produce "homogeneous" single crystals as
revealed by the sharpness of x-ray-diffraction profiles. In
the samples produced for this study, x-ray-diffraction
analysis does not indicate appreciable amounts of any
other phase, implying a nearly complete solid solution of
the constituents. The powders were uniaxially pressed
into wafers, hydrostatically pressed to 40 000 psi to
achieve green densities of approximately 60%%uo of their

theoretical density, and then sintered in the appropriate
atmosphere and temperature to provide final densities
with values in the range 85 —95% of the theoretical den-
sity associated with the perfect crystal. The LaMn03
samples were sintered in air at 1623 K, while the LaCr03
samples required sintering in an atmosphere of 10 "P&

2

at 2023 K. Sintering conditions for samples of mixed
composition varied smoothly between these limits. Final-
ly, all samples were annealed in air at 1373 K for 24 h.

Rectangular samples (1.27X0.25X0.25 cm ) were cut
from the sintered wafers and electrical contacts were
made with platinum wire and platinum fire-on paste. The
sample edges were notched at four lengthwise increments
to aid in the attachment of the platinum wires. Platinum
paste was used to cover the ends of the sample in an at-
tempt to provide a uniform current density throughout
its length. The resistance as a function of temperature
was measured using a four-point-probe technique.

Thermoelectric-power measurements were performed
on similar rectangular samples cut from the same wafers
as were the conductivity samples. Thermocouples (Pt-
Pt/Rh) were kept in electrical and thermal contact with
platinum discs, which were attached to the sample ends
using platinum paste. A platinum wire heater beyond
one of the platinum contact discs was then used to pro-
vide a thermal gradient across the sample, while the ther-
mocouples were used to measure the resulting tempera-
ture difference. After computer-controlled switching, the
platinum legs of the two thermocouples were used to
measure the potential difFerence across the sample. The
temperature gradient was varied to obtain a plot of AV
versus AT, the slope of which was determined by a least-
squares analysis. This slope, representing the apparent
Seebeck coe%cient, was then corrected (see Ref. 13) by
adding the temperature-dependent absolute thermopower
for platinum' (which is negative over the temperature
range of the measurements), which reduces the apparent
Seebeck coefficient. This corrected value was taken to be
the Seebeck coefficient of the sample. The apparatus used
allowed for three identical probes to be placed in an
atmosphere-controlled MoSi2 furnace, thereby allowing
for the determination of the Seebeck coefficient as a func-
tion of both temperature and oxygen partial pressure. '

III. RESULTS

A. The La(Cr, Mn)O, series

At high temperatures, the mobility of small polarons in
a pure single-phase material is proportional to the rate 8'
for hopping between degenerate neighboring polaron
sites. This rate takes difFerent forms in different parame-
ter regimes. In the so-caHed adiabatic limit, the relevant
optical-mode lattice Auctuation (of frequency coo) is long
lived compared to the electron-tunneling event and the
hopping rate is given by the expression'

W' =cooexp( E, /k T) . —

In the nonadiabatic limit the electron-tunneling event is
not necessarily fast compared to the relevant optical-
mode lattice fluctuation. The hopping rate then carries a
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J
I 4E.kT

1 /2

exp( F.,—/kT),

temperature-dependent prefactor. In the limit in which
the electron-transfer matrix element J is assumed to be
much smaller than the lattice relaxation energy E„, the
hopping rate can be expressed in the high-temperature
form'

10'

10

in which the small-polaron activation energy E, is related
(but not in general identical) to E„.

At a Anite fractional concentration c of small polarons
the hopping rate is reduced due to site blocking, i.e., the
possibility that the neighboring site may already be occu-
pied by a charge carrier. In the simplest approximation,
which ignores all but the on-site Coulomb repulsion, this
has the effect of reducing the mobility

(1—c)eWap— (3)

by a factor of (1—c) from what it would be in the dilute
limit. ' For a low, but temperature independent small-
polaron concentration p =c /0, where Q is the unit-cell
volume, the conductivity o. =pep should be thermally ac-
tivated with an algebraic prefactor of the form T ' with
s= 1 (adiabatic limit), or s =—', (nonadiabatic limit). The
logarithm of the product o.T' should exhibit a straight
line when plotted as a function of the inverse tempera-
ture.

It is possible to estimate from the magnitude of the
conductivity which form of the prefactor should be used.
For example, Emin and Holstein give the inequality

1/2

ADO= J
4E, kT (4)

as the condition required for the validity of the nonadia-
batic limit. In this limit, however, the conductivity is
given from Eqs. (2) and (3) by the expression

c(1—c)e J
exp( E, /kT) . —(5)

AkTa 4E, kT

To be self-consistent, Eqs. (4) and (5) imply that in the
adiabatic limit,

Qo= exp(E, /kT) ((coo .
o-akT

c (1 —c)e

Taking a from the lattice spacings, the carrier density c
from Seebeck coefficient measurements (see Fig. 3), and
the activation energy E, from fits to the measured con-
ductivity (described below), one obtains values of
Qo—= 10' Hz for LaCrO3 and Qo——- 10' Hz for LaMnO3.
Optical-phonon frequencies for similar materials' lie in
the range co= 10' —10' Hz. This suggests that the nona-
diabatic limit, Eq. (5), is appropriate for this series, al-
though LaMn03 lies close to the transition region
separating adiabatic from nonadiabatic behavior.

The conductivity of the end members of the
La(Cr, Mn)O3 series does exhibit the activated behavior
expected from small-polaron transport over a wide tem-

b 10

10
0.0005

I I

0.001 5 0.0025
& /v (& /K)

0.0035

FIG. 1. Logarithmic plot of o. T' as a function of inverse
temperature for the series La(Cr, Mn)Q3. Circles represent end
members and squares represent mixed samples. Dashed lines

are theoretical fits to the data.

k 1 —cS =—ln +So,
e C

which relates S to the fractional small-polaron concentra-
tion c. In Eq. (7), So represents the vibrational entropy
per particle and is estimated' to be on the order of or
less than 10 pV/K. This is often small compared to the
carrier-dependent term, and therefore neglected. Note
also, that this expression ignores the spin degeneracy of
the carriers and implicitly assumes that there is only one
allowed spin orientation per site. Neutron-diffraction ex-

perature range (see Fig. 1), with s =—', giving a slightly
better fit than s =1. A least-squares fit based upon Eq.
(5) gives an activation energy of 180+2 meV for LaCr03
and 190+1 meV for the LaMn03 data. These values are
within 5 meV of the values found in previous studies. '

The differences which do exist between the values report-
ed here and in previous studies may be attributable to the
nonadiabatic form which we have assumed in the present
study (in contrast to the adiabatic form used to analyze
the earlier data), or to different preparation and measur-
ing techniques (i.e. , sintering or measuring atmospheres).

Although the activation energies of the end members
are quite similar, LaMn03 has a conductivity which is
approximately 600 times greater than that of LaCr03.
Assuming that Eqs. (2) and (3) apply, this difference could
arise from a larger nearest-neighbor electronic coupling
factor J in LaMnO3, or from differences in the intrinsic
small-polaron concentration c. The low mobility in these
materials makes Hall-effect measurements difficult.
Thus, information regarding the carrier concentration is
often obtained from measurements of the Seebeck
coefficient. ' The Seebeck coefficient represents the
transport entropy per charge carrier (experimentally, the
thermally induced voltage per degree of temperature
difference maintained across the sample in the absence of
current (low). Carriers having only one accessible state
per site, with multiple occupancy forbidden, have a See-
beck coefficient given by Heikes formula, '
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periments' indicate that LaMn03 contains antiferromag-
netically coupled ferromagnetic planes. It is therefore
not unreasonable to expect that the magnetic ordering at
each site determines the allowed spin orientation of the
small polaron. Equation (7) then provides a
temperature-independent relationship between the exper-
imentally measured Seebeck coefficient and the carrier
concentration, i.e.,

0.60

0.50

0.40

(D
C5

0.30
(D

e (S —So)
k

(8)

0.20

600

500

400

300)
200

10% Mn

15% Mn

20% Mn

100

0

30% Mn5' Mn
70% Mn
LaMn0 3

I I I I I I I I I I I

300 500 700 900 1100 1300 1500 1700
TEMPERATURE (K)

FIG. 2. Seebeck coefficient as a function of temperature for
the series La(Cr, Mn)03 ~ Large squares represent end members
and small squares represent mixed samples.

While the end-member Seebeck coefficients are reason-
ably temperature independent, the Seebeck data for sam-
ples containing both Mn and Cr is obviously temperature
dependent, especially below 800 K (see Fig. 2). This be-
havior would appear to make any application of Heikes's
formula to the mixed samples problematic. It is not clear
at this point what modifications of Heikes's formula
would be necessary to account for the temperature
dependence observed in the Seebeck voltages of the
mixed samples; however, it is generally expected that any
model involving carriers distributed over energetically
inequivalent sites will reduce to Heikes's formula in the
extreme high-temperature limit. Application of Eq. (8)
(with SO=0) to the highest-temperature Seebeck data
from our samples yields the carrier concentrations plot-
ted in Fig. 3. For the end members it is found that
c =0.01+0.001 for LaCr03, and c =0.51+0.03 for
LaMn03.

The relative magnitude of the carrier concentrations as
inferred from the Seebeck data is, therefore, qualitatively
consistent with the large increase in conductivity seen in
going from LaCr03 to LaMn03. However, the magni-
tudes of the Seebeck coefficients measured for LaMn03
are comparable to estimates of the vibrational entropy
So, which raises questions regarding the appropriateness
of neglecting this term. However, a value of So which is
of order 10 pV/K would result in a change in the carrier
density of LaMn03 using Eq. (8) of at most 6%. This un-

4E
0 00

0.0 0.2
I

0.4
I

0.6 0.8
Fractional Mn Concentration

FIG. 3. Carrier density vs Mn content at l300 K for the
series La(Cr, Mn)03 and Lao 9Sro, (Cr,Mn)03, as ascertained by
the application of Heikes's formula to the Seebeck coefficient
data of Figs. 2 and 7.

certainty is reAected in the margins of error quoted above
for LaMn03.

The suggested value of c=0.01 for LaCr03 is not un-
reasonable if one assumes that the intrinsic carriers in
these systems are due to naturally occurring structural
defects or impurities. The value c=0.51 obtained for
LaMn03, however, suggests that every other Mn site in
this end member is occupied by a Mn+ small polaron.
Thermogravimetric analyses show that the amount of ex-
cess oxygen in the LaMn03 when annealed in air is
sufficient to account for only a small fraction (-0.16) of
this apparent carrier concentration. Thus, the large ap-
parent Mn+ concentration seems difficult to reconcile
with the average 3+ valence of Mn ions in the structure.
We return to this question in Sec. IV.

In spite of the larger intrinsic conductivity of LaMnO3,
a small substitution of Mn for Cr in LaCr03 results in a
sharp drop in the conductivity from that exhibited by ei-
ther of the end members. This minimum, which is more
than 4 orders of magnitude below that of LaCr03 (see
Fig. 4), is accompanied by a significant change in the
temperature dependence of the conductivity, giving rise
to a nonlinear variation of ln(0. T ~

) with reciprocal tem-
perature. The maximum curvature (which is positive) is
found for a content of 5 mol%%uo Mn, with a slope at the
highest temperature corresponding to an activation ener-

gy of 1.1 eV.
It is reasonable to associate this high-temperature slope

with the activation energy required for a small polaron at
a Mn site to make a hop to a neighboring Cr site. This
energy would have two primary contributions: one relat-
ed to the lattice relaxation energy E, and another from
the energy difference AE =Ec,—EM„between a polaron
on a Cr site and one on a Mn site. Assuming the contri-
bution from E„ to be of the same order of magnitude as
that of the end members in these and other perovskites, '

i.e., approximately 100—400 meV, the difference in site
energies is estimated to be in the range hE-700 —1000
meV. Such a relatively large difference in site energy im-
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FIG. 4. Conductivity vs Mn content from 300 to 1300 K in
200-K increments for the series La(Cr, Mn)03.

plies that a small concentration of energetically lower Mn
sites will act as traps for polarons migrating among the
Cr ions. A complete description of the conduction pro-
cess in this system should then involve four nearest-
neighbor hopping rates: 8', , 8 „8,and W, „in
which 8' represents the intrinsic hopping rate from a
Cr site to a neighboring Mn site, and similarly for the
rest. The rate and activation energy for hops between ad-
jacent Cr sites have no particular relation to the rate for
hops between Mn sites, although as the end members
show, the corresponding activation energies appear to be
quite similar in the pure series. Detailed balance con-
siderations stemming from the requirement that the sys-
tem achieve thermal equilibrium would require that for-
ward and backward hopping rates between sites differing
in energy by an amount hE be related to one another
through a Boltzmann factor, i.e., 8', /8'
-exp( —b,E lkT) Thus, in the. temperature range con-
sidered, we would expect the rate for hopping out of a
Mn site and onto a neighboring Cr site to be exponential-
ly smaller than either the rate associated with the reverse
jump or the rate for jumping between adjacent pairs of
similar sites.

Thus, in the small x limit, a single polaron migrating
on the predominantly Cr sublattice will at some point
make a transition into an isolated energetically lower Mn
site. A comparably 1arge amount of time, ~-1/8'
must then elapse before the polaron can hop back onto a
neighboring Cr site, from which it can continue its migra-
tion through the crystal. In the theory of disordered sys-
tems this type of transport is referred to as "multiple
trapping" or "trap-limited diffusion, " and has been
shown to lead to a conductivity which can be entirely
dominated by the slower rate for leaving the energetically
lower state. '

To quantatively test this trap-limited picture of con-
duction for the 5 mol% Mn samples, a modification was
made to include the effects of site blocking by other car-
riers in a two-state version of the random-well model con-
sidered in several earlier theoretical studies. ' The
modification involves the consideration of charge carriers
in fractional concentration c distributed in equilibrium

over a lattice containing sites associated with one of two
different energies. Let x

&
and x2 = 1 x I denote the frac-

tion of sites associated with energies E, and E2, respec-
tively, with E2 «E, and x2 «x, . Thus, the lower-
energy states nearly always occur as isolated traps for
carriers migrating among the higher-energy states, and
the rate for hopping out of the traps is presumed to be ex-
ponentially lower by a Boltzmann factor than the rate for
hopping out of the higher-energy states. Assuming that
no two carriers can occupy the same site, then the mole
fraction of carriers in sites of energy E; at temperature
T = ilk/3 will be given by the two-state Fermi-gas ex-
pression c;=x;[z 'exp(PE;)+1], where the fugacity
z =exp(Pp) is easily determined from the quadratic equa-
tion that follows from setting c, +c2 =c. Thus, a
"tagged" carrier migrating in this random-trapping envi-
ronment sees a lattice which contains the following: a
molar concentration q = (xz —cz ) of "unfilled" deep wells
into which it can get trapped for a long time before get-
ting out; a fraction c =(c, +c2) of inaccessible (occupied)
sites of both types, and a fraction (x, =c,) of accessible
shallow wells. In the limit that c «x&, the fraction of
blocked shallow wells is small and can, within the same
approximation implicit in Eq. (3), be taken into account
by simply reducing the hopping rate for hops into the
shallow wells by the probability of their being blocked.
Thus, let W, - denote the hopping rate from states of ener-

gy E; to states of energy E for a single particle in the ab-
sence of site blocking. In the presence of a finite concen-
tration of carriers the hopping rate for a tagged particle
will be w2=(1 —c)W~, when hopping out of the deep
wells (of energy Ez) and w, =(1—c)W» when hopping
out of the shallow wells (of energy E&). The exact result
for the diffusion constant of a particle in a disordered en-
vironment containing a distribution of wells of random
depth is then given through the analyses of Refs. 9 and 10
by the expression D = W,sa, with W,~=(1/W) ', in
which the average is over all possible configurations of
the disordered environment. In the present circumstance
this leads to the expression

q 1 —
q

(1 —c) 8'~, (1—c)8'„

The lower dashed curve in Fig. 1 is obtained using this
expression taking x2 =x =0.05, c =0.0505, and
AE =0.7 eV. The hopping rate W, z out of the higher-
energy Cr sites has been taken from the fit to the end
member LaCrO3 data, while the hopping rate 8'2, out of
the lower-energy Mn sites has been derived using the
1.1-eV activation energy associated with the high-
temperature Arrhenius slope seen in the 5 mo1% Mn
sample. Interestingly, we find that in order to obtain the
positive curvature exhibited by the 5 mol % Mn data, it is
necessary to have a carrier-to-trap density ratio which is
slightly greater than unity, implying that the carrier con-
centration increases linearly with the concentration of
traps. Nonetheless, the quantative agreement with the 5
mol% Mn data does appear to be consistent with the in-
terpretation of the conduction mechanism in this regime
as being due to multiple trapping.
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As the Mn concentration is increased past some criti-
cal concentration, a connected path of Mn sites spanning
the crystal will inevitably form. Once this occurs, parti-
cles trapped in an extended cluster of Mn traps will no
longer need to make a transition onto a Cr site in order to
participate in conduction. Hence, the conductivity will
no longer be limited by the slow rate 8' „and the trap-
limited picture will no longer apply. Instead, conduction
should cross over to a percolative regime" characterized
by a conductivity which increases with Mn concentration
above the critical concentration and an activation energy
which approaches that associated with the rate 8' of
the end-member LaMn03. For isotropic site percolation
in a cubic lattice, "under the assumption that the substi-
tuted Mn ions randomly occupy Cr sites in the cubic 8-
site sublattice, an increase in conductivity should occur
in the vicinity of the critical concentration x, -0.31.

The conductivity data does exhibits percolationlike be-
havior, as shown by the Arrhenius plots of ln(o T '

)

versus 1/T in Fig. 1. A large increase in conductivity
occurs in the neighborhood of x -0.30, and the tempera-
ture dependence for samples with x )0.30 is character-
ized by an activation energy (slope) which becomes pro-
gressively closer to that of the end member as x increases.
The small increase in slope at higher temperatures may
be due to the ability of carriers to occasionally pass
through the energetically higher Cr sites, rather than
having to go around them as would be required if the car-
riers were strictly confined to Mn sites. To facilitate
comparison to the percolation model, a linear plot of nor-
malized conductivity o. /o. M„as a function of Mn compo-
sition at 1273 K is presented in Fig. 5, along with simula-
tion data for the site-percolation model taken from Kirk-
patrick. " [The experimental data of Fig. 5 have also
been corrected for density and carrier concentration by

multiplying by p(1)/p(x) and c(1)[1—c(1)]/c(x)[1—c(x)], where p(x) is the measured density with Mn
mole fraction x and c (x) is taken from Fig. 3. i For Mn
concentrations above the critical concentration, the mea-
sured conductivities approach the site-percolation curve
from below with increasing temperature. This drop
below the percolation curve at lower temperatures could
arise from the presence of a (relatively narrow) distribu-
tion of energetically inequivalent sites within the Mn sub-
lattice itself, the effects of which become less important at
higher temperatures. The site-percolation curve goes to
zero at the critical point. Thus, it is not unexpected that
the experimental conductivity, in the process of crossing
over to the multiple-trapping regime, becomes greater
than the percolation curve in the neighborhood of the
critical concentration. In the crossover region,
0.1 (x (0.3, there is a general increase in conductivity
with increasing x. This may simply re fIect a small-
polaron concentration that is increasing with Mn content
in this region (see Fig. 3), in which case a strictly
nearest-neighbor model may suf5ce for analyzing the
crossover. Alternatively, if any of the greater than
nearest-neighbor Mn-to-Mn hopping rates are
significantly larger than the nearest-neighbor Mn-to-Cr
rate, the increase could be an effect associated with the
diminishing separation distance between isolated Mn
sites and, possibly, a percolation transition of greater
than nearest Mn neighbors. Neither of these alterna-
tives should affect the interpretation of the large x )0.3
and small x -0.05 regimes.

B. The series (La,Sr)(Cr,Mn)O,

As Fig. 6 shows, the Arrhenius plots for the end
members of the Sr-doped series also exhibit a linear be-
havior over a wide temperature range, although the ac-
tivation energies have changed as a result of Sr doping.
The end-member activation energies of the Sr-doped
series have values of 141+2 meV for Lao 9Sro &Cr03 and
206+2 meV for Lao 9Sro &Mn03. This is a decrease with
Sr-doping of nearly 40 meV from the activation energy of
LaCr03 and an apparent increase of approximately 20
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temperature for the series Lap 9Sr0, (Cr,Mn)03.
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conductivity minimum with respect to the LaCrO3 end
member has increased from approximately 4 orders of
magnitude in the undoped sample, to approximately 5 or-
ders of magnitude with the addition of Sr.

Perhaps the most surprising feature in the Sr-doped
samples, however, is the absence of a significant change
in either the electrical conductivity or in the high-
temperature Seebeck coeScient with Sr addition for sam-
ples containing more than 30 mo1% Mn. Also, note
from Fig. 3 the smooth increase in carrier concentration
with small Mn substitution (x (20%) which occurs in
the non-Sr-doped series (as determined by the high-
temperature Seebeck data). A similar increase in carrier
concentration does not appear to occur in the Sr-doped
samples, which show nearly constant carrier densities in
this region. As in the LaMn03 end member, this appears
to suggest a Sr compensation mechanism which does not
involve the creation of mobile 8-site small polarons.

IV. DISCUSSION

The electrical conductivity of the (La,Sr)(Cr, Mn)03
series demonstrates behavior which is consistent with the
previously identified crossover in electrical conduction
from multiple trapping to percolation. This crossover,
which persists with the addition of Sr, is qualitatively ex-
plainable in terms of a relatively simple two-state model
based upon the assumption that Mn sites lie lower in en-
ergy than Cr sites. Clearly, however, the quantitative be-
havior seen in the Sr-doped samples has raised a number
of new questions regarding the nature of electrical con-
duction in these materials. Specific questions which
emerge from the present study include the following:

(i) Why do Seebeck and electrical-conductivity mea-
surements indicate little or no increase in the carrier den-
sity in LaMnO3 with Sr doping, as would be expected
from Verway's principle (particularly since the Verway
mechanism appears to hold for LaCr03)?

(ii) What is the source of the apparently large intrinsic
carrier concentration (c =0.51+0.03) in LaMnO3+&'? As
we have observed, this value does not agree with previous
estimates of the oxygen over-stoichiometry (5 —0.08).
Indeed, in one study, Kuo et al. observed no apparent
change in ej.ther the conductivity or Seebeck coeScient
under mildly reducing conditions in which excess oxygen
was removed and stoichiometry achieved.

(iii) Why is the carrier concentration (as determined by
Heikes's formula) roughly constant in the 10 mo1% Sr-
doped samples below 20 mol%%u~ Mn, and why is there so
little change from the pure series observed above 30
mol%%uo Mn when 10 mol% Sr is added?

(iv) What accounts for the apparent increase in carrier
concentration with increasing Mn (specifically, a carrier-
to-trap ratio exceeding unity) in the trap-limited region,
as is revealed in the fits of the conductivity data to the
two-state random-we11 model for x =0.05.

Any explanation of these questions must obviously
reconcile the apparently large Mn concentration with
the average 3+ va1ence of the Mn ions in the LaMnO3
structure. One clue to a possible electronic structure
which might explain these observations can be found in

the pseudoperovskite BaBi03. It has been reported that
the average 4+ valence of the Bi ions is disproportionat-
ed into stabilized Bi +-Bi pairs. ' If a similar stabiliza-
tion of Mn + ions into Mn +-Mn + pairs were to occur
in LaMn03 it would oAer an explanation of the apparent
carrier density of approximately 0.5 deduced for this ma-
terial from analysis of the Seebeck coe%cient data. If, in
addition, we assume that Sr introduced into LaMn03 is
preferentially compensated through the conversion of
Mn + into Mn, it would explain the apparent lack of
change in the Mn + small-polaron density with Sr addi-
tion for samples containing Mn concentrations greater
than 30 mo1% Mn.

An explanation of the carrier density observed at low
Mn concentrations in terms of this pairing model re-
quires some additional assumptions. In particular, if one
is to explain the apparent fact deduced from the
random-trapping analyses (and qualitatively supported by
the Seebeck data) that in the non-Sr-doped samples the
carrier concentration increases in direct proportion to the
number of Mn traps added to the system, it seems neces-
sary to assume that Mn is preferentially incorporated
into the LaCr03 structure in the form of stabilized
Mn +-Mn + pairs. Thus every pair which comes into
the structure acts as a single trap, but it brings with it one
Mn + small polaron to add to the carrier concentration.
This idea is further strengthened when it is observed that
if, as in the pure Mn samples, the addition of Sr serves to
convert the existing Mn + into Mn +, then the resulting
carrier dependence on Mn concentration for the Sr-doped
sample would appear precisely as it does in Fig. 3. At 0
mol% Mn all the Sr is compensated by the conversion of
Cr + into Cr +. At 5 mol% Mn, approximately 2.5
mol% (the approximate concentration of Mn +) of the
10 mol% Sr addition is compensated by the conversion
of Mn + into Mn +. Since Mn + cannot be produced,
the remaining 7.5% Sr is all compensated by the conver-
sion of Cr + into Cr carriers. The net result is a final
carrier density of 10 mo1%, the same as in the end
member. By similar arguments one can see that this
mechanism predicts a carrier density that remains un-
changed at about 10 mo1% in the Sr-doped series until
the number of carriers created by the increasing numbers
of Mn +-Mn + pairs exceeds the 10 mo1% associated
with the Sr addition. Since one carrier accompanies each
Mn -Mn + pair, this should occur at approximately 20
mol % concentration, as seen in Fig. 3.

V. CONCLUSION

Electrical conduction in the (La,Sr)(Cr, Mn)03 system
exhibits a crossover between two diA'erent mechanisms,
from multiple trapping at low Mn concentrations to per-
colation of small polarons among the lower-energy Mn
sites at higher concentrations. The addition of 10%%uo Sr
appears to create a corresponding density of small pola-
rons in pure LaCrO3, but not in pure LaMnO3, or in
mixed compounds containing greater than 20 mol % Mn.
A picture involving the disproportionation of Mn ions
into Mn +-Mn + pairs seems to provide a compensation
mechanism which is able to account for this apparent
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buffering of added Sr ions, and also provides a natural ex-
planation for the apparently large number of intrinsic
carriers seen in LaMnO3. This work underscores the
need for a comprehensive theoretical description of
several aspects of the conduction processes occurring in
these materials. Specifically, it is hoped that the present
study will stimulate the development of a multistate hop-
ping model capable of describing the observed crossover
in electrical conductivity, as well as an extension of previ-
ously derived theories for the Seebeck coe%cient associat-
ed with hopping transport in energetically disordered sys-

tems. In addition, more experimental and theoretical
work is required to either confirm or to elucidate the na-
ture of the electronic and electron-phonon interactions
which might lead to the kind of pairing mechanism
which has been suggested in this study.
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