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Electrical and Thermal Transport in Perovskite Manganites

J. L. Cohn'

Experimental data on the temperature, magnetic field, and pressure dependencies of charge
and heat transport in perovskite manganites, A;_,A;MnQO;, are reviewed. The transport
mechanisms in the paramagnetic, ferromagnetic and charge-ordered states are discussed and
the role of double-exchange interactions and lattice-distortions emphasized.
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1. INTRODUCTION

Doped perovskite manganites [1], A, A;MnO;
(A = trivalent La, Pr, Nd, Sm; A’ = divalent Ca, Sr,
Ba, Pb), exhibit a complex phase behavior [2] (Fig. 1)
and rich physics that arise from the intimate coupling
between charge, spin, and lattice degrees of freedom.
Of particular interest is the competition between fer-
romagnetic double exchange and charge-ordering
which leads to distinct ground states with increasing
doping (x), ferromagnetic (FM) metallic and antifer-
romagnetic (AF) charge-ordered insulating. For FM
compositions and temperatures near the Curie transi-
tion (7, an insulator-metal transition and colossal
magnetoresistance (CMR) are observed. These phe-
nomena have attracted considerable attention [3].

The parent compound, AMnO; (Mn3"; #,e}) is
an antiferromagnetic insulator. Hund’s rule coupling
dictates a S = 3/2 1, localized spin and alignment of
the e, electron spin to make S = 2. In octahedral
coordination, Mn** is Jahn-Teller active, thus re-
sulting in a distortion of the MnOg octahedra and a
distorted perovskite structure [4]. Divalent substitu-
tion for A", in the simplest picture, converts x Mn**
ions to Mn**. The latter has spin 3/2 (the t,, core)
and is not Jahn-Teller active. Charge transport may
be viewed as occurring by transfer of e, holes on
Mn** to e, states on neighboring Mn**. This “formal
valence” picture of the doped material’s electronic
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configuration, which ignores possible variations in
the oxygen stoichiometry in real materials, appears
to be an adequate description of the La,_,Ca MnO;
system for x = 0.2 [6].

The starting point for the theoretical description
of the ferromagnetic ground state is the double-ex-
change (DE) mechanism [5]. Due to the strong intra-
atomic Hund’s coupling, the transfer of e, holes is
inhibited when the spins of the two Mn ions are
antiparallel, and in general has an amplitude that is
modulated by the factor cos (6/2), where 6 is the
angle between the semiclassical directions of the core
spins. Thus the hole motion produces partial align-
ment of the ionic spins, and DE qualitatively explains
the occurrence the insulatormetal transition and large
magnetoresistance values due to field-induced spin
alignment. Theoretical analyses [7] indicated that DE
alone is insufficient to account for CMR, and that
the electron-phonon interaction plays a supporting
role. Numerous experiments now support this view;
the electron—phonon interaction contributes through
the formation of small polarons in the paramagnetic
(PM) phase at T > T, and in the transition from
polaronic insulator to band metal at 7' < T¢.

The charge-ordered ground state [8] is one of the
more interesting manifestations of the Jahn-Teller
interactions in these materials. Below T, the charge
carriers become localized at specific sites, displaying
long-range order. The Mn** ¢, orbitals (d,2) and the
associated lattice distortions due to elongated Mn-O
bonds also develop long-range order (orbital order-
ing). Both the carrier localization and structural dis-
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Fig. 1. Schematic phase diagram for La;_,Ca,MnO; showing the
temperature and doping range of the paramagnetic (PM), ferro-
magnetic metallic (FM), antiferromagnetic (AF), charge-ordered
(CO), ferromagnetic insulating (FMI), and canted antiferromag-
netic insulating (CAFI) phases (adapted from Ref. 2).

tortions have a strong influence on transport prop-
erties.

Heat in the manganites is carried primarily by
the lattice due to the low carrier density, thus studies
of thermal conductivity provide insight into the in-
fluence of the various phase transitions on the lattice
transport. The lattice thermal conductivity is an inter-
esting probe in these compounds because it is quite
sensitive to local structural distortions.

We review charge and heat transport in separate
sections. Our discussion of charge transport is orga-
nized according to the phase diagram, with subsec-
tions examining the PM polaronic state, which exists
at high temperatures for all doping levels, and the
FM and charge-ordered (CO) AF phases, respec-
tively. The final subsection on charge transport ad-
dresses CMR compounds for which manipulation of
the A-site ionic size by substitution yields suppressed
values of T and the largest magnetoresistance; recent
developments suggest that such materials are two-
phase mixtures of FM and CO microdomains mani-
festing percolation physics in their transport. The
final section addresses heat transport.

2. CHARGE TRANSPORT
2.1. Paramagnetic State
Transport in the high-temperature, paramag-

netic state is well described by small-polaron theory
[9] in the regime of thermally activated hopping
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(T = hwy/ky, where w, is an optical phonon fre-
quency). A constant carrier density and activated
mobility, uw o (1/T) exp(=W/kgT) (Ep = 2W is the
polaron binding energy) are characteristic of this re-
gime, and thus the temperature dependencies of
transport coefficients are uniquely distinguishable
from those of band or disordered semiconductors. In
the adiabatic limit, where the electronic motion is
assumed to be much faster than that of the lattice,
the expressions for electrical conductivity and ther-
moelectric power are,

o(T) = (0o/T) exp(—E,/ kgT)

ks\( E; kg 28, +1

s = ()i o)+ () m (5 7)
The thermopower reflects only the energy difference,
e between occupied and unoccupied lattice-distorted
sites,!! and thus its activation energy is smaller than
that of the conductivity by amount W > ¢. Hence a
signature of small-polaron transport at high-T is
E, > Es. The second term in the thermopower is
determined by the configurational entropy of placing
a hole with spin S| among sites with spin S,. As dis-
cussed above, for hole-doped manganites we have
S; = 3/2 and S, = 2, so this term is —19.2 uV/K.

Figure 2(a) shows E, and Ej as functions of dop-
ing for LCMO data on polycrystals [12,14-16] and
films [11,18,19]. There is quite good agreement be-
tween the various sets of specimens. The polaron
binding energy, Er = 2(E, — Ej), is plotted as a
function of doping in Fig. 2(b). A decrease in the
polaron formation energy is to be expected as the
polaron density increases and they begin to overlap
[20]. In addition, the charge of the La;_,Ca, sublattice
decreases with increasing x, and this may alter the
energy associated with a polaronic lattice distortion
[19].

Another interesting issue is the behavior of the
prefactor in the conductivity expression, gp. Emin
and Holstein [9] found, in the dilute limit of noninter-
acting polarons, oy = 3ne?a’v/2kg, where n is the po-
laron concentration, a is the intersite hopping dis-
tance, and v is the hopping attempt frequency, i.e.,
the frequency of a longitudinal optical phonon. The
doping behavior of o, in LCMO reported by
Worledge et al. [19] demonstrates the importance of
polaron—polaron interactions in manganite trans-
port. The authors note that the first-order effect is on-
site Coulomb repulsion, which dictates an additional
factor 1 — x in the mobility to account for the proba-
bility that an adjacent site is vacant. Since n = x/a°,
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Fig. 2. (a) Doping behavior of the activation energies extracted
from electrical conductivity and thermopower vs temperature for
La;_,Ca,MnO; polycrystals and films using the adiabatic small-
polaron model [Eq. (1)]. (b) Doping behavior of the polaron bind-
ing energy for LCMO computed from the data in (a).

they propose a modified prefactor, oy = (3ne’a’v/
2kp)x(1 — x), and their plot of acy/v vs x (Fig. 3)
agrees qualitatively with this expression at low and
high doping where oy, — 0. The difference between
this simple expression and the experimental results
may indicate the importance of higher-order terms
in the polaron-polaron interactions.

In principle, the high-temperature limit of the
thermopower (with the spin-entropy term sub-
tracted), S. = (kp/e)C = 86.3C uV/K, should provide
a measure of the polaron concentration. At high tem-
peratures (kzT > Ej) the thermopower should be
given by the Heikes formula [10], S. = (kg/e) In[(1
— p)/p], where p is the number of holes per active
transport site. Hundley and Neumeier [12] found S.,
~ 0 for LCMO polycrystals with 0.18 <
x < 0.45, implying p =~ 0.5 independent of the divalent
doping level. This result indicates that there are far
more holes present and/or far fewer active transport
sites than expected based on the nominal valence.
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They explored a charge disproportionation model
wherein Mn** pairs disproportionate into Mn**-Mn**
pairs. For transport in such a system the relevant
hops are between 2+/3+ and 3+/4+ pairs, and the
former are assumed to occur with substantially
smaller probability given the 50% larger ionic size
difference that should contribute to a much larger
polaron hopping energy. Thus Mn?" sites are assumed
to be blocking sites for polaron transport. This model
fits the observed values of S. quite well.

In spite of this apparent success, the charge dis-
proportionation picture finds little other experimen-
tal support. Recent x-ray absorption [6] and x-ray
absorption fine-structure (XAFS) [13] studies show
little evidence for charge states other than Mn*" and
Mn*", with a smooth evolution with doping from
LaMnO; to CaMnO:s. Nevertheless the investigation
of Ref. 12 suggests that alternative scenarios in which
some sites are rendered inactive may be relevant to
explaining the half-filled nature of the thermopower.
One possibility, suggested by Jaime et al. [18], is that
the polarons are in a multiatomic state such that the
only active Mn transport sites are those coupled to
a divalent dopant. This picture was suggested by the
high-7 Hall measurements of the authors, which we
now discuss.

The T dependence of the Hall coefficient (Ry)
in the PM state is also indicative of small-polaron
transport. Jaime et al. [18] investigated (La;_,Gd,)o¢
Cay3;3MnO; films, where Gd substitution for La re-
duces T¢ (from 260 K to 145 K for x = 0.25), thus
increasing the temperature range over which the PM
state is experimentally accessible up to 47¢. The key
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Fig. 3. Doping behavior of the electrical conductivity prefactor
(scaled by the ratio a/v; see text) for La;_,CaMnO; films from
Ref. 19.
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observations (Fig. 4) for R, were Arrhenius behavior
with activation energy Ey = (2/3)E,, and a negative
sign in spite of the hole-like behavior indicated by
the doping level and thermopower. The theory of
the Hall effect for adiabatic small polarons [21] was
developed for a triangular lattice, and Jaime et al.
[18] have extended the theory for a square lattice
with hopping (in a plane normal to the applied mag-
netic field) to nearest neighbors with transfer matrix
element J < 0 and next-nearest neighbors with re-
duced transfer energy vJ. The Hall effect in hopping
conduction arises from a current induced by the
Aharonov-Bohm phase, ¢ = 2a®/d,, due to the flux
® proportional to the area enclosed by the hopping
trajectory. A sign anomaly occurs when the hopping
trajectories involve an odd number of sites [22]. The
authors found that both experimental observations
agree with the predictions of the modified theory.

Quite recently, Chun et al. [23] identified a cross-
over in the behavior of Ry(T) in a Lay;Cay;MnO;
crystal, that appears to signal the breakdown of the
small-polaron exponential behavior as the PM-FM
transition is approached. The crossover is manifested
below T = 14T, as a departure of the activation
energies for both o(7T) and Ry from their small-
polaron values, E, and Ey =~ 2E,/3, respectively, at
higher 7' (Fig. 5).

2.2. Ferromagnetic state
Let us first discuss transport in the low-tempera-

ture limit (7 < T¢), far from the metal-insulator tran-
sition where the intrinsic character of the ground
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Fig. 4. Hall coefficient vs 7 in (La;_,Gd,)ysCay3MnO; films for
x = 0 (open circles) and x = 0.25 (filled circles). From Ref. 18.
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Fig. 5. Ry and p,, vs 1/T for a La;;Ca;sMnO; crystal showing
deviations from their small-polaron activated behavior near 300
K = 14T [Ref. 23].

state is presumably manifested. The transition re-
gime, T = T is treated in the following subsection.

Several groups [24-26] have identified a correla-
tion between resistivity and magnetization. Hundley
et al. observed that the phenomenological expression,
p(H, T) = py exp[—M(H, T)/M,] represented their
data over a wide range of temperatures. Snyder et
al. [27] have observed a low-temperature behavior
(TITc = 0.5), M = My(1 — «T?) with « largely inde-
pendent of field. These authors note that inserting
this form in the exponential and expanding yields a
resistivity of the form p = p, + A,T* + A,T* with
both A, and A, field dependent. Others [2,28,29] have
employed similar expressions to fit the low-tempera-
ture resistivity. Significantly, Snyder et al. found ex-
perimentally that A, is independent of field. They
argue that the power-law expression, with field-inde-
pendent T2 term is thus a more appropriate descrip-
tion than the exponential at low temperatures. How-
ever, near T¢ in the CMR regime the exponential
behavior provides a better description and we return
to this in the next section.

The field-independent 77 term has been attrib-
uted to electron-electron scattering. The ratio A,/v?
(v is the electronic specific heat coefficient) is 60-70
times the Kadowaki-Woods [30] value of 1 X 1075 uQ)
cm (mole K/mJ)? that typifies heavy-fermion materi-
als, and more than 600 times larger than values found
for transition metals [29,44]. Jaime et al. [29] interpret
this as a strong argument against attributing the 7
termto electron-electronscattering. Instead, these au-
thors observed a correlation between the coefficient
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Fig. 6. Coefficient B from 7°” term in low-T magnetization vs
V 8A,, where JA, is the field-induced change in the coefficient of
the 77 term in resistivity, for a Lagg(Pbyg;Caps)o:MnOs; crystal
[29].

of the T%? term in M(T) and a(H) for Layg(Pbyg
Cay33)0sMnO; crystals that they interpret as evidence
that A, is determined by one-magnon scattering.

In a ferromagnetically ordered, half metallic sys-
tem at low temperatures, there are no minority-spin
states available for conduction, and thus electron-
magnon scattering, which involves a spin-flip transi-
tion, is not possible. At higher temperatures, local
spin disorder effectively introduces minority-spin
states and the magnon scattering channel is turned
on with characteristic 72 term in p(7'). This scenario
implies a constant resistivity at the lowest tempera-
tures, due to scattering by static disorder, and T
behavior at intermediate temperatures as observed
experimentally [29].

The low-temperature magnetization of their
crystals behaved as expected in the spin-wave ap-
proximation, M(T) = M(0) — BT*? — --- , with a
stiffness constant D = 165meV A2 in agreement with
neutron scattering measurements [31]. Application
of a magnetic field introduces a gap in the magnon
spectrum given by the Zeeman energy, A = guzH,
such that B(H) = B(0)(1 — 1.36 VA/kT + ---). Their
extension of the one-magnon scattering theory of
Mannari [32] to incorporate a small shift in the Fermi
momentum for minority- and majority-spin subbands
implies Ay(0)-Ax(H) = 6 A, o< AlkyT. That B(H) is
approximately linear in VJA, (Fig. 6) is consistent
with a T? resistivity term arising from one-magnon
scattering.

The Hall coefficient also gives some insight into
the electronic structure of the FM phase. In ferromag-
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netic metals, the asymmetric (skew) scattering of
transport charges from magnetic moments gives rise
toatransverse voltage (anomalous Hall effect, R;) that
adds to the ordinary Hall effect (R;;) associated with
the Lorentz force, resulting in a transverse resistivity
[39]7

Py = Ru[oH + po(1 = N)M] + RpoM  (2)

where N is the demagnetization factor. A typical be-
havior of p,,(B) is shown in the inset of Fig. 7 (that
R, is opposite in sign to Ry is unusual and discussed
further below). The available data [33-38] all indicate
a Hall density, n,4 = V},/Rye (Vy, is the formula unit
volume), substantially larger than the nominal doping
level would imply, with values ranging from 0.85-2.4
holes/Mn. Representative data [36,38] for n,{(T) are
shown in Fig. 7. These groups interpret the large
value of n,4 to be evidence for compensation, as indi-
cated by the band structure and virtual crystal calcula-
tions of Pickett and Singh [40]. The calculations indi-
cate two majority-channel Fermi surfaces (FS’s): a
I'-centered sphere containing 0.05 electrons/Mn, and
an R-centered cube containing 0.55 holes/Mn. Chun
et al. [38] note that, given the very low mobility of
the manganites, the Hall experiments probe the low-
field limit where a dimensionless factor () must be
included for non-spherical FS’s. Thus in a two-band
model, Ry = (rawui — rangud)/[e(muw, + n, w.)?]. As-
suming w, = u, and taking [41] r, = 1/2 for the cubic
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Fig. 7. Hall number vs T for a La;CaosMnO; film [36] and
Lagg5(PbysCag33)03:MnO;s crystal [38]. The inset shows p,, vs B for
the crystal at 100 K, demonstrating the decomposition into ordi-
nary and anomalous contributions.
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FS yields, n, = 1.6 holes/Mn. Allowing different
carrier mobilities can bring the calculations into
agreement with experimental values. Jakob et al. [36]
also noted variations in the experimental value of 7,
ranging from 1.1 to 1.9 holes/Mn for several films
grown under nominally the same conditions, thus
suggesting that these variations are associated with
slight differences in stoichiometry as might be ex-
pected for a compensated material.

Asamitsu and Tokura [37] investigated the low-
temperature behavior of R, (a discussion of R, near
T¢ is presented in the next section). They found two
approximate empirical scaling relations, —R, o
(o = 1.2-2 depending on doping and temperature
range) and R, = —1.3 X 107° Q cm/G [M(0) —
M(T)]”?, with M in units uz/Mn. Chun et al. [38]
reported —R; o< p,, for T < 270 K in a Lay(Pbyg;
Cay33)0sMnO; crystal (T =~ 300 K), and more re-
cently [23] observed —R; o< p?, for T < 200 K in a
Lay;Cao;MnO; crystal (T = 216 K). The relation R,
o g2, (p,, is the resistivity caused by magnetic scatter-
ing) isknown from conventional ferromagnets [39] but
the sign of R,, the other power laws, and the absence
of apeak in R, below T are inconsistent with existing
theory [41,42]. The values of R, for the manganites are
an order of magnitude smaller than that of Ni* for
comparable values of p,, (~100 u{} cm).

The doping behavior of the transport coefficients
in La;_, Sr,MnO; has been reported by Okuda et al.
[44]. Interestingly, their data indicate that lattice ef-
fects play a role, particularly as the doping-dependent
insulator-metal transition (near x = 0.17) is ap-
proached from above. They observed (Fig. 8) an en-
hancement of the 77 resistivity coefficient, residual
resistivity, electronic and lattice specific heat that co-
incide with a suppression of the Hall coefficient [37]
for x < 0.30. The small value of the Hall coefficient
indicates that a large FS is maintained down to the
MI transition. The lattice softening suggests that the
dynamically orbital-ordered or Jahn-Teller distorted
background plays an increasingly important role in
the charge dynamics of the fully spin-polarized carri-
ers as the MI boundary is approached. For example,
it implies that the interpretation of Jaime et al. for
the origin of the 7? term in resistivity at x = 0.33
may be only part of the story for compositions closer
to the metal-insulator boundary.

2.3. PM-FM Transition Region

In the temperature range near 7 and the insula-
tor-metal transition the physics governing transport
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in the manganites is least understood. A coexistence
of polaronic and itinerant carriers is likely, and an
effective medium analysis gives reasonable agree-
ment with the temperature and field dependencies
of transport coefficients [45].

The most prominent feature of transport in this
regime is the insulator-metal transition that coincides
with 7. and is characterized by a colossal magnetic
field [46] (CMR) and pressure-dependent [47,48] re-
sistance (Fig. 9). Both effects are qualitatively under-
stood to arise from an increase in the effective trans-
fer integral (bandwidth), t; = f,cos(6/2), with
pressure primarily increasing the bare hopping term
ty, and field aligning the spins (decreasing 6).

As noted in the preceeding section, an exponen-
tial correlation between resistivity and magnetization
has been noted by several authors [24-26]. Hundley
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et al. [25] found p(H, T) = p, exp[—K,M(H, T)/M,),
with K, = 5.2 = 0.3 for a La;;Ca,;MnO; film (Fig. 10).
They note this correlation is consistent with polaronic
charge transport, p ~ exp(—t,;), with the temperature
and field-dependent magnetization, M(H, T), a mea-

02| Q 2 La,,Ca, ,MnO,

272K
250 K
240 K
225K
200 K
150 K
100K
50K

10K

103 F

POOGOO EAA00

p (HT) (Qcm)

10 - - . : :
0 2 4 6 8 10 12
4xM(H,T) (kG)

Fig. 10. Electrical resistivity for a Lay;Ca,;MnO; film plotted vs
magnetization at various temperatures from Ref. 25.
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sure of t,; as dictated by the double-exchange mecha-
nism. Cohn et al. [17] observed a similar behavior
near T, for a LaggSr;MnOs single crystal, with
K,=4.1.

Interestingly, the XAFS measurements of Booth
et al. [13] reveal a correlation between MnOjy distor-
tions and magnetization that is similar to the expo-
nential relationship, p(M), suggested from the trans-
port data. The data were analyzed within a ‘“‘two-
fluid” picture wherein it is assumed that in the FM
state the polaronic distortions observable above T¢
are removed around a fraction of the Mn sites with
the creation of a delocalized hole at each site. The
delocalized hole concentration, ng, for several
LCMO compositions (Fig. 11) was found to obey the
relation, n, = ny(x) exp[K, (M/M, — 1)], with
ny(x) = 0.16,0.19, 0.26 for x = 0.21, 0.25, 0.30, respec-
tively, and K, = 3.8 = 0.2. Booth et al. [13] noted
that, since p = 1/neu, the discrepancy between the
coefficients K, and K, could imply that the mobility is
also exponentially dependent on M, u = w, exp(K, M/
M,), with K, = 1.4 = 0.4.

Of particular interest are recent studies of the
anomalous Hall effect in the transition regime. Matl
et al. observed a correlation between R, and the zero-
field longitudinal resistivity [Fig. 12(a)], R(T) =
a(0)p(T), with @ = 3.3 X 107 m?/Vs at T = 200 K
for a LaygCay;;MnO; film (T = 265 K). From (2)
above in the limit H — 0, this implies tanfy =
Pyl pue = mooxH where y is the magnetic susceptibility.
Interestingly they observed that the inverse Hall mo-
bility, 1/uy = B/tanéy, is field independent for fields
less than H,, and rises sharply for H > H, [Fig. 12(b)]
(the increase in H, with T follows that of 1/x). These
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Fig. 11. Concentration of delocalized holes inferred from XAFS
measurements and a “‘two-fluid”” model plotted vs the normalized
magnetization from Ref. 13.



298
o
(2]
S
©
o
T
o)
o
200
= 150
[s2]
o
e
=
o 100
b3
[o%
T
= 50}

uoH(T)

Fig.12. (a) Anomalous Hall coefficient, R,, and zero-field longitudi-
nal resistivity near T for a LajsCay33MnO; film from Ref. 35. (b)
inverse Hall mobility vs magnetic field at various fixed tempera-
tures for the same film.

results are surprising given that p,, is strongly field
dependent in this regime, and suggests that CMR is
driven by a field-induced change in mobile carrier
density rather than by a change in scattering rate.
These data stimulated theoretical investigations
[49-51] into the problem of the anomalous Hall effect
for hopping conduction with double exchange. In this
situation the spin of a hopping hole is constrained to
be anti-aligned with the core spin at each of the sites
along a hopping trajectory; the problem is reduced
to a triad of sites as in the case of the ordinary Hall
effect treated by Holstein (see above) [21]. Though
there is a net magnetization of the core spins, thermal
fluctuations yield inhomogeneous spin configura-
tions, particularly near 7. The hopping hole accumu-
lates a phase related to the sequence of its spin states
as it moves from site to site. Returning to a site
returns its spin state, but interference with other tra-
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jectories occurs due to their differing phases. The
presence of the spin-orbit interaction ensures that a
particular sense of carrier circulation on the triad will
be favored for a given core-spin configuration, so that
the anomalous Hall current does not average to zero
upon averaging over core-spin configurations [50].

Viewing the system near T as a small-polaronic
background with conducting ferromagnetic inclu-
sions, the recent Hall experiments of Chun et al. [52]
motivate the plausible assumption that the conduct-
ing network is composed of triads with core spins
oriented roughly along the average magnetization.
This assumption dictates a simplified core-spin angu-
lar distribution related to the ratio m(H, T) =
M(H, T)/M,, and thus the Anderson-Hasegawa [5]
factors cos?(6/2), which appear in the hopping proba-
bilities, can be computed to yield p,, that depends
only on H and T through m(H, T'). The corresponding
curve is shown in Fig. 13 in good agreement with
experimental data for 7 = T.

2.4. Charge Ordered State

For doping concentrations x = 0.5, Mn*" and
Mn** ions in LCMO form ordered superlattices, and
the ground state is antiferromagnetic (Fig. 1). Elec-
tron microscopy and neutron diffraction studies [53—
55] indicate that the charge-ordered state is also or-
bitally ordered. The most dramatic effects in

10 K'
0.0
02} l2OOK 1
3
S a4l 5 300K
g %4 x 310K 250K
= . e 340K
Q? -0.6 | ; 270 K
08 2 285 K
1.0}

0.0 0.2 0.4 0.6 0.8 1.0
m=M/Msat

Fig. 13. Hall resistivity vs magnetization for a Lagg(Pbyg
Cay33)034MnO; crystal from Ref. 52. The solid curve is p,, = —4.7
nQ cm [m(1 — m?)?]/[(1 + m?)?] as derived from the theory of
Ref. 50.
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transport are seen for x = 0.5, but charge and orbital
ordering occur at other doping concentrations as well,
particularly for compositions for which the super-
structures have modulation wavelengths that are
commensurate with the lattice, as in Las;Sr;sMnQO;
[56]. The charge and orbital ordering patterns for
some of the compositions are depicted in Fig. 14.
Kuwahara et al. [S7] have investigated the trans-
port and magnetic properties of the half-doped sys-
tem (Nd;-,Sm,),»,S1;,MnO; (0 = y =< 1). The Sm
doping allows fine tuning of the tolerance factor f =
((ra) + ro) [V 2(ru, + ro)], where {rs), ru,, and r, are
the averaged ionic radii of the A-site, Mn and O ions,
respectively. f controls the deviation of the Mn-O
bond angles from 180° and thus the one-electron
bandwidth through the e,-electron hopping integral
[58,59]. Upon cooling from 300 K the half-filled mate-
rials undergo a ferromagnetic transition, followed by

LageSr, sMnO;

(b)

Fig. 14. Depiction of the charge and orbital ordering pattern in
the ab-planes of La;sSr;sMnO; (from Ref. 56) with alternating
Mn-O planes along the c-axis composed of (a) cooperatively or-
dered Jahn-Teller-distorted Mn®* ions (solid circles) and (b) Mn**
holes (open circles) ordered in a less distorted, 1/4-filled lattice.
(c) and (d) show the ordering patterns in the ac-plnes of La,_,Ca,
MnO; for x = 1/2 and x = 2/3, respectively [54,55]. Hatched lobes
represent d.2 orbitals of Mn** ions (elongated axis of MnOg octahe-
dra). Dotted lines show the superstructures.
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Fig. 15. Electrical resistivity vs temperature for a (Ndy75Smys)os
SrysMnO; crystal from Ref. 57.

the CO transition. Representative data for y = 0.25
are shown in Fig. 15. Application of a magnetic field
stabilizes the ferromagnetic phase to lower tempera-
tures, completely destroying the charge order for
H = 6T.

These observations on the half-doped materials
are consistent with expectations that a magnetic field
favors ferromagnetism and itinerancy via the DE in-
teraction. However, a study [60] of La;;Sr;sMnOs
indicates that Ty actually increases with applied
magnetic field (Fig. 16). These authors argue that this
different behavior in the lightly-doped manganites
reflects the role of cooperative Jahn-Teller distor-
tions which are not present in the higher doping re-
gime (x = 0.5). Upon cooling from 300 K (in zero

LaSr,sMNnO;

p (QRcm)

120 160 200 240 280

Fig. 16. Electrical resistivity vs temperature for a LaysSrysMnOs
crystal in various magnetic fields [60].
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field) this compound passes through a structural tran-
sition (7, = 270 K) from orthorhombic to a coopera-
tive Jahn-Teller distorted phase [61], followed by the
ferromagnetic (7. = 187 K) and charge-order
(Tco == 150 K) transitions. These distortions are sup-
pressed by ferromagnetic ordering, as evidenced by
the depression of Ty, in applied magnetic field. In the
charge-ordered phase, the application of a magnetic
field presumably does not significantly alter the Jahn-
Teller energy because the carriers remain localized.
Thus the T¢o enhancement with field is evidently
associated with the decrease of the cooperative Jahn-
Teller distortion in the ferromagnetic phase.

2.5. Coexisting FM and CO Phases and
Low-T: Materials

For CMR compounds near optimal doping
(x = 0.3) T decreases dramatically with decreasing
tolerance factor [58,59], such that it is possible to
suppress T¢ from = 265 K to <100 K. Though a
suppression of T¢ is to be expected from a reduced
bandwidth, there are indications that the change in
bandwidth is insufficient to account for the large
change in T¢ [62]. The nature of the FM state in
the low-T¢ compounds is also at issue given that the
resistivity below T is metallic-like in its temperature
dependence, but has a magnitude that exceeds the
Mott metallic limit.

Zhou et al. [63] studied the pressure dependence
of the resistivity and thermopower in polycrystalline
(LapysNdg7s)07CagsMnO; (Fig. 17). As in the high-T¢
materials, the ferromagnetic transition occurs at a
temperature near or somewhat below the maximum
in p. The thermal hysteresis is characteristic of the
transport in such low-7 materials. The strong pres-
sure dependence of p below T, contrasts with the
behavior in the polaronic PM state, and suggests that
there is a strong increase in the density of mobile
charge carriers with pressure in the FM state. Upon
passing below 7. the thermopower decreases
abruptly from ~80 wV/K to metallic-like values on
the order of 1-2 wV/K. Curiously, the thermopower
is independent of applied pressure at 7' < T¢. Zhou
et al. note that the large values of resistivity in the
FM state would suggest a small value of £ and imply
a large linear-T slope for a metallic thermopower,
contrary to the nearly 7-independent behavior ob-
served. The authors proposed a novel electronic state,
involving a vibronic coupling between electrons and
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Fig. 17. (a) Electrical resistivity and (b) thermopower vs tempera-
ture for polycrystalline (LagsNdy7s)o7Cao:MnO; under hydrostatic
pressure [63].

phonons, in which holes are condensed into a degen-
erate state without energy dispersion.

Quite recently, Uehara et al. [64] reported trans-
port and microscopy studies of the low-T materials
Las;s-,Pr,CassMnO;indicating the coexistence of sub-
micron-sized FM and CO domains over a broad range
of compositions. This phase separation is not associ-
ated with chemical inhomogeneity, but appears to be
a generic consequence of the competing interactions
driving the CO and FM states in narrow bandwidth
systems for which 7. and the charge delocalization
transition are suppressed below the freezing point of
Jahn-Teller polarons [65]. They suggest that percola-
tion underlies CMR in the low-7¢ compounds. The
results are compelling and appear to offer an alterna-
tive explanation for the anomalous transport proper-
ties observed by Zhou et al.

Figure 18(a) shows the resistivity of Lasg_,Pr,
CassMnOs. For y = 0.3 the material has a charge-
order transition at 7 = 210 K as indicated by the
upturn in p(7). The FM and CO ground states clearly
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Fig. 18. (a) Electrical resistivity vs temperature for Lass_,Pr,
Cas;s MnOs and (b) Log—Log plot of p(8 K) vs y. — y (y. = 0.41)
for zero- and applied magnetic field. The dotted line corresponds
to the expectation of classical percolation theory [64].

compete as evidenced in the rather gradual decrease
in T, with increasing y for y =< 0.25, followed by a
more rapid decrease for y = 0.3. To motivate a two-
phase scenario for the transport, the authors note
that the ratio of the saturation moment at y = 0.4
(~0.6 wp) to the full moment (~4 wp) is within the
range of percolation thresholds for three-dimensional
systems (10-25%). Percolation theory predicts p o
ly. = y|™'%, and power-law behavior is observed for
the low-T p in the range 0.275 < y < 0.4 (using y. =
0.41), with exponents —6.9 and —2.6 in zero-field and
4 kOe, respectively (Fig. 18(b)). It is suggested that
the larger experimental exponents are attributable
to the strong sensitivity of the transport in manganites
to alignment of FM domains. This presumably ex-
plains the reduction of the exponent in applied field.
The alignment is likely inhibited as y approaches y.
as the increasing volume fraction of CO domains
leads to a poor connectivity of the FM regions. Inter-
estingly, the charge order observed was always of
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the x = 1/2 type (Fig. 14), the phase that is readily
converted to FM under applied field.

2. HEAT TRANSPORT

Heat is transported in the manganites predomi-
nantly by the lattice at all doping levels and tempera-
tures, and thus studies of thermal conductivity
[17,66,67] (k) offer an opportunity to investigate the
influence of coupled charge, spin and lattice degrees
of freedom through their effects on long-wavelength
heat-carrying phonons.

Thermal conductivity data [17] for a series of
polycrystalline LCMO specimens is shown in Fig.
19(a). k for undoped LaMnO; is surprisingly low for
a crystalline insulator (~1W/mK), approaching the

La,,Ca MnO,
lycrystals

K(W/mK)

K~exp(T/35/5)/ —

= ]
I ©00000000000 “Mee//-
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° e La,Pb, ,MnO, crystal
. 2 Lay4Ca, MnO, polycrystal
01t o La,,Nd,,Pb, ,MnO, crystal |
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Fig. 19. (a) Thermal conductivity vs temperature for LCMO poly-
crystals from Ref. 17. The solid line labeled k., represents the
theoretical minimum themal conductivity computed for LaMnO;
using the model of Ref. 68. (b) Thermal conductivity vs tempera-
ture for several perovskite manganites from Ref. 67. The dashed
lines represent k o exp(7/350).
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Fig. 20. Lattice thermal resistivity vs Mn-O bond distortion (see
text) for manganite polycrystals (Ref. 17).

theoretical minimum value [68] and indicative of a
high degree of disorder. Such behavior in crystalline
materials is characteristic of random, noncentral dis-
tortions of the lattice, and attributable in the manga-
nites to Jahn-Teller distortions of the MnQOg octa-
hedra.

In the PM phase, Visser et al. [67] reported an
anomalous temperature dependence [Fig. 19(b)],
k o< exp(7/350), and motivated by neutron scattering
observations of large and 7-dependent Debye-Waller
factors [69,73] attributed this behavior to dynamical
lattice distortions. However for similar compositions,
the data of Cohn et al. [(Fig. 19(a)] show no such
behavior. Radiation losses at 7> 200 K can be severe
and if uncorrected can yield a substantial overesti-
mate of k with an error that increases rapidly with
T—a possible explanation for the discrepancy be-
tween the data of the two groups.

Cohn et al. [17] have demonstrated (Fig. 20) that
the lattice thermal resistivity, W, = k!, correlates
with a measure of the bond disorder determined from
neutron diffraction, D = (1/3) > |(w; — w)lu| %
100, with u; the Mn—O bond lengths, and u =
(u1uaus)'®. The correlation is especially compelling
because it holds at both high-7 and low-T while D
is dramatically altered by the ferromagnetic and
charge-ordering transitions upon cooling from the
PM state. For example, Pry5S1,sMnO; has the smallest
D at 300 K, but one of the largest at 35 K; the reverse
is true for Lay;Ca 3MnQO;. The various phase transi-
tions all involve modifications of the local structure
[13,69], which correlate with hole itinerancy and the
magnetism, consistent with a polaronic origin for the
lattice distortions.

The close correspondence between the lattice
and charge transport is further evidenced by the mag-
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netic field dependence of k. Cohn et al. [17] measured
k(H) at three temperatures near T for a LaggSrgy;
MnOi; crystal. Using magnetization curves measured
on the same specimen they found W = k7! to be a
single function of M(H, T), with «'(H, T) =
A—BM?*(H, T) providing a good fit (Fig. 21). The
change in the lattice contribution [dashed line, Fig.
21] predominates in the magneto-thermal resistivity.
These results indicate that both the lattice and charge
mobilities are governed by the same local physics
and complement measurements of magnetovolume
effects [70,71] which indicate that substantial field-
induced structural changes occur in these materials.

Another interesting issue for heat transport
studies is how charge ordering influences the damp-
ing of heat-carrying phonons [74]. To address this
issue it is useful to consider the kinetic theory expres-
sion for the lattice thermal resistivity, W, =
(3/Cv*) 7!, where C; is the lattice specific heat, v is
the sound velocity, and 7! is the phonon relaxation
rate. Figure 22(a) shows that in the case of Lags;s
CasMnOs; the charge ordered phase is characterized
by a substantial hardening of the lattice [72], with v
increasing by 10% just below T¢,. The background
lattice specific heat is continuous well above and be-
low T¢o and the volume change at T, is negligible
[72] thus the « data imply a substantial increase in
phonon damping (77!) below T. Figure 22(b) shows
71 (T) computed for from the «(7") using C.(7T) and
v(T) from Ref. 72 and taking v(7T¢o) = 3,000 m/s.
Also shown is 77! (T) for LaggsCaysMnOs, computed
assuming v = 3,000 m/s independent of 7, and scaled
to match the data for x = 0.65 at T > T¢p. The x =

050 Tryrryrrroegr T T T T T
— La, g3Srg 1,MNO; |
0.45 | ]
. - (K'Ke)-1
é L o  T=260K
= 040 e T=275K
= [ A T=290K
PV
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0.30-|...I. 1 1 lllllllllllllll-

Fig. 21. Lattice thermal resistivity vs magnetization for a La,;Sr;;
MnO; crystal from Ref. 17.
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Fig. 22. (a) Thermal conductivity vs temperature for La,3;sCayMnO; polycrystal [17] along
with the relative change in sound velocity [72]. (b) phonon scattering rate vs temperature for
La,_,CaMnO;x = 0.15, 0.65, computed as described in the text [74].

0.15 compound remains in the PM phase for T > 140
K, and thus serves as a reference for the phonon
scattering rate in the absence of charge ordering.
71 (T) for x = 0.65 increases abruptly by nearly 40%
just below the transition, and then decreases at T <
230 K, paralleling the scaled 7 (7) for the x = 0.15
compound. This constant offset of the 7 !(T) curves
indicates that the enhanced scattering in the CO
phase is associated with an abrupt change in the static
bond disorder.

It is significant that 77(7T') for Laj35CaysMnQO;
shows no anomalous behavior at 7T > T, whereas
v(T) indicates a softening of the lattice, presumably
associated with chargeorder fluctuations as T is ap-
proached from above. Evidently such dynamical
bond disorder (presumably with a frequency related
to that of an optical phonon involved in polaron hop-
ping) does not necessarily yield damping of heat-
carrying phonons.

4. SUMMARY

The transport properties of the perovskite man-
ganites continue to enrich and challenge our under-
standing of these interesting materials. The FM and
PM states governed by double-exchange and Jahn-
Teller physics, respectively, appear reasonably well
understood, though issues concerning the 7-depen-
dent scattering rate in the FM regime and the high-
T thermopower remain to be addressed theoretically.
There has been progress in developing a better un-

derstanding of the complex PM-FM (CMR) transi-
tion regime where polaronic and itinerant carriers
appear to coexist. The competing interactions which
determine the CO and FM states and the general
phase behavior appear to dictate a novel phase sepa-
ration controlling the transport for low-7: CMR com-
positions. There is no doubt that further systematic
investigation will enhance our understanding of these
and related oxides where charge, spin and lattice
degrees of freedom are manifested in transport.
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