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Disorder broadening due to randomly distributed La31 andA21 ~A5Ca,Sr,Ba! cations is combined with a
virtual-crystal treatment of the average system to evaluate the effects on both majority and minority transport
in the ferromagnetic La2/3A1/3MnO3 system. The low-density minority carriers which lie in the band tail are
localized by disorder, while the majority carriers retain long mean free paths reflected in the observed strongly
metallic conductivity. In addition to obtaining transport parameters, we provide evidence that local distortions
are due to nearby ionic charges rather than to ion size considerations.@S0163-1829~97!51914-X#

La-based manganites of the type La12xAxMnO3
~A5Ca,Sr,Ba! display negative colossal magnetoresistance
~CMR! behavior1,2 for x' 1

3 near the Curie temperature
~TC). This unusual behavior has stimulated avid study of the
nonconducting, polaronlike regime aboveTC and attempts to
model the regime of CMR behavior and the transition to the
ferromagnetic metal. So far, however, the lowT regime,
where these manganites become remarkably good metals,
has been largely overlooked. Residual resistivitiesro ; 50–
100 mV cm have been reported for various manganites,3–5

and single crystals of~La,Sr!MnO3 for x5 1
3 have ro535

mV cm.6 These values are highly metallic for a class of
oxides with some members having resistivities eight orders
of magnitude larger aboveTC . In this paper we address this
high- conductivity regime, obtain the disorder broadening
arising from cationic disorder, and demonstrate that scatter-
ing processes will be highly focused due to the geometry of
the majority Fermi surface.

Our approach is, first, to evaluate a realistic electronic
structure for an average periodic system with the correct car-
rier density, and second, to use supercell methods to evaluate
the main effects of disorder. Neglecting grain boundary and
magnetic domain effects, which can be minimized with the
use of single-crystal thin films, the main effects of disorder
are the cation charge disorder~viz., La31 vs Ba21), possible
mixed-valence~Mn31-Mn41) disorder effects, and local
distortions. We find that the cation charge disorder domi-
nates the tendency toward mixed valence. We report also
initial indications of the effects of local structural distortions.
The small fluctuation of the Mn valence that we obtain is
consistent with the high conductivity. Strong metallicity in
itself indicates that fluctuations in the Mn charge state are so
rapid that an intermediate-valence description such as ours is
more appropriate than a mixed-valence description.

To study the manganites we use first-principles local-
density functional methods7–10with calculational procedures
as described elsewhere11,12and treat the ferromagnetic cubic
perovskite structure~except where noted!.13 This approach
describes the end-point compounds properly, as verified by
other groups.14,15 We apply a virtual-crystal~VC! approxi-
mation, wherein replacement of13 of La ions randomly by Ba
is modeled by a nucleus equal to the average charge ZVC
5 2

3 ZLa1
1
3ZBa55623. The valence electronic structure should

also be representative of Sr or Ca substitution of La, since
they are isovalent with Ba and are fully ionized. This VC
treatment allows the change in carrier density to be treated
explicitly and self-consistently.16 We obtain information
about local Mn-site potentials in the disordered system by
studying ordered supercells of~La,Ca!MnO3.

11,12 The only
previous attempt to identify the effects of disorder from elec-
tronic structure studies was by Butleret al.,18 who applied
the coherent potential approximation to the La/Ca sublattice
in ~La,Ca!MnO3. Within the coherent potential approxima-
tion, the La31 and Ca21 ions are replaced with a potential
with the same average scattering properties. This approach
addresses randomness on the cation sublattice self-
consistently, but it neglects the distinction between triposi-
tive and dipositive ions that we retain in our supercell studies
and find to be crucial.

We first point out the principal features of the VC system.
The majority channel has two strongly dispersing
eg-deriveddps bands crossing the Fermi-level~EF) charac-
teristic of highly metallic behavior. In the minority channel
there is a gap between O 2p bands and Mn 3d bands that
extends very nearEF . While EF falls near the middle of the
majority bands of 3 eV band width, the occupied minority
band width is onlyWocc50.15 eV.

The differences between VC andx5 1
3 supercell arise be-

cause of the two distinct Mn sites in the supercell: MnLa-La is
coordinated with eight La31 ions, while MnLa-Ca is coordi-
nated by four La31 ions and four Ca21 ions. Distinct band
edges, differing by ded50.5 eV, are associated with
MnLa-La and with MnLa-Ca. This difference in site energy
can be established independently by comparing core-level
eigenvalues. This difference ind-site energy can be ascribed
directly to a screened Coulomb potentialDed5DQ/«R,
whereDQ54e is the difference in charge on theA sites and
R5A3a/2 is the separation. This gives a local screening fac-
tor «'10, reflecting strong polarizability of the Mnd-O p
complex. We use this screening factor to calculate the distri-
bution of site energies in a crystal with random La31 and
A21 sites forx5 1

3. In Fig. 1 we show the distribution of site
energies obtained by accounting for both first and second
shells of A-site ions. ~We use the same screening factor,
since their distances differ by only 13%.! The relative prob-
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ability shown in Fig. 1 is the product of multiplicity of a
configuration and the probability of its occurrence subject to
the mean concentrationx5 1

3. The full width at half maxi-
mum of the distribution isded5^Ded&50.6 eV. Because
ded@Wocc, the low density of minority carriers will lie be-
low the mobility edge17 and thereby are rendered immobile
by strong disorder. This is our first important observation:
we have established that these manganites will be half me-
tallic at lowT, with conduction limited to a single spin chan-
nel, as has been speculated earlier.11,18

In addition to quantitative disorder effects, transport prop-
erties require the knowledge of Fermi surface~FS! proper-
ties. There are two majority channel FS’s. AG-centered
sphere contains 0.05 electron with velocityvF

sph57.13107

cm/sec, and contributes a Fermi level density of states~DOS!
Nsph(EF)50.09 states/eV-cell. This surface is nearly per-
fectly spherical with kF50.45p/a. The other FS is an
R-centered cube containing 0.55 holes that touches~due to
symmetry! theG-centered sphere along the~111! directions.
The cube approximates an ideal cube with slightly rounded
corners~see below!, has an rms velocityvF

cube57.63107 cm/
sec that is nearly constant over the cube faces, and Fermi-
level DOSNcube(EF)5 0.38 states/eV-cell. The combined
Drude plasma energy@\2Vp

25 ~4pe2/3!N(EF)vF
2# is

\Vp51.9 eV.
These FS properties indicate a moderate density of highly

itinerant carriers. Since the majority band width is 3 eV and
is much larger than the disorder energy scaleded , transport
in the majority channel should be similar to that of metallic
alloys asT→0. Using ro54p/Vp

2to , we obtain a defect
broadening\/to5 18 meV for a residual resistivityro535
mV cm.6 This corresponds to a disorder limited mean-free
path l o5vFto' 280 Å, i.e., 75 times the lattice constant,
which verifies that this picture is a consistent one. At finite

temperature phonons and spin waves become thermally ex-
cited. However, since these materials are half metallic, nor-
mal emission or absorption of spin waves is forbidden, be-
cause the carriers have no conducting minority states at low
energy to spin-flip scatter into.19 Therefore, the lowT scat-
tering is due to phonons or to spin-conserving electron-
electron processes.

Both of these scattering processes will be affected by the
geometry and~an!isotropy of the FS. For the sphere FS the
consequences are well known: a weak singularity occurs in
the susceptibility at 2kF . Consequences are much greater for
the large cube FS, because the broad flat faces bring in as-
pects of one-dimensional processes. In Fig. 2 we show the
scattering susceptibility20

j~Q!5(
k
wk,Qd~Ek!d~Ek1Q!} R

LQ

wk,Qdlk

uvW k3vW k1Qu
, ~1!

where Ek is the band dispersion relation,vW k5¹kEk , and
LQ is the closed curve of intersection of the undisplaced FS
and a FS displaced byQ. For weight factorw51, j(Q)
gives the amount of phase space for scattering processes be-
ginning and ending on the FS. It has a trivial divergence for

FIG. 1. Distribution of Mn-site screened Coulomb energies~ver-
tical lines! arising from random distribution of La31 ions ~with 2

3

probability! andA21 ions ~with 1
3 probability! on first and second

neighbor sites in the perovskite lattice. The dashed line shows the
distribution when broadened by 0.1 eV, illustrating its symmetrical
variance around the virtual-crystal value~taken as the zero of en-
ergy!.

FIG. 2. Unweighted@j(Q), top# and transport@j tr(Q), bottom#
joint density of states~JDOS! for Fermi-surface scattering on the
cube majority Fermi surface of thex5

1
3 virtual crystal, plotted in

theG-X-M plane. The trivial divergence inj(Q) at theG point ~far
left corner! of the JDOS is truncated for plotting. The very narrow
ridge along the Cartesian axes in the JDOS reflects the skipping
processes, discussed in the text, which are killed by velocity factors
in the TrJDOS.

55 R8643CHEMICAL DISORDER AND CHARGE TRANSPORT IN . . .



Q→0. For weight factorwkW ,QW 5(vW k2vW k1Q)
2/2vF

2 , which re-
flects how greatly the scattering process degrades the current,
the result is the transport analoguej tr(Q), and the diver-
gence is canceled by the weight factor.

The flat faces of the cube FS lead to ‘‘skipping’’-type
nesting that was noted earlier for the flat quasi-one-
dimensional parts of FS of cuprates.20,21 There is a large
amount of phase space for scattering processes that take a

carrier fromkW with velocity vW k to kW1QW with velocity vW k1Q

5vW k on the same face, withQW of the form (Qx ,Qy ,0! ~i.e.,
displacement parallel to a cube face! with Q not too large.
These processes show up most strongly as the very sharp
ridge along the cubic axes in Fig. 2. Since(Qj(Q)
5N(EF)

2 reflects the total number of FS scattering pro-
cesses, the cube FS geometry strongly focuses scattering pro-
cesses to particular values ofQW . Conventional nesting fea-
tures are evident inj(Q) atQW 5(2kF,r ,0,0) in Fig. 2, where
2kF,r50.38p/a is the distance across the cube FS~2kF 52
30.81p/a), reduced~i.e., umklapped! to the first Brillouin
zone. One only need consider the geometry of the cube to
realize scattering is substantial when any Cartesian compo-
nent ofQW is equal to 2kF,r .

For transport processes, the velocity-dependent weight
factor has the effect ofkilling the skipping processes, easily
seen in Fig. 2, becausevW k5vW k1Q . Conversely, the conven-
tional nesting processes are enhanced because the velocities
are antiparallel. Because(Qj tr(Q)5N(EF)

2 as well, the
weight of the skipping scattering events inj(Q) has to reside
elsewhere in the zone, and much of it is moved into the
conventional nesting ridge inj tr(Q). The result is that, for
electron-phonon scattering, it is primarily the phonons with
any component ofQW near 2kF,r that limit the conductivity.
The sphere FS couples with otherQ<2kF phonons but the
weight is small because of the three-dimensional character
and its small contribution toN(EF).

Structural distortions have been implicated in the behav-
ior of thex5 1

3 materials by several workers. We have found
that the various results reported above, obtained for a cubic
crystal structure, still hold when the observed lattice distor-
tion is taken into account. For other band fillings, changes
due to structural distortions are more important, and these
will be presented elsewhere.

Because electron-phonon coupling is observed to be
strong in the manganites,22 Kohn anomalies will occur at
2kF,r , and imply a tendency toward charge-density wave
formation at 2kF,r . Structural changes attributed to charge
ordering have been observed in the manganites, but so far
only at smaller or larger values ofx where the system is not
highly metallic.23 Commensurate to incommensurate charge
ordering was reported in~La,Ca!MnO3 at x5 1

2.
24 Due to the

lack of single spin-flip processes in a half-metallic material,
there will be no Kohn anomalies in the spin wave spectrum.

In a half-metallic ferromagnet nearT50 no spin-flip pro-
cesses occur, while asTC is approached spin-flip processes
become strong. The NMR spin-lattice relaxation rate will be
an excellent experimental monitor of the temperature-
dependent variation between these two limits. As the tem-
perature is lowered fromTC toward the half-metallic phase
at low temperature, the opening of a ‘‘spin gap’’ should be

observable as a decrease in the spin-lattice relaxation rate.
We are not aware of reports of such experiments. Very re-
cently, the difference in magnetotransport behavior between
single-crystal and polycrystal samples of La1/3Sr2/3MnO3 has
been attributed6 to spin-polarized tunneling between nearly
completely polarized grains. This behavior is what would be
expected from a half-metallic ferromagnet.

Now we return to the consideration of local environment
variations, both magnetic and structural. The two distinct Mn
sites in the supercell also have somewhat different charges
and moments. The charge on MnLa-La is only 0.05 electrons
larger than on MnLa-Ca. Because this charge difference is
almost entirely in the majority states, the moment on
MnLa-Ca ~3.08mB) is larger by 0.05mB . These differences
provide the scale for charge and spin fluctuations due to local
environment variations; i.e., they are an order of magnitude
smaller than suggested by formal valence arguments~which
would be more applicable to an insulating phase!. Following
the arguments above for the distribution of site energies, the
variance of the local moment on the Mn ion is' 0.1mB for
x5 1

3.
Atomic relaxation of the supercell also gives an indication

of the character and magnitude of local distortions in a
~La,Ca!MnO3 alloy. In the 331 cell ~A-site layers of the
form . . . La-Ca-La-La-Ca-La . . .! four sites are allowed by
symmetry to relax off their ideal perovskite positions:
MnLa-Ca, La, and the oxygen ions in these two layers, de-
noted by OLa-Ca and OLa. We have relaxed these degrees of
freedom until the energy of the system is minimized. The
gain in energy by relaxation is 0.3 eV, of which 0.04 eV can
be assigned to an increase in exchange energy due to the
increase in moment by 0.13mB .

The direction of relaxation can be accounted for simply
by considering ionic charges in the local environment. Most
notable is the buckling of the MnO2 plane between the La
and Ca layers, with the Mn-O-Mn bonding angle becoming
176°. This buckling is driven by the displacement of
OLa-Ca, which relaxes by 0.09 Åtoward the La layer, which
has the higher positive charge, rather than towards the Ca
layer, which has more available space. The MnLa-Ca ion in
the same layer relaxes~by 0.03 Å! toward the Ca layer,
which is less repulsive than the La layer. The relaxation of
the OLa ion is negligible, while the La ion relaxes by 0.08 Å
toward the ~relaxed, and therefore nearer! MnLa-Ca ion.
These observations indicate that local relaxations are deter-
mined primarily by local charges, and secondarily by ionic
size. Direct Jahn-Teller effects are not observed in these re-
laxations, possibly because only a few degrees of relax-
ational freedom were allowed.

In this paper we have presented effects of cation site dis-
order on the electronic, magnetic, and structural properties of
x5 1

3 manganites. The picture we present accounts for the
unexpectedly high conductivity in the ferromagnetic phase,
and provides quantitative evidence for the localization of mi-
nority carriers lying in the band tail below the mobility edge.
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Supercomputer Resources at CEWES and NAVO. This work
was supported by the Office of Naval Research.
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