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Chemical disorder and charge transport in ferromagnetic manganites
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Disorder broadening due to randomly distributedfLaand A>" (A=Ca,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 LgsA1,3MnO; 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 considerdi&0163-18207)51914-X]

La-based manganites of the type LgA,MnO;  also be representative of Sr or Ca substitution of La, since
(A=Ca,Sr,Ba display negative colossal magnetoresistancehey are isovalent with Ba and are fully ionized. This VC
(CMR) behaviol? for x~3% near the Curie temperature treatment allows the change in carrier density to be treated
(T¢). This unusual behavior has stimulated avid study of theexplicitly and self-consistent3 We obtain information
nonconducting, polaronlike regime abolg and attempts to  about local Mn-site potentials in the disordered system by
model the regime of CMR behavior and the transition to thestudying ordered supercells ¢fa,CaMn0O5.112 The only
ferromagnetic metal. So far, however, the IGWregime,  previous attempt to identify the effects of disorder from elec-
where these manganites become remarkably good metagonic structure studies was by Butlet al,'® who applied
has been largely overlooked. Residual resistiviigs- 50— the coherent potential approximation to the La/Ca sublattice
100 n&2 cm have been reported for various mangarites, i, (La,CaMnOg. Within the coherent potential approxima-
and sm%le crystals ofLa,SYMnO; for x=35 have po=35  ion the Lg* and CZ* ions are replaced with a potential
pQ cm.’ These values are highly metallic for a class of i the same average scattering properties. This approach

oxides with some members having resistivities eight Order%ddresses randomness on the cation sublattice self-

of magnitude larger abovec . In this paper we address th!s consistently, but it neglects the distinction between triposi-

high- conductivity regime, obtain the disorder broadenmgt. G " )
- AR ive and dipositive ions that we retain in our supercell studies
arising from cationic disorder, and demonstrate that scatter-nd find to be crucial

ing processes will be highly focused due to the geometry o We first point out the principal features of the VC system.

the majority Fermi surface. Th o h [ h N di :
Our approach is, first, to evaluate a realistic electronic' "¢ Mmajority channel has two strongly —dispersing

structure for an average periodic system with the correct cag-deériveddpo bands crossing the Fermi-leud) charac-
rier density, and second, to use supercell methods to evaluaf@istic of highly metallic behavior. In the minority channel
the main effects of disorder. Neglecting grain boundary andhere is a gap between (pands and Mn @ bands that
magnetic domain effects, which can be minimized with the€xtends very nedkr . While E falls near the middle of the
use of single-crystal thin films, the main effects of disordermajority bands of 3 eV band width, the occupied minority
are the cation charge disordeiz., La3* vs Ba2*), possible ~band width is onlyWo,=0.15 eV. _
mixed-valence(Mn3*-Mn4*) disorder effects, and local  The differences between VC ame- 5 supercell arise be-
distortions. We find that the cation charge disorder domi-cause of the two distinct Mn sites in the supercell: Mp, is
nates the tendency toward mixed valence. We report alsgoordinated with eight L&" ions, while M, c,is coordi-
initial indications of the effects of local structural distortions. Nated by four L&™ ions and four C&" ions. Distinct band
The small fluctuation of the Mn valence that we obtain is€dges, differing by §e;=0.5 eV, are associated with
consistent with the high conductivity. Strong metallicity in MNa.1a @and with Mn 5 co. This difference in site energy
itself indicates that fluctuations in the Mn charge state are sé&n be established independently by comparing core-level
rapid that an intermediate-valence description such as ours ggenvalues. This difference thsite energy can be ascribed
more appropriate than a mixed-valence description. directly to a screened Coulomb potentidley=AQ/eR,

To study the manganites we use first-principles localwhereAQ=4e is the difference in charge on tifesites and
density functional methods*®with calculational procedures R=1/3a/2 is the separation. This gives a local screening fac-
as described elsewhété?and treat the ferromagnetic cubic tor e~ 10, reflecting strong polarizability of the Md-O p
perovskite structurdéexcept where notéd® This approach complex. We use this screening factor to calculate the distri-
describes the end-point compounds properly, as verified bpution of site energies in a crystal with random®taand
other groups*® We apply a virtual-crysta(VC) approxi- A2* sites forx= 3. In Fig. 1 we show the distribution of site
mation, wherein replacement §bf La ions randomly by Ba energies obtained by accounting for both first and second
is modeled by a nucleus equal to the average charge Z shells of A-site ions.(We use the same screening factor,
=27, ,+3Z5,=563. The valence electronic structure should since their distances differ by only 13pahe relative prob-
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FIG. 1. Distribution of Mn-site screened Coulomb energies- il

tical lines arising from random distribution of L ions (with %
probability) and A%* ions (with 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 val@imken as the zero of en-
ergy).

ability shown in Fig. 1 is the product of multiplicity of a

configuration and the probability of its occurrence subject to FIG. 2. Unweighted £(Q), top] and transporf £,(Q), bottom]

the mean concentration= % The full width at half maxi- joint density of stateJDOS for Fermi-surface scattering on the
mum of the distribution isSey=(A€ey)=0.6 eV. Because cube majority Fermi surface of thez%, virtual crystal, plotted in
deq>W,q., the low density of minority carriers will lie be- thel'-X-M plane. The trivial divergence i&(Q) at thel” point (far

low the mobility edgé7 and thereby are rendered immobile I(_eft corne) of the JDOS_ is trunca’Fed for plotting. The very narrow
by strong disorder. This is our first important observation:1dge along the Cartesian axes in the JDOS reflects the skipping
we have established that these manganites will be half mé?rocesses, discussed in the text, which are killed by velocity factors
tallic at low T, with conduction limited to a single spin chan- " the TrIDOS.

nel, as has been speculated eafftéf

In addition to quantitative disorder effects, transport prop- h d spi b h I
erties require the knowledge of Fermi surfa&sS) proper- tgmgeLature phonons ahn Spin wa_V(las ecEn?fe t errIFa y ex-
ties. There are two majority channel FS's. Ixcentered ~ Cted: However, since these materials are half metallic, nor-

sphere conains 005 lecron wih velociy"7.1x 10/ 1% ETISEon of absapton of s wves e frbiaden, b
cm/sec, and contributes a Fermi level density of stdD&3S) - . 9 y

sp = i . energy to spin-flip scatter intd. Therefore, the lowTl scat-
N*"(Er)=0.09 states/eV-cell. This surface is nearly PE" tering is due to phonons or to spin-conserving electron-
fectly spherical withkg=0.457/a. The other FS is an g P P 9

- electron processes.
R-centered cube containing 0.55 holes that toudide® to : ;
symmetry the '-centered sphere along ti11) directions, Both of these scattering processes will be affected by the

; . : ; eometry andan)isotropy of the FS. For the sphere FS the
The cube approximates an ideal cube with slightly rounde ) - . .
. onsequences are well known: a weak singularity occurs in
corners(see below; has an rms velocity &**=7.6x 10" cm/ q g y

hat i | h be f 4 F the susceptibility at2- . Consequences are much greater for
lsec It at is ”ﬁfg}ry co_nstant over t/e cu ﬁ acr:]es, an bi eé%e large cube FS, because the broad flat faces bring in as-
evel DOSN™™{Eg) = 0.38 states/eV-cell. The combined hocis of one-dimensional processes. In Fig. 2 we show the

Drude plasma energy{#2Q5=(4me?/3N(Ep)vE] is scattering susceptibili&)
7Q,=1.9 eV.

These FS properties indicate a moderate density of highly
itinerant carriers. Since the majority band width is 3 eV and — o ff;
is much larger than the disorder energy sc@dg, transport €Q) Ek Wi Q2B Eiro) Lq |5k>< JHQI ’
in the majority channel should be similar to that of metallic
alloys asT—0. Using p0=47T/QSTO, we obtain a defect where E, is the band dispersion relation,=VE,, and
broadeningi/7,= 18 meV for a residual resistivitp,=35 L is the closed curve of intersection of the undisplaced FS
1 cm? This corresponds to a disorder limited mean-freeand a FS displaced b@. For weight factorw=1, £(Q)
path /,=ve7,~ 280 A, i.e., 75 times the lattice constant, gives the amount of phase space for scattering processes be-
which verifies that this picture is a consistent one. At finiteginning and ending on the FS. It has a trivial divergence for
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Q—0. For weight factowﬁyé:(,;k_gkw)z/zvg ,which re- observable as a decrease in the spin-lattice relaxation rate.

flects how greatly the scattering process degrades the curreN/® are not aware of reports of such experiments. Very re-
the result is the transport analoggg(Q), and the diver- cently, the difference in magnetotransport behavior between
gence is canceled by the weight factor. single-crystal and polycrystal samples of; s81,5MNnO; has

The flat faces of the cube FS lead to “skipping’-type Peen attributelito spin-polarized tunneling between nearly
nesting that was noted earlier for the flat quasi-onecompletely polarized grains. This behavior is what would be
dimensional parts of FS of cuprat®s! There is a large €xpected from a half-metallic ferromagnet.

amount of phase space for scattering processes that take aNOW we return to the consideration of local environment
carrier fromk with velocity Jk to IZ+C§ with velocity 5k+Q variations, both magnetic and structural. The two distinct Mn

N N sites in the supercell also have somewhat different charges
=vy on the same face, witQ of the form Q,,Q,,0) (i.e., P g

and moments. The charge on is only 0.05 electrons
displacement parallel to a cube faagith Q not too large. 9 Maa Y

larger than on Mp,.c,. Because this charge difference is

These processes show up most strongly as the very shafg, s entirely in the majority states, the moment on
ridge along the cubic axes in Fig. 2. SinGy£(Q) y Jorty i

=N(Eg) ? reflects the total number of FS scattering pro-'me?‘('jCa ;}3'08’“?) fls Iar:ger by g'oﬁBﬁ These dlffgrencels |
cesses, the cube FS geometry strongly focuses scattering p'pr_oyl e the scaleforc _a_rge and spin fluctuations due to_ oca
) = ) ) environment variations; i.e., they are an order of magnitude
cesses to particular valuei Q. Conventional nesting fea- gmaller than suggested by formal valence argum@nitsch
tures are evident ig(Q) at Q= (2kg (,0,0) in Fig. 2, where would be more applicable to an insulating phas®llowing
2kg ,=0.387/a is the distance across the cube @8 =2  the arguments above for the distribution of site energies, the
X 0.81m/a), reduced(i.e., umklappedl to the first Brillouin  variance of the local moment on the Mn ion4s 0.1ug for
zone. One only need consider the geometry of the cube tg=1.
realize scattering is substantial when any Cartesian compo- Atomic relaxation of the supercell also gives an indication
nent ofQ is equal to Re . of the character and magnitude of local distortions in a
For transport processes, the velocity-dependent weight-a,CaMnO3 alloy. In the 3<1 cell (A-site layers of the
factor has the effect dfilling the skipping processes, easily form ...La-Ca-La-La-Ca-h...) four sites are allowed by
seen in Fig. 2, becaus§<=5k+Q. Conversely, the conven- Symmetry to relax off their ideal perovskite positions:
tional nesting processes are enhanced because the velocit¥8La-car L8, and the oxygen ions in these two layers, de-
are antiparallel. Becaus®o&,(Q)=N(Eg)? as well, the noted by Q,.caand Q.. We have relaxed these degrees of
weight of the skipping scattering eventsdfQ) has to reside freedom until the energy of the system is minimized. The
elsewhere in the zone, and much of it is moved into thedain in energy by relaxation is 0.3 eV, of which 0.04 eV can
conventional nesting ridge i,(Q). The result is that, for D€ a@ssigned to an increase in exchange energy due to the

electron-phonon scattering, it is primarily the phonons withincrease in moment by 0.1:3 . _
2 - o The direction of relaxation can be accounted for simply
any component ofQ near Xg , that limit the conductivity.

i by considering ionic charges in the local environment. Most
The sphere FS couples with oth®r<2k: phonons but the . .
weight is small because of the three-dimensional charactenrOtable is the bupklmg of the anplan_e between the L?‘
. o and Ca layers, with the Mn-O-Mn bonding angle becoming
and its small contribution td(Eg).

Structural distortions have been implicated in the behav—176 - This buckling is driven by the displacement of

ior of the x= 3 materials by several workers. We have foundo'-a'ca’ which relaxes by 0.09 Aowardthe La layer, which

that the various results reported above, obtained for a cubipas the h|gher positive Ch?”ge' rather than towar ds 'the Ca
ayer, which has more available space. The Mg, ion in

crystal structure, still hold when the observed lattice distor-
tion is taken into account. For other band fillings, changesthe. same layer rela_lxe(sby 0.03 A toward the Ca Iay_er,
hich is less repulsive than the La layer. The relaxation of

due to structural distortions are more important, and thesﬁge 0L, ion is negligible, while the La ion relaxes by 0.08 A

will be presented elsewhere. .
Because electron-phonon coupling is observed to b or\]/g;rg ottt]s?e(rri%ﬁg"natljr']gatteh?rgtolrc()ecarl]erg:ya?gﬁgaalfendeter-
strong in the manganité$, Kohn anomalies will occur at : servatl Inl ion S
mined primarily by local charges, and secondarily by ionic

2kg ., and imply a tendency toward charge-density wave_. ! ;
formation at X ,. Structural changes attributed to charges'ze' Direct Jahn-Teller effects are not observed in these re-

ordering have been observed in the manganites, but so f‘Ji?xatlons, possibly because only a few degrees of relax-

: ational freedom were allowed.
only at smaller or larger values afwhere the system is not

. >~ o3 : In this paper we have presented effects of cation site dis-
highly metallic™ Commensurate to incommensurate Chargeorder on the electronic, magnetic, and structural properties of
ordering was reported ifLa,CaMnO5 atx= 3.4 Due to the - mag ’ brop

1 . .
lack of single spin-flip processes in a half-metallic material,x_ 3 manganites. The picture we present accounts for the

; o . unexpectedly high conductivity in the ferromagnetic phase,
there will be no Kohn anomalies in the spin wave spectrum, . o X > )
) - . and provides quantitative evidence for the localization of mi-

In a half-metallic ferromagnet nedr=0 no spin-flip pro-

cesses oceur, while g is approached spin-flip processes nority carriers lying in the band tail below the mobility edge.

become strong. The NMR spin-lattice relaxation rate will be We have benefited from discussions with M. Rubinstein
an excellent experimental monitor of the temperature-and W. H. Butler. Computations were carried out at the Arc-
dependent variation between these two limits. As the temtic Region Supercomputing Center and at the DoD Shared
perature is lowered frori: toward the half-metallic phase Supercomputer Resources at CEWES and NAVO. This work
at low temperature, the opening of a “spin gap” should bewas supported by the Office of Naval Research.
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