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Possible origins of “colossal magnetoresistan@@MR) behavior in the La_,CaMnO; system are studied
using the local spin-density method. These calculations allow the quantification of the effectsdbf@/m
hybridization that have been largely neglected in previously published work. As regards the end-point com-
pounds CaMn@and LaMnQ, the very different structural and magnetic symmetries of their ground states are
predicted correctly. The distortion from the cubic perovskite structure of the LaNt€ce is necessary to
produce an antiferromagnetic insulating ground state. The distortion also strengthens the Mn magnetic mo-
ments. Application to ferromagnetic and constrained ferrimagnetic phases; 0{@&MnO; in the CMR
regimexa%—% suggests, as observed, that magnetic coupling switches from antiferromagnetic to ferromag-
netic. Hybridization between Md states and  states is found to be strongly spin dependent, because the
majority Mn d bands overlap the @ bands while the minority Ml bands are separated by a gap from the
O p bands. Both ferromagnetic and ferrimagnetic orderings are obtained and compared. We identify strong
local environment effects arising from neighboring cation charge differefic#s or C&") that suggest
localization of the low density of minority carriers, leading to effective half-metallic ferromagnetism in the
CMR regime. This behavior supports in some respects the popular “double exchange” picture of Zener but
indicates the Mrd—O p hybridization is much too strong to be considered perturbatively. Half-metallic char-
acter promotes the possibility of very large magnetoresistance, and may well be an essential ingredient in the

CMR effect.
I. INTRODUCTION (DEX) to contrast it with direct exchange and superex-
change.
Nearly a half century ago Jonker and van SahfgdvS This DEX mechanism was investigated more thoroughly

discovered a striking correlation between magnetic order andy Anderson and Hasegafvand de Genneswho found that
conductivity in the La_,D,MnO; system(D being a diva- carriers(nonintegralx) necessarily cause a distortion of the
lent alkaline earth Ca, Sr, or Barhese manganite alloys are ordered spin arrangement and indeed lead to a FM phase at a
insulating and antiferromagnetidAFM) at the end points critical concentration. de Gennes especially indicated the
x=0 andx=1, but in the 0.2x<0.5 region they are ferro- likelihood of canted spin arrangements in certain regions of
magnetio(FM) and their conductivity at low temperatur€)(  the phase diagram. Andergoglaborated on the perturbative

is better described as metallic. The crystal structures are cipature of this picture, and noted that the expansion is not
bic perovskite(or close variants thereof; see Seg.db Mn  likely to be rapidly convergent. The many-body treatment of
ions are connected by oxygen ions, with negligible direct?EX-like models was extended by Kasdyand Kubo and
Mn-Mn hopping of carriers. JvS suggested that this was théhata, and more recently by Furukawa,inoue and

first occurrence of a positive indirect exchange interaction "{vlaekav_val, and Millis, Littlewood, and Shraméhwho re-
an oxide material. newed investigations of noncollinear spin arrangements and

; - . spin-disorder scattering.
Zener identified a double exchange process to explamSpln .
this behavior. In Zener’s picture, the oxygen ion is cIosedeXCEh"gl]y gn’cf,ﬂoﬁﬁnougtig@?nbe%ﬂ toh%ddrgizitfggoiam;
shell (O?7), but somehow hopping must occur via this ion. 9 ping p

Thi h i lectron i ©a M " Mn d-Op hybridization, leading to “semicovalent ex-
NIS can happen 1f an electron Jumps onto a vin fon its change.” His theory led to generally successful interrelation-
right, say simultaneously with an electron hopping onto the

J ) . ~ships between the magnetic order, the crystallographic
oxygen ion from the Mn on the left. This double hopping g crure, the electrical conduction, and the Curie
event requires that both hopping electrons have the saM@mperature Tc).12'3 There are other related questions:

spin, that of the active spin orbital on the oxygen ion. If inthe  gbservation of ferromagnetism in the system
addition the Mn ions(which will be Mn*" and Mrt" for (L, 3*Ba2")(Mn, 2'Ti,*")0.2 (Ref. 14 where there
these systemsare presumed to be “Hund's rule” ions in are (formally) no Mn*" ions present, rules out simple DEX
which all electron spins are aligned, then the hopping evenis the sole cause of ferromagnetism in such systems.
requires both Mn ions to have parallel moments. This mecha- The magnetic order in thB =Ca manganite system was
nism necessarily connects the parallel alignment of Mn moelucidated in the pioneering studies of Wollan and Koehler,
ments (ferromagnetism with hopping of carriersimetallic ~ who used differences in neutron diffraction spectra above
conduction and nicely accounts for the primary observationsand below the Nel temperature Ty) to infer the type of

of JvS. The result is an effective positive exchange couplingnagnetic order and the magnitude of the magnetic moments.
induced by the carriers, and was named “double exchangeTheir conclusions extended the findings of JvS that the mo-
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ments on the Mn ions are nediut in some cases somewhat 8000
below) their Hund’s rule values, and identified a variety of
types of AFM order that occur in this system.

The recent discovely~?" of a huge magnetic-field- @
induced reduction of resistivitg(T,H) in La; _,CaMnO;, =
now termed colossal magnetoresista(€®R), was entirely &)
unanticipated by the previous studies and introduces ne
problems in the description of this class of manganese ox-g
ides. CMR occurs in a region neas3, where the materials <t 2000
are FM metals at low temperature. As the temperaiuie
lowered to a temperatufg* (the resistivity maximumnear
the Curie temperatur€: (70—300 K depending on prepara-
tion conditions, the resistivity increases by 2-3 orders of
magnitude and then drops again, within a few tens of kelvin. Temperature(K)
NearT*, the application of magnetic fields can recover the 25
low-resistance metallic state. An example is presented in Fig. ~
1, which gives experimental data of Lat al?’ These data & 29
are the first obtained on a single-crystal sample, and the mag-
netoresistance peak occurs at room temperature. In thisg 15+
sample, it is clear that the resistivity peak and the CMR peak &=
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coincide with the Curie temperature. The variations in trans- E 10 k
port behavior are reminiscent of the resistive anomalies in g
ferrites® near the magnetic ordering temperature, but in 'g 5k
manganites the effect can be orders of magnitude larger. Evi- 4
dently the transport properties are extremely sensitive to 0
temperature T) and to magnetic fieldH) in the neighbor- 0 100 200 300 400
hood of T*, reflecting strong magnetoelectronic coupling. Temperature(K)
Magnetostructural coupling has been confirmed in
Lag go551 174MN0O5 (Refs. 26 and 2Pwhere a magnetic field 0.8 c
can switch the lattice between orthorhombic and rhombohe-
dral phases near 220 K. So6t
The quoted magnetoresistance radgg, defined by é
To4 |
Rin=[p(T.0 = p(T,H)V/p(T.H) ©m
%0.2 -
follows that used by Searle and Wafdn (La,PHMnO;, = \\
who reported a value of 20983,,=0.2). The values of mag- . .

o
o
.

netic fieldH are typically ~5 T, and such large fields are
actually needed to reach low resistivity. The “sensitivity”
d log p(T,H)/dH at low fields is the figure of merit in many Temperature(K)
applications, and typically the manganites have sensitivities

that are no larger than the “giant magnetoresistance” !ayered FIG. 1. Example of experimental data on a CMR material, taken
magnetic structures. However, extremely laffe, ratios fom Liu etal. (Ref. 27 for a single crystal of
have be_en reported. Perhaps the first report of CMR in than.es(Cfino.ssl\Anos- The panels showitop) the magnetization
manganite system was the value gig{mwloo for M (T) in a magnetic field of 1 Tymiddle) the resistivity in zero field
Ndp Py sMNOz at H~10 T by Kusterset al.™® For laser ab-  and in a 5.5-T field, andbottom) the normalized magnetoresis-

lated films of (La,CaMnO;, McCormacket al’® and Jin  tance. The magnetoresistance ratio as defined in the text approaches
et al!® reported$t,,=1270, and noted changes when La is 3 for this sample.

partially substituted by Y° Liu et al?’ have reported the first

single-crystal valuefR,,=3 for La,¢dPbCa,3Mn0O; (see

Fig. 1. Avalue ofR,,,~10 for pulsed laser deposited films of magnetic and transport properties depend, sometimes very
La, Ca, ;MnO; was reported by Lawler and Co&For the  strongly, on the method of preparation, as well as on the
other divalent dopants, the effects are smaller but still “gi-cations involved.

ant.” von Helmoltet al’ reported®t,,=0.6 (i.e., 60% for The general phenomenology of the lanthanum manganite
Lag B 3MN0O;. Mahendiranet al** measured9:,,=0.5  system is as follows. The end points of the; LaCaMnO,

for ceramic samples of La,SrMnO; for a range ofx  system consist formally of M (d* ions (x=0) and Mrf"
around 1/3, while the much largét,,=10 was reported by (d® (x=1), and both are antiferromagnetic insulators but
Tokura et al?* for single crystals of this material. Xiong with different crystal structures and magnetic symmetries.
et al?? have recently reportefk,,=10" for the non-La ma- Based on fitting of neutron diffraction datd,these end
terial Nd, ;Sr, sMnO; and a field of 8 T. It is evident that the points form the high spin configurations, reduced somewhat
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from the Hund’s rule values by hybridization. Since in therelated directly to the magnetizatiof (5p «—M?), whether

octahedral crystal field experienced by the Mn ion in theit is achieved by lowering the temperatufeelow T¢) or by

perovskite structure, the,, orbitals lie lower than thee,  applying a magnetic field.

orbitals, the majorityt,, orbitals are fully occupied fox=1, One rather benign factor that contributes to obtaining

all minority orbitals are unoccupied, and the cubic structurdarge CMR valuesi,(T*) is the upward shift ofT™* (H)

is stable. The magnetism in CaMpB G typel®i.e., a rock- with field, s_ince the _field enhances_ the FM order and ?hus

salt arrangement of moments, with,~120 K. reduces spin scattering. Typical shifts of the peak position
For LaMnO; there is one additional electron to populate @€ dT*/dH~10 K/T. This shift alone will lead to large

the two majoritye, orbitals, leading to a Jahn-Tell¢dT) negative magnetoresistance &t (H=0), in exactly the
12,13 same way one obtains large positive magnetoresistances at a

instability, and indeed LaMn@ is found to be in a qucting t o T. shifts with field. H

strongly distorted orthorhombic form of the perovskite struc->Uperconaucting transitiois as 1 Shilts with ield. How-

ture (Sec. 1). The magnetic order beloWy, =141 K, termed ver, in CMR materials _the magnetoresistance is u_sually
L N ’ negative everywhere, which would not be the case if the

A type®is spin aligned in layers and alternating from layer . : .
to I);F;erlug,,ggng Jgr instabilit);/ has been the mc?st commil)n g(T) curve were S|mp]y shifted upwarq in temperature by the
: field. In a related vein, a magnetic-field-induced structural

explanation for the distortion in the literature. There may bephase transition has been observed by Asametsal 2 in

other driving fqrces, for example, the same structure is AL 3, g:ST 1 MNO;, where the rhombohedral-orthorhombic
sumed by CaTi@, which has a nominally empty T shell gy ctural transition versus concentration and temperature oc-
and therefore is subject to no JT instability. CaJ&Qistor-  cyrs at the Curie temperature.
tion is understood in terms of a mismatch in atomic sizes, |n this paper we lay the groundwork for answering these
which is also present in LaMn{as discussed in Sec. Il.  questions from a first-principles point of view. We explicitly
The Lg_,CaMnO; system becomes FM for concentra- address the question of covalence, by calculating the magni-
tions 0.2<x<0.5, and it has metallid@ dependence of con- tude and learning the implications of Mh-Op hybridiza-
ductivity nearx~3 below the resistivity peakdesignated by tion in these manganites. We find an interplay between mag-
T*). ApproachingT* from above, the resistivity increases netic ordering, electronic structure, and crystalline
strongly, then afr™* ~ T it drops rapidly, and the saturation distortions in La_,CaMnQO; that reveals the importance of
magnetization indicates the onset of FM ordering. It is in thecovalency. We confine ourselves to the determination of the
region of T* that application of a strong magnetic field re- electronic and magnetic structure ifmetgstable states
sults in a drop in the resistance by up to three orders ofithin the local spin density approximatidhSDA).
magnitude in LgsCaMnO;. Related behavior occurs in We will show that the LSDA despription is_ quite realistic.
the Sr- and Ba-substituted materials, but specific difference$he structures and methods are discussed in Secs. Il and Il,
are seen and “colossal” effects have been seen only ifeSPectively. In Sec. IV, we discuss the end poiatsl and
La, ,CaMnO;, with x~1. One can categorize the scientific X=0 where we find that LSDA provides a very good overall
problem as a series of questions. description of these compounds, including predl_ctlng the cor-
(a) How does the resistivity achieve such a low Valuerectground—state crystal structures anq malgrletlc symmetnes.
(~100 uQcm in single-crystal film33* with dp/dT " Se€c. V. we address the CMR regior=;—3. A crucial
strongly positive at low temperature, when there is exten- feature that arises is th.e half-metall@M) charactler Of. FM
sive charge disordefLa®*,C&") to cause scattering, and CaMnQ, and the effective§M character in thex=3 region.

conduction must proceed through a nominally closed shel,;lrhe al?pllfailr?n Ofbf'xi‘d spin frr:ﬁment Cal(g.UIat'(l)nf aIIo;/r\:stus
O?" ion? A perturbative picture in terms of highly correlated 0 évajuate the robustness of the magnetic solutions that we

hopping processe&ener’s DEX picturg is unlikely to be obtain. Spectral data and some previous calculational results
sufficient to explain the transport quantitatively. are d|squssed in Sec. VI. In Sec. VIl we Q'SCUSS possible
(b) Does the resistivity at high temperatuFe- T follow connections of _the strong m_agn_etoelectronlc and magneto-
a universal form? Some workers report an activated formstructural coupling to the resistivity (_1ata on CMR materials.
with activation energyE,~50—120 meV, while others claim Mn-O covalency and the half-metallic character of the elec-
a )

; ; —y : tronic system play a central role in our considerations.
that a variable-range hopping forfi ¥, v=3—3%, is a better
fit. And why is the resistivity derivative negative at all in this Hamada, Sawada, and Teraklirhave presented related

regime, in the midst of what would appear to be increasingl)}Nork’ including stu'dies of t_rends in the glectronic structures

strong spin scattering from the disordered moments? of _§everal peroyskl_téeetransmon metal oxides. Sa_tpat_h_y  Pop-
(c) What determines the temperatdié where the resis- ovic, and Vukajlovi _ have addressed the applicability of

tivity drops? It seems tha* (H=0)~Tc, i.e., the resistiv- beyond-LSDA functionals to these compounds. Butler,

ity drop coincides with FM ordering. Oxygen treatment canZhar.‘g’ a}nd MacLare”ﬁ have used cohe_r ent potential ap-
changeT* from 70 to 300 K; how should such a variable proximation calculations to study alloy disorder effects and

exchange interaction be described? estimate the resistivity arising from A site cation disorder.

(d) How does the application of fields of a few Tesla We return to these calculations in Sec. V1.
reduce the resistivity by three orders of magnitude or more,
especially considering thatH is much less thakT. and
other energy scales such as the exchange con¥tant
Once the difficult question&)—(c) are answered, the CMR CaMnQ; forms in the cubic perovskit&BX; structure,
question(d) may not be such a conundrum. In fact, it haswith a lattice constant of 3.73 A. Mn ions are sixfold coor-
already been noted that the decrease boften seems to be dinated with oxygen ions along the Cartesian axes, while Ca

II. CRYSTAL STRUCTURE
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TABLE I. Structural parameters of tienma (D, No. 62 in
the International Tablgsstructure of LaMnQ as reported by El-
emanset al. (Ref. 14, a=5.742 A,b=7.668 A,c=5.532 A at 4.2

Pnma LaMnO3

K.

x/a y/b Zlc
La 0.549 1/4 0.010
Mn 1/2 0 0
(o} —-0.014 1/4 —-0.070
(o 0.309 0.039 0.224

the O octahedron rotates and distorts strongly: the Mn-O
bond lengths, which are 1.97 A in the isovolume cubic per-
ovskite structure, become 1.91, 1.96, and 2.18 A.

The distortion from cubic has been ascribed to two
causes. An obvious one is the Jahn-Teller instability oftthe

FIG. 2. The distorted®nmacrystal structure of LaMng giv- S Lo . . .
ing an impression of the substantial distortion from the cubic per-'pn in the ionic picture: three electrons fill th@orbltals that

ovskite structure. Small black spheres are Mn, gray spheres are Lge low in energy, a”‘?' the fourth eIectrop goe§_|nto the dou-
white spheres are O. The region shown comprises the volume Qily degeneratee, orbital, leading to an instability. This JT
four perovskite primitive cells. The bounding box correspondsinstability would favor a local tetragonal distortion of the
closely but not exactly to the cell boundary. MnOg octahedron, which could be repeated periodically in
various ways but would not in itself lead to the Iddnma

ions are twelvefold coordinated with oxygens lying along itsSymmetry. It has also been noted, simply on the basis of
(110 directions. Six oxygen ions form an octahedral cage fopacking of sphere¥; that this compound should be noncu-
the Mn ions, and cages are linked by oxygen ions. bic: the sum of Mn-O layer ionic radiRy,+Rg do not
LaMnO; was found by Elemanet al}*in a strongly dis- match the related quantity for the La-O lay@; ,+Ro)/V2,
torted orthorhombid®nmastructure(D,,,'%, the gadolinium  closely enough to make the cubic structure staBi& Such
orthoferrite(GdFeQ) structure type® space group No. 62 in size misfits make instabilities against rotations of oxygen
the International Tablg@delow T,~875 K with (at low tem-  octahedra common in perovskites. Since the mineral perov-
peraturg¢ a=v2x4.060 A,b=2x3.834 A,c=v2x3.912 A.  skite itself (CaTiO;) assumes the same space group
We use this structure, whose volume is that of a cube witlsymmetry®*°but has a nominal i (d° configuration with
edge 3.934 A, for our calculations of distorted LaMja®@his  spherical symmetry, the distortion of LaMg@eed not nec-
Pnma structure is shown in Fig. 2, where it is contrastedessarily be driven by the JT instability.
with the ideal perovskite structure. There have been reports LaMnO; has a combination of atomic size mismatch and
of other cell symmetries, for example, Wollan and Koehler electronic instability that leads to the low-symmetry struc-
reported a monoclinic structure. However, these are alture, and the dominant driving force is not evidarpriori.**
closely related structures, and it is clear that both oxygen and difference with CaTiQ is that in that crystal the distortion
cation stoichiometry affects the crystal structure and symmeis nearly a pure rotation of Tigoctahedra that preserves the

try. Ti-O bond lengths, while in LaMn@these bond lengths
The Pnmalattice structure can be derived from the per-change to give the Mngoctahedron an aspect ratio of 1.12
ovskite structure by the following. (~1.004 for CaTiQ). Hence the JT distortion is strong,

(i) First rotating an oxygen octahedron around zhexis.  whether or not it should be considered the driving force.
Since the octahedrons remain connected, the attached octa-We note some structural complications that should be
hedrons in thex-y plane rotate oppositely, resulting in a mentioned, since they may be related to the CMR phenom-
v2Xv2 doubling of the cel(conventionally taken as treec ~ enon in some way. Structural variations with preparation
plane and a reduction to tetragonal symmetry wlith a=c. conditions have been discussed by YKakith nonstoichi-

(ii) Tilting an octahedron along the Mn-O-Mn direction in ometry being a common occurrence. Tofield and Stated
the a-c plane, leading to opposite tilting of the neighboring powder neutron diffraction to study a series of samples, and
layers and thereby resulting in a further doubling of theconcluded that cation vacancies commonly occurred on both
primitive cell along theb axis. This leads to orthorhombic the A and B sites. Ceraused transmission electron micros-
symmetry and shortens the lattice along thexis and one copy to image defects in aSr, MnO;, concluding that
in-plane lattice constaritaken along the axis). Since vol-  there were extended missing layers of La/Sr cations on the
ume tends to be conserved, thexis increases. scale 25 nm. In the same system Anderseal* also con-

The result is a total of seven internal structural param-cluded there were La/Sr vacancies on the basis of wet chemi-
eters: two each for the La ions and theiéns, which lie on  cal methods. van Roosmaleretal® studied the
the Wyckoff 4c sites with mirror symmetry, none for the Mn La,O53-Mn,O; phase diagram and concluded that LaMni©
ions, which lie on the 4 sites with inversion symmetry, and the only compound containing both La and Mn, but that it is
three for the @ ions that lie on the generald8sites. The not a line compound; i.e., nonstoichiometry occurs. These
structural parameters are given in Table I. In this structurestudies all indicate that the common designation
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(La,D)MnOg, 5 can be misleading: cation vacancies may be

more common than exce$isterstitial) oxygen. 7]
1 CaMnO, G type AFM
lll. COMPUTATIONAL METHODS = 27 Mna

The electronic structures, charge and spin densities, and @ minority : A
total energies were calculated with the general potential lin- 8 16 W TV AT
earized augmented plane-wa@ieAPW) method?’~*° This = ] Ml
method makes no shape approximations to the density or 9 1 AAminority I Mn s (x20)
potential and retains high variational freedom in all regions, S 12 \JV/”"majority | ”
so it is well suited to open crystal structures with low site o 1 |
symmetries such as those considered here. The set of basis ._g g C%l A J
functions was supplemented with local orbitals for additional 7 {5 p(xa) | Ca's (x100)
flexibility in representing the Mn @ states, La 4 states, and g 1 | Os(x100)
semicore state&Ca 3s,3p; La 5s,5p; O 2s), and for relaxing A L, foctloc- th ]
linearization errors generally. The Ld 4tates were treated 1 Total/s
fully self-consistently with the band states, and were found ] M'J\
to lie 2—3 eV above the Fermi levé., having no evident 0 +—S 1..,....!...,...|.
effect on the results. -8 6 -4 -2 0 2 4

The LAPW sphere radii were taken to be 2.0 a.u. for Mn, Energy (eV)

Ca, and La, and 1.55 a.u. for O. Self-consistency was carried
out on speciak-point meshes; for LaMng) for example, we
used 84 points in the irreducible Brillouin zone for the FM
case(single formula unit per cell, 20 and 28 points, respec-
tively, for the A-type an_d G-type AFM cells that require two complete polarization of the Md (t,5) complex is evident. Ca
formula units, and 8 points for tlenmastructure with four 5,4 o character is minuscule, and @acharacter is very minor.
formula units. The basis set cutoffs were of the order ofsome curves are plotted as dashed lines simply for clarity.
Kma—=4.5 a.u.(energy of 20 Ry, and considering also the

local orbital extensions the computations are extremely Weltentjal complications in these compounds.

converged in the basis set expansion. _ CaMnQ;, with its JT stabled® ion, is the simplest mem-

It is not uncommon to find that LSDA does not provide aper of this system both electronically and structurally. FM
correct description of transition metal oxid@8VIO's). How-  spin polarization leads to a 0.86 eV/Mn energy gain relative
ever, these manganites have not yet been tested, and they {i£the nonmagnetic cagenergies will be quoted per formula
on the left-hand side of thed3series where LSDA is less ynit, or equivalently, per Mn The A-type AFM state is 57
problematic. One of the purposes of this study was to asseggeV lower than the FM state, and has a metallic band struc-
the realism of the LSDA description of this SyStem. MOStture_ The observed G_type magnetic structure iS 116 meV
calculations have been carried out with the von Barth—pelow the FM case, and it is insulating with a 0.42-eV cal-
Hedin-Lundqvist form® of exchange-correlation potential; cylated gap. Thus LSDA predicts the correct ground state.
certain calculations repeated with the Vosko-Wilk-NuZair The Mn d-band exchange splitting i§,,~3 eV, and the Mn
form led to no appreciable difference. _ 3s and 3 core states, which can easily be observed spectro-

Unless stated otherwise, the calculations assume Scopically, are similarly exchange split. The Mg manifold
volume/formula unit corresponding to the cubic perovskitejg essentially completely polarize@ig. 3, in accord with
lattice constant ax=3 (3.890 A\. Because of the large spin Hund's rule. In the region of interest, Ca and 3 character
moments that arise, the variation of the results with volumeand O 2 character are negligible. Comparison of the density
should be continuous and uninteresting for the properties wgf states(DOS) with the band structure presented in Fig. 4
discuss here. illustrates the features more completely: oxygerspectral
density extends throughout a 7-eV region to the bottom of
the gap, and also appears through hybridization in the con-
duction bandgFig. 3 although it is absent at the conduction-

The first step in our study is to apply LSDA methods to band edge. The band gap is direct at ¥a@oint, but corre-
CaMnQ; and LaMnQ where the experimental facts are rela- sponds to a gap between occupied majority and unoccupied
tively unambiguous, to establish whether LSDA provides aminority Mn t,, states accessible only by spin-flip transi-
realistic description. Generally LSDA does quite well in tions. The measured optical gégpin-conserving transitions
transition-metal—-based compounds, but in the classes calledll be larger than the absolute gap of 0.42 eV.

Mott insulators its performance may be unacceptable. These In Fig. 5, we illustrate the magnetic behavior by plotting
problem cases generally occur toward the right end of the 3 contours in thex-y plane of spin-up valence electron density
series, however, and since Mn occurs in the middle of thdthe up and down densities are related bjL@0a/2 transla-
transition series one may not expect serious problems. Ition) and the net spiimagnetizationdensitym(r) (spin up
comparing with experiment, it must be kept in mind that weminus spin dowh The spin-up density is large on one Mn
assume precise stoichiometry, whereas the absolute oxygéon and dominated by the occupiggl, orbitals (e.g., dy,),
content, and defect types and concentrations, are always pwhile on the neighboring Mn ions the spin-up density is

FIG. 3. Total and atomic density of stat@majority and minor-
ity) of CaMnQ; with the observeds-type AFM ordering. By sym-
metry, only the Mn ion has a net polarization, and the essentially

IV. END-POINT STOICHIOMETRIC COMPOUNDS
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CaMnO3 G-type AFM Spin Up Density
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FIG. 4. Insulating band structure of the obsen@dype AFM
state of CaMn@, corresponding to the densities of states shown in
Fig. 3. The gap is direct at th¥ point. The designation “110”
indicates anotheX point lying outside the first Brillouin zone. Note o
that the AFM order introduces a second gap 2.5 eV above the fun- 2

damental gap.

small and slightlye,-like. An asymmetry in the oxygen den-
sity is visible. The spin-density plot shows very clearly its
t,q character, and shows also the small but nonvanishing
polarization on the oxygen ion. The spin density on each side

of the O ion is opposite to that of the nearest Mn ion, giving g 5 The(001) plane of CaMnQ containing Mn and O ions.

rise to a node inn(r) between the Mn and O ions as well as ypper panel: single spin density in its obsen@dype AFM state,
the node through the O nucleus as dictated by symmetrysith contour from 0.5 to 0.5 a.t3, in steps of 0.05 a.u? (solid)

This contribution tan(r) will affect the “experimental”mo-  and from 0.0 to 0.045 a.t® in steps of 0.005 a.i® (dashedl
ment arising from a fit to polarized neutron scattering data ower panel: the net spin density, with contour coding identical for
that assumes only a Mn moment. both signs. Long dashes denote the zero contour. Solid contours run
An essential role of band-structure calculations is to ob-up to 0.045 a.u:2 in steps of 0.005 a.t®, and dashed contours run
tain the degree of hybridization. One measure is to contrasb 0.3 a.u.® in steps of 0.05 a.i>. The long dashed lines indicate
the value of the magnetic moment with that of the free ion,nodes in the spin density, and relative signs of the spin density in
i.e., the Hund's rule value. We quote the momgfft"within  different regions are indicated.
the Mn sphere of 2.0 a.u. and the oxygen sphere of 1.55 a.u.
used in our calculations. Mn moments are reflected realistiA-type ordering of spins with tetragonal crystal symmetry.
cally in »*P" but due to~5% of the Mnd orbital extending Note that there appears to be no possibility of opening a gap
out of the sphere, these values are not a precise prediction af the Fermi level with a moderate change in the electronic
the total Mn moment. Without hybridization the Mn moment structure (such as a different approach to the exchange-
will be integral (we neglect orbital contributionsand the correlation potential, e.g., including gradient correctjons
oxygen moment will vanish. Hybridization, which occurs Notably, there is a Mm-band crossinder from 1 eV below
most strongly in the majority states because the exchangat M to 4 eV above atl’, although d-band dispersions
splitting of ~3 eV results in overlapping M and Op are less than this valué eV) elsewhere. An interesting
majority states, results in a decrease from integral values gjoint is that with this spin arrangement the bands at the
the moment. We report in Table Il the momep®" for the ~ Z=(0,0,7/2a) point are pure spin statedor G-type order-
magnetically ordered states we have studied. In FM cases, ing, that is, a rocksalt arrangement of Mn moments, states
which the total moment is defined precisely in terms of aare theL point are pure spin stat¢sThe band structure for
difference between majority and minority charges in the unithis A-type spin alignment becomes important when we dis-
cell, up to 0.5y of the moment lies outside this Mn sphere. cuss LaMnQ below.
However, the interstitial contribution to the moment is We note now the outcome fdexperimentally inacces-
smaller for AFM states because they have nodes in the spisible) FM CaMnQ; because already it is indicative of the
density between the atoms. In the FM, A-type AFM, andprovocative behavior that may be expected of the FM
G-type AFM states the values apgf'=2.64ugz, 2.56ug, phases. The calculated moment is precisgly/®In, as the
and 2.48.5, respectively; in this case the differences arisingformal valence would predict, in spite of considerabig
from differences in hybridization are rather small, indicatinghybridization. This integral value occurs because FM
a strong atomiclike moment. The calculated G-type groundCaMnQ; is “half-metallic” (M), with metallic majority
state moment of 2.44; is in very reasonable agreement with bands but insulating minority bandsiM FM is in fact a
Mexpt=2-69ug 5 especially considering that this sphere valuerather rare occurrenteand we argue below that its connec-
is an underestimate of the total moment. tion to the also rare CMR effect is not accidental. The band
For contrast, we show in Fig. 6 the band structure forstructure is presented in Fig. 7, where it can be seen that the
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TABLE IlI. Values of the magnetic momefin ug) inside all inequivalent Mn and O inscribed spheres for
the various magnetically ordered states discussed in the text. Values of 0.0 indicate moments that vanish by
symmetry. Values of the moment inside Ca and La sphereslisted are not larger than 0.0 and arise
only from tails of neighboring atoms. The lattice constants used are those for GaMI0658 a.y, thex=
% alloy (7.3535 a.u, and the cube will the same cell volume as observed for LaM@@370. FiM' denotes
the ferrimagnetic solution for which one Mn moment is essentially zero.

a (a.u) Mn (0]
CaMnG;
FM 7.3535 2.64 0.057
AFM A type 7.3535 2.56 0.056, 0.0
AFM G type 7.3535 2.48 0.0
AFM G type 7.0558 2.34 0.0
LaMnQO;: cubic
FM 7.3535 2.99 0.05
AFM A type 7.3535 2.99 0.052
AFM A type 7.4370 3.18 0.054
AFM G type 7.3535 2.89 0.0
LaMnO;:Pnma
FM (7.4370 3.37 0.067, 0.079
AFM A type (7.4370 3.37 0.067, 0.079
X=3
FM 7.3535 3.07 0.062
X=3
FiM 7.3535 2.93,3.04 0.078,0.001,0.058,-0.050
FiM’ 7.3535 3.00,0.02 0.075,0.034,0.010,004
FM 7.3535 3.05,3.09 0.089,0.053,0.062,0.058

Fermi energyEr falls very near the middle of a 1.2-eV gap ping is negligibly small. This fact indicates that there is im-
in the minority channel between @bands and Ml bands.  portant Op character in the conduction bands, as is seen in
The minority bands also are instructive because the valenage local DOS. In the minority channel the lower part of the
bands, which are nominally @, do not overlap the nomi- Mn d bands overlaps with the @ bands(whose position is
nally Mnd (t,4) bands. The @ bands are nearly 6 eV wide, spin independeiand band edges are harder to identify.
wit'h the dispersion aris_ing from a combination'of nearest- As a result of the Mrt,, exchange splitting~3 eV), the
neighbor Op—Op hopping and -Mnd hopping. The  pn d—0p hybridization is strongly spin dependent. Since
Mn d bands are 4.5 e_V wide, and thl_s dispersion must resulf,q majorityd bands overlap with the @ bands and hybrid-
from Op-Mnd hopping because direct Mi+Mnd hop- ;¢ srongly, they form a highly conducting majority spin

network. The minorityd bands, which lie 3 eV higher in
CaMnO3 A-type AFM energy, hybridize more weakly across the aforementioned
minority spin gap. The majority-minority spin distinction
could not be greater than it is in thig situation, and the
differences are intimately tied to the spin-dependent hybrid-
ization.

Increased band filling accounts for most of the differences
between LaMn@ and CaMnQ, and for this reasorsM
character does not persist in FM cubic LaMni@ spite of
the similarity to the CaMn@band structure. Hybridization is
evident in the computed FM moment of 338Mn, a 15%
decrease from the Hund'’s rule value gi For both of the
f AFM orderings the Mrd exchange splitting is-3.5 eV but

does not lead to full polarization, so the local moments are
well below their Hund’s rule valuéusP'=2.89u5 in both
cases For this (idealized cubic structure, the AFM solu-
tions are 110 meVA type) and 365 meMG type higher in

FIG. 6. Metallic band structure of thenetastablpA-type AFM  €nergy than the FM state, and all solutions for the cubic
state of CaMn@, which should be contrasted with the band struc- perovskite structure are metallic. These energy differences
ture for the observed ordering shown in Fig. 4. Note the broacare collected in Table Il with those of CaMgOAs in
bands(~4 eV wide crossing the Fermi levéshown as the dashed CaMnQ; discussed above, thébserved layered A-type
line), and the absence of any hint of an energy gap. AFM alignment displays ond band(among others spanning
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TABLE IIl. Calculated relative energie§n meV per primitive
perovskite ce)l of various phases of the manganites. In each case

:\-: %% & % X the energies are referenced to the ferromagnetic phase.

-]

; 4 / /| CaMn0;
P / Paramagnetic +860
3] é = Ferromagnetic 0
@ A G IR IO A-type AFM —57
& T 7 G-type AFM -116
& " ] § § LaMnO,

! G-type AFM +365

0] <\ <\ A-type AFM (cubic) +110

] ~1 | Ferromagnetic¢cubic) 0

''T X M T X M R X LaysCaysMnOy

FM CaMnO3 majority FerrlmagnetlF: +70

~ — Ferromagnetic 0

] / B / B

0]

. / The mechanism of the gap opening due to the distortion is
%‘ addressed by plotting the bands for a structure in which the
> /L A=\ internal atomic displacements from high-symmetry sites are

g‘[‘— only 25% of the experimental values. The gap could arise
S simply because the lowered symmetry introduces new gaps

i nearEg, or it could arise from the shifting of bands across

o ] K Er without additional band splitting. As shown in Fig. 8, itis

] Ay LN actually a combination of these two factors: two bands are

~J S VR e v . hybridized and split aEg by the symmetry lowering, while a

third is simply shifted abov& by the potential shifts aris-
ing from the distortionthe first band belovEg atT’). From
these band figures it appears that more than half of the ob-

FIG. 7. Minorit d jority(l band . . L .
inority (uppey and majority(lowen band structures of served amplitude of thB nmadistortion is required to open

half-metallic FM CaMnQ. Note the overlap of @ bands and Mn
d bands for the majority states, while for the minority states theythe gap. . N
are separated by a gap and hybridize much more weakly. The bot- 1N€ DOS of thePnmastructure is shown in Fig. 9 com-
tom of the oxygen bands lies at the same energy for both spins. Pared with the metallic spectrum of the cubic structfireth
with A-type AFM). The distortion from cubic td®nmare-

Er) that is nearly 5 eV wide, which at first sight appears tosults in (i) two chemically distinct O sites whosesIcore
preclude the possibility of obtaining an insulating A-type levels are split by 0.2 eV, an(i) removal of minority carri-
AFM solution as observed. ers, giving a considerably higher local moment of

The actual structure of LaMngs, however, the strongly u3h'=3.31ug as well as a moment gfSP"=0.07ug within
distorted Pnma structure shown in Fig. 2, rather than the the sphere of the O ion that is allowed by symmetry to po-
cubic structure. We have carried out calculations includindarize. Wollan and Koehlé? report uy,=3.89ug from their
the observed large structural distorttdninvolving a fit to diffraction data. Recalling that there is also spin density
v2X2Xv?2 quadrupling of the unit cell, internal atomic dis- outside the spheres, and that Wollan and Koehler assumed a
placements, and considerable streégec. Il and Table)l We ~ moment only on the Mn ion, it is difficult to say just how
find that thePnmadistortion gives an energy gain of 0.23 much real discrepancy there is between the LSDA descrip-
eV per formula unit at constariexperimental volume. tion and observation. Direct comparison of calculated and

Based on the picture of a Jahn-Teller instability of tfe  measured spin densities could clarify this point.
Mn ion in LaMnQ;, a substantial energy gain by the distor-  The indirect gap irPnmalLaMnO; [Fig. 8c)] involves a
tion is expected. The unanticipated result is that this distoreonduction-band minimum dt and valence-band maximum
tion leads to two other crucial changed) it lowers the near(3,3,3) in reciprocal lattice vector units, with another
energy of the A-type AFM state below that of the cubic FM valence band at0,3,0) nearly equal to the valence-band
state(by 156 meV, thus making it the lowest-energy solu- maximum. This indirect gap would be measurable in trans-
tion, and(2) it induces new band splittings and large bandport studies of clearti.e., stoichiometric and therefore un-
shifts that result in an insulating band structure with adoped samples unless the thermally excited carriers form
0.12-eV indirect gap. A reported thermal gap is 0.24%kV. small(localized polarons. From our band structure of Fig. 8,
Arima, Tokura, and Torranc& noted the weak oscillator it appears that the optical gap will be0.7 eV. However, due
strength in their optical conductivity data for LaMpCand  to the AFM order and the fact that optical transitions are spin
suggested an optical gap ofL eV. In Lg _,SrMnO5, swith ~ conserving, the direct gap may be difficult to assign.
x~0.1 ands>0, a gap of~0.2 eV was reported by Chainani, In all three respects—energy, spectrum, and magnetism—
Mathew, and Sarm¥" the distortion is necessary, and sufficient, to give a good
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(a) (b)

~ A-type Zero distortion . A-type 25% distortion _C_) A-type full distortion
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FIG. 8. Band structure near the Fermi leyehergy gapfor LaMnO; with the observed\-type AFM order, for(a) no internal distortion,
(b) 25% amplitude of distortion, an@) fully distorted experimental structure. The gap arises from a combination of band splitting due to
additional hybridization and to displacements of band edges across the Ferm(dasietd ling

account of the experimental data. The large changes in emontribute their valence electrons to the Mn-O system and
ergy and the development of an energy gap resulting fronbecome electronically inactive spectator ions of differing
the distortion reflect strong magnetostructural coupling. Thissize and charge.
coupling suggests that the enhancement of CMR and shift of x=3: For a tetragonal three formula unit JGaMnO,
T* by ~10% substitution of La by Y, attributed by Jin supercell with repeating-La-Ca-Laj layers, the FM mo-
et al?°to the 0.2% decrease in lattice constant, may be morgnent of 3.5ug/Mn is near the reported valtie of
readily explained in terms of strong magnetostructural coug 4,,./Mn. Two distinct Mn sites occur in this supercell:
pling to local strains that are altered by the incorporation oanLa_La site sandwiched between Yaand L&" layers, and
the smaller Y ion. a Mn ¢, site lying between L¥ and C&" layers. The
. L charge is 0.0& larger than on Mp,_,; since this difference
V. INTERMEDIATE CONCENTRATIONS  x=37 AND x=3 resides in majority charge the moment is correspondingly

To begin to address the question of CMR, we must treal2'9€" 0N Mila 5 (11**"=3.08u5). These differences between
mixed La-Ca manganates. This system has the cubic perO\t)je lons are much smalle( than.what arises In t_he_ lonic pic-
skite crystal structure in the CMR regime<1. We have [Ure of onlyd® andd* configurations. This description thus

3 .
treated two cases, which are particular ordered realizations (J)?_ads not to a strong mixed-valent model, but rather to a

thex=1 andx=1 systems. As was the case for the end-poin icture of strongly polarized, nearly half-metallic, Mah
compounds discussed above, we find negligible Ca or L§2nds as suggested very early on by Searle and Wang.

character in the states near or bel@, so they merely Fermi surface averages are important for begmnmg_tq in-
terpret transport data, so we have calculated the densities of

statesN(Eg) and Fermi velocities . Due to the artificial

tetragonal symmetry of our supercéllompared to the dis-

LaMnO, A type AFM ordered, but cubic on averages=3 materia), in-plane and

perpendicular velocities differ somewhat, but the direction-

1 Mn d ally averaged values anmg- ;=7.4, vg | =2.2, in 10 cm/s.
majority | The densities of states aM,(Eg)=0.58 states/eV Mn ion,

] M 1M\ ) with 23% and 21% within the Mn.c,and Mn . , Spheres,

e SIetar, b = respectivelyN (Eg) =0.27 states/eV Mn ion, with 15% and
44% within the Mn,.c, and Mn .., , spheres. Thus the mi-
nority DOS is not only smaller but is distributed very un-
evenly between the two Mn sites.

It is possible to obtain self-consistent solutions with other
magnetic configurations in this=3 supercell. A ferrimag-
netic (FiM) solution in which the Mp,_, , moment of 2.98,5
is antiparallel to the majority MnR.c,moments(3.04ug) has
an energy that is 70 meV higher. If interpreted simply in
terms of nearest-neighbor Heisenberg-like local moment

Energy (eV) coupling, the interatomic exchange couplinglis 35 meV
and favors ferromagnetism.
FIG. 9. Density of states for cubi@ashedl and energetically We have another “FiM” solution to the LSDA equations,

favored orthorhombicPnma (solid) LaMnO, with the observed ~corresponding to a Mg, ion that is paramagnetic; as a
A-type AFM ordering. Note the opening of the gap at the Fermir€sult the energy is greater than the FM state by roughly the
level (vertical dashed linein the total DOS, and the vanishing of €xchange energy of a single Mn i¢r-1 eV) in the LSDA.
minority occupation in the distorte® nma structure. The Mrd The fact that this state is metastable, rather than completely
exchange splitting of 3 eV is evident. unstable against moment formation, is evidence of the com-
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petition between the drive to form an atomiclike momentequivalent Mn ions, and the total energy, are presented in
(the exchange energgyand the tendency toward covalency Fig. 11. The two states discussed above are evident as
(band energy, which is given up as a moment forrhysi-  minima: FM atM =10.6uz and FiM atM =2.7ug , with the
cally, low-energy variations of the magnetic system are exFM state more stable by 70 meV. For the FM orderings, the
pected to involve noncollinear spin canting rather thanapproach to self-consistency became difficult in the
changes in the magnitude of the moment. This fact is reM =(6.5—7ug region(hence the breaks in the curves in Fig.
flected in the very high energy of our latter FiM solution. We 11), arising from fluctuations of the spin between the two
return to these questions when we discuss the fixed momeirtequivalent Mn ions. The Mn_ ,ion that carried the higher
calculations below. moment above this range switched to having the lower mo-
The differentiation of the Mp,.., and Mn ,.c,ions is a ment below. Since these calculations are for FM alignment,
local environment effect that is important to understandthe main distinction between the two Mn sites is the number
since it will have its counterpart in the disordered solid. Inof neighboring divalent and trivalent metal ions.
Fig. 10 we show the Mul DOS for each ion for both the FM This region of spin instability is also the same region in
and FiM orderings. There are three items to note, which rewhich the Mn ., ,ion’s moment vanished for the FiM order-
veal an unusual constancy of behavior in the region BEgar ing (see Fig. 11 This behavior indicates some interesting
First, the local densities of stat¢sDOS) are strongly spin  behavior of the LDSA equations, but the relatively high en-
differentiated in the range-2 eV to O (relative toEg), and  ergies in this range seem to exclude any physical significance
the moment flip results simply in a flip in the LDOS of the so we have not pursued the behavior any further. The FiM
affected atom in this region, while leaving its shape and therdering was only followed in the 2.3;<M <6.9ug range.
LDOS of the neighboring Mn atoms practically unchanged.lt is interesting that the larger momeriin magnitude
Hence the difference is a local environment effect, withoutswitches over between the two Mn ions near, but not at, the
substantial band-structure contribution in this energy rangeminimum of energy for the FiM ordering. The FiM deep
Second, the small fraction of minority carriers is associatedrelative minimum might lead one to conclude that the FiM
entirely with the Mn,. , ion, which is the one surrounded state achieves its relatively low energy due to all Mn ions
entirely by trivalent cations and therefore is a more attractivdoecoming fully polarized. However, there must be strong
site for electrons. The concentration of minority carriers oncompeting effects from covalency, because at the energy
the Mn ..., ion is roughly twice as large for the FiM order- crossover(M~4.5-5.0 the FiM state has much higher
ing, suggesting that FM ordering minimizes the minority car-atomic moments than the FM statend yet equal energy
rier concentration at this concentration. Third, the Mg, The change in slope of the energy and of the Mn moments
ion remains;M as in the FM CaMn@case discussed above, at M =11ug is related to thgM character discussed above.
hence it will provide no minority conduction. We return to Below this point the magnetization arises predominantly
these considerations in Sec. VII. from Mn moments. However, above this range all of the
This supercell with inequivalent Mn ions allows the study valence electrons consistent with retainimpminally) O?~
of the stiffness against fluctuations in the magnitude of théons have been polarized. When larddr is forced, as is
moment, for different relativébut collineaj spin orienta- done in the fixed moment calculations, the additional mag-
tions (FM and FiM). For this study we use constrained mo- netization must come primarily from the O ions, and we find
ment calculations, in which the total moment in the cell isthat the moments on the O sites are increased substantially at
fixed. The results for the value @i**" for each of the in- M=12ug over their values for smalleM. As is evident in
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0o 2z a4 6 8 '1'0' " '1'2' ordered solutions for thg=2 concentration. The direction-
. ally averaged Fermi velocities awg- ;=7.2, vg | =2.8, in
Fixed Total Moment (u B) 10’ cm/s, similar to those obtained above for the3 super-
cell. The densities of states areN;(Eg)=0.45,
N,(Eg)=0.54, in states/eV primitive cell. The differences
FIG. 11. Plot of the Mn momentdower panel and the total  patween these values and those given above forxthé

energy of the systerfupper panglversus the imposed fixed total supercell indicate that the minority DOS ne&¢ is particu-
momentM of the supercell. Both ferromagnetic and ferrimagnetic larly sensitive to atomic ordering

orderings are shown; recall that the moments are oppositely di-

rected in the ferrimagnetic case. Solidashed lines in the lower

panel represent the Mg, , (Mn,,.c2) ion moment. The discontinu- VI. RELATION TO OTHER WORK
ity at a moment of 14 in the ferromagnetic case results from the AND SPECTROSCOPY DATA

forced polarization of O ions that begins at this point. A. Other theoretical work

Fig. 11, the energy cost of polarizing O atoms is distinctly Hamada, Sawada, and Terakiiraave reported LAPW
different from that of polarizing Mn ions. Note also that the studies of LaMn@, and on Lg sBa, sMnO3 using the virtual
energy curveE(M) is rather flat in the 1Qg<M<1lug  crystal approximation. They observe the same type of strong
region, indicating the magnitude of the moments can fluctuMn d—O p hybridization as we have emphasized, and also
ate somewhat without much cost in the high-spin FM regionconclude that there is half-metalljor very neay character in
The curvatured?E/dM?=17 mRyju3=1/y leads to a sus- the FM phase. They also concur that the distortion is instru-
ceptibility in the FM state ofy=0.22<10"° emu/g. Interest- mental in obtaining an insulating gap in LaMgQne dif-
ingly, this value is roughly equdlvithin ~20%) to the Pauli  ference remains to be resolved. For undistorted Lalyth@y
susceptibility of a paramagnetic system with the same totateport the A-type AFM ordering to be only 1 meV above the
N(Eg). The energy cost of spin fluctuations, both in direc-FM ordering, whereas we have found a 110-meV difference.
tion and in magnitude, needs further study. Possibly the difference is partly in the structures assumed in
x=3: A bce supercell of the type L&aMn,0,, presents the calculationgnot reported in detail in their short paper
one example of an ordered=3 phase. Each Mn ion has two They find for theirx=3 virtual crystal alloy that the FM state
Ca and six La neighbors, and each Mn ion is equivalent. Ans stabilized in the cubic phase over the A-type AFM state,
average FM moment of 3.53/Mn (,uSF’h=3.06MB) results,  which is still the lower-energy phase far=3. This result is
very similar to the FMx=3 case above and to the experi- consistent with the observation of the cubic structure in the
mental value. The DOS, shown in Fig. 12, reveals the intraFM CMR region.
atomic Mnd exchange splitting of~3.5 eV. There is a 2-eV Using the linearized muffin-tin orbital method in the
gap in the minority states just beloig , with the result that atomic-sphere approximation, Satpathy, Popoviand
minority d states are again only slightly occupié| ~0.2 Vukajlovic®® focused on the application of the LDAU
eV). The hybridization with Op states in the majority bands method® of treating a strong on-site Coulomb interaction U
nearEg is clearly evident: both Mn and O contribute to the (“Hubbard U”) in a mean-field manner. The exchange pa-
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rameterJ was included as well. They calculatétd=10 eV, lution) that varied roughly as the magnetization, clearly as-
J=0.9 eV, and reported the changes in the electronic spesociating conducting states with magnetic order.
trum compared to the LSDA. Specifically, in agreement with ~ Studies of the La ,Sr,MnO; system have been reported
our results and those of Hamada, Sawada, and Terakura, thby Chainani, Mathew, and Sarffand by Saitolet al> The
find that LSDA is sufficient to account for the antiferromag- ceramic samples of Chainani, Mathew, and Sarma were
netic insulating state, once the crystal distortion is taken intdighly resistive and did not show a clear nonmetal transition
account. The LDA-U method produces spectral changesacross the critical region, but changes in spectra vexsus
and increases in magnetic moments that must be compar&¢ere observed. Their data were interpreted in terms of strong
with experiment before conclusions are drawn. The reporten d—O p hybridization, a charge transfer energy-5 eV,
LDA +U moment of 3.3 in CaMnG;, which is well above and a Mnd repulsion energy ob =4 eV. This value ol is
the Hund’s rule value, clearly seems to be too large. much smaller than that calculated by Satpathy, Poparid
Butler, Zhang, and MacLaréh applied the layer Vukajlovic® (see above
Korringa-Kohn-Rostoker method with spherical potentials ~Saitoh et al>® also reported strong covalency and sug-
inside space-filling spheres. They reported the DOS for nongested the gap of LaMn{should be considered to be of the
magnetic, cubic LaMn@ which may be useful in construct- charge-transfer type. Band shifts observed upon replacing La
ing tight-binding Hamiltonians for manganites. They find thewith Sr are not rigid band, and the doped hole states were
occupied Op bands to be separated from the partially occu-interpreted as having strong @ character. Intensity at the
pied Mnd bands by~2 eV, but that hybridization results in Fermi level remained low at all concentrations studied, with
substantial Op character in the conduction bands. A largethe onset occurring closer g in the middle of the range.
peak inN(E) falls precisely atEg, suggesting a Stoner in- In all of the PES studies mentioned above, the main va-
stability of the nonmagnetic state. They confirm #\e char-  lence spectra have a strong increase around 1.5-2-eV bind-
acter in the FM state. Calculations of the resistivity of ing energy, remaining large in the region 2—6 eV, and falling
Lay Bag 3dMIN0O; arising from substitutionalcation disor-  off in the range 6—8 eV. In our calculations, we find a strong
der gave 6uQ) cm for majority spin conduction and essen- increase at 1-1.5 eV belo&. (see the FM phase DOS
tially infinite (insulating behavigrfor minority spins. They curves in Figs. 10 and 120 p states occupying the range
report Ca character at the Fermi level, whereas for the casélown to a lower peak around 6 eV beldg:, and then a
we have studied the Gand Lag character is negligible. falloff to zero near 8 eV. While this may be roughly in accord
Well before the CMR behavior was discovered, Mazza-with the data, two differences should be noted. First, the
ferro, Balseiro, and Alasci8 suggested a Hamiltonian to observed intensity at the Fermi level is not nearly as strong
model the behavior ofLa,Sp)MnO;. The Hamiltonian in- as our DOS curves would suggest. Matrix element effects
cluded the usual on-site and hopping contributions with botthave not been calculated, but we do not expect them to give
Mn and O ions treated explicitly. They treated the‘¥Mion ~ such a strong reduction in intensity. The second noticeable
as a spins ion with an exchange couplingl) to favor par-  difference between our DOS and the data is the strongiMd
allel alignment of an added electron, and a large Hubbargeak around 2 eV beloE . Experimental resolution is un-
repulsionU to rule out the occurrence of Mh ions. Addi-  likely to account for this difference. In the case of the high-
tionally, they included a term that the present calculationgemperature superconducting cuprates, such as,C&&;,
suggest is important: a Mn site energy shift depending on th# took nearly three years to master the techniques of surface
environment(number of neighboring divalent versus triva- preparation that revealed the existence of states at the Fermi
lent cation$. Their model is a very complicated one, which level. Surface problems could be just as serious in these
they treated in the Bethe lattice approximation for nonmag+smanganites.
netic and ferromagnetic phases. Their main conclusions for
this model werg1) the FM phase is stable for any concen-
trationx; (2) the conductivity may be either metallic or semi- VII. RELATION OF THE LSDA RESULTS
conducting at intermediate depending on the parameters TO CMR PHENOMENA

(giving single-band or split-band behaviors, respectively  \yg now turn to the question of CMR, which occurs in the
(3) the FM phase will be the most conducting) in the FM £y phase. For FM alignments, majority spin bands are
phase the model predicé behavior, but Mn site disorder strongly covalent combinations of Mt and Op that span

is the cause of this result. THadmittedly preliminaryre-  he Fermi level. The more interesting minority band struc-
sults they obtained for this model are promising enough thag a5 for FMx=0. 2 1

) , 7, 3, and 1 along the commakt-X direc-
more detailed study seems warranted. tion are shown in Fig. 13. As noted above, FM CaMri©®

half metallic(i.e., Eg falls within a minority spin band gap
while LaMnGQ; has a small minority carrier density. Tixe=
: andx=3 cases are intermediate; i.e., they have even lower
The only photoemission spectroscofBES data on the minority carrier density. For the=3 supercell, Mp,., , char-
La;_,CaMnO, that we are aware of are that of Mcllroy and acter dominates the lowest above-gap band, while the
collaborators.”*8 For a film of thex=0.35 material, spectral Mn,, - derived bands are the pair abole . The interme-
shifts were observed across the nonmetal-metal transitiodiate pair, just belovEg, derives from both Mn ions. These
that were interpreted in terms of changes in the d40 p differences are due to shifts in potentials due to the nearby
hybridization and the charge distribution, roughly consistentation chargegLa®" neighbors create a more favorable en-
with the predictions of band calculations. They also identi-vironment for an electron a local environment effect that
fied a relative value of N(Eg)" (averaged over their reso- has not been emphasized heretofore.

B. Spectroscopy data



1158 WARREN E. PICKETT AND DAVID J. SINGH 53

%=0  x=1/4  x=1/3  x=1 inhomogeneities can account for broadening of transitions
N ? and complex critical behavior as local regions become ferro-

magnetic at different temperatures.
L Within this framework, Ca doping induces local Hiind

potentially metalli¢ regions, consistent with the “ferromag-

<7 A netic molecule” picture that Matsumotbsuggested to ac-

\q’; count for the behavior in the smallregion. The real interest

o is in the FM phase 0£2x=<0.5. At low temperaturd <T.

§ o < and strong fields the magnetization is saturated and a low
] metallic resistivity is observetho more than 10Q.) cm in

the better samplé$. The residual resistivity is presumably

| due to disordered I and C&" ions and the accompanying
ﬁ__ local lattice distortions in a background of parallel spins. As
r XT XT XTr X T is approached from below the resistivity rises dramati-

cally. At the same time, the magnetic behavior is unusual in
the sense that high fields are necessary for saturation.

FM phases La ,CaMnOs;, x=0, %, % 1. For the five bands near The essgntlallyé!\/l .F.M .character provides a way to "?‘C'
E for x=_1, the lower band is purely Mn., , character, the upper count' for high _re.5|st|V|t.y in zero field. Due to conductlon
pair is purely Mn,.c,, and the middle pair involve all Mn ions. ©nly in the majority spin channel, hopping of carriers be-
There is a strong decrease in minority gap with increasing Ca conween FM regions with opposite magnetization directions
tentx that arises from the raising of the @bands as the average Will be suppressed. The effect is related to that discussed for
neighboring cation charge decreases. Note that for CaMrE1) heterogeneous giant MRGMR) materials such as Co-Cu
the actual Fermi leveldetermined by the majority bandiées near  (Refs. 60 and 6lwhere maximum suppression occurs for
midgap. The majority band structurgsot shown are strongly me-  antialigned domains because the spin states at the Fermi
tallic in this region. level are maximally mismatched. However, the impeding ef-

The nature of the Ca/La disorder and local strains aln(ject is not like a scattering event that randomizes the direc-

relaxations, which we have not considered, will affect thelion Of propagation, but rather a barrigvave-function mis-

precise electronic structure of the minority carriers. TofieldMatch that leads to reflectiomo forward scattering Unlike
and Scoft® have made the interesting observation that thdor heterogeneous GMR systems, however, where there is
reduction in ionic radius from MH to Mn** (0.65 A to 0.54  both majority and minority conduction but of differing mag-
A) is much larger than for other transition-metal ions, andnitudes, the half-metallic nature of { 3, CaMnO; results in

this enhances local distortions. Several features we hav@ more strongly insulating electronic system, and hence
found should be robust, however. larger values of the MR4(H)—p(0)]/p(H).

(1) The electronic structure is very nearly half metallic.  In one dimension disordered, antialigned domaingMf
This implies the lack of a Stoner continuuffow-energy  character would readily halt conduction. In three dimensions
continuum of spin-one electron-hole excitatiptisat distin- it is less easy, although perfectly cubic, antialigned domains
guishes thgM FM from conventional metallic FM’s. There would provide strict localization, as long as tunneling
is, however, a possibility of new low-energy excitations in-through the domainévhich provide barriersis vanishingly
volving a hole in the majority spin band and an electron in asmall, and conduction through the cutdomain edges is
localized minority spin state, or vice versa. negligible. Some disorder in such a system would not leave

(2) Hybridization is very spin dependent: for the minority any percolation path for conduction, but simply act to in-
channel the @ bands and Mrd bands are nonoverlapping crease size of some domains. A strongly antialigned configu-
and hybridize much more weakly than is the case for thgation of M domains is realizable and should lead to a high
majority O p and Mnd bands that do overlap and mix very resistivity. Well belowT, magnetic coupling between the
strongly atEe . microdomains will grow as the magnetization grows, which

(3) The CalLa local environment disorder leads to varia-will favor larger aligned regions and higher conductivity. The
tions in the Mnd site energy that creates a tendency towardsroximity to a FM-AFM transition, the expectation of local
incoherencéi.e., localization in the minority states ned=.  disorder in the cation environment, the sensitivity to process-
These effects for the relatively broad majority bands shouldng, and the high saturation fields suggest very small domain
be minor. The likely result is tha lies below a mobility  sjzes and thin domain walls. In this scenario there is a clear
edge giving nonconducting minority states. relation between the zero-field resistivity and the number of

(4) The half metallicity is a local effect that persists neardomain walls that must be traversed, i.e., inversely with the
flipped Mn spins(e.g., abrupt “domain walls). The lack of  mean linear domain size. Applying a field lowers the resis-
a Stoner continuum and the possibility of minority spin po-tivity by aligning the domains.
larons in aiM FM provide possibilities for transport anoma-
lies and for a large negative magnetoresistaipi).

In addition, compositional variations or tendency toward VIIl. SUMMARY
local ordering of cations with La:Ca ratio differing from the
sample average will lead to inhomogeneities, and their oc- We have presented a variety of results based onathe
currence may be sensitive to the method of preparation. Sudhitio local spin-density approach that is broadly in agree-

FIG. 13. The minority band structure alohgX for the series of
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ment with ground-state properties, and provides several cludseen missing. Further accounting of hybridization and of
to the underlying processes involved in the colossal magnenagnetostructural coupling is likely to be essential to extend
toresistance phenomena. While this picture does not yet praur understanding of the CMR phenomenon.

vide a theory of transport, it does provide a theoretical ap-

proa_ch to the CMR. problem that a_lccounts for hybridization_ ACKNOWLEDGMENTS
and is consistent with the electronic structures, the magnetic
properties, and qualitative aspects of the behavig(dfH). We acknowledge helpful discussions with W. H. Butler,
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