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Abstract—The band structure, spectral intensity, and position of the Fermi level in doped p-type

La, _, Mi+ MnO; manganites (M = Sr, Ca, Ba) is analyzed using the LDA + GBT method for calculating the

electronic structure of systems with strong electron correlations, taking into account antiferro-orbital order-
ing and using the Kugel—Khomskii ideas and real spin S = 2. The results of the ferromagnetic phase repro-
duce the state of a spin half-metal with 100% spin polarization at 7= 0, when the spectrum is of the metal
type for a quasiparticle with one spin projection and of the dielectric type for the other. It is found that the
valence band becomes approximately three times narrower upon a transition to the paramagnetic phase. For
the paramagnetic phase, metal properties are observed because the Fermi level is located in the valence band
for any nonzero x. The dielectrization effect at the Curie temperature is possible and must be accompanied
by filling of d, orbitals upon doping. The effect itself is associated with strong electron correlations, and a
complex structure of the top of the valence band is due to the Jahn—Teller effect in cubic materials.

DOI: 10.1134/S1063776111030101

1. INTRODUCTION

The spin halfmetal (SHM) state of doped man-
ganites was theoretically investigated in [1] and
was subsequently confirmed in photoemissive
experiments with spin resolution [2]. In experi-
ments [3], the tunnel magnetoresistance at
(LaSr)MnO;/SrTiO;/(LaSr)MnO; magnetic tunnel
junctions was 1850%, which amounts to 95% when
recalculated [4] for spin polarization at 7= 4.2 K. The
SHM state in manganites is also characterized by the
simple 1 — a.7%*? Bloch dependence of the spin polar-
ization (i.e., magnetization of the material). High spin
polarization indices make these materials promising
for applications at room temperatures. Manganites are
crystallized in the simple perovskite structure. It is
assumed that prototype compound LaMnO; is an
antiferromagnetic dielectric (charge transfer insula-
tor) in which strong electron correlation (SEC) effects
play a significant role. The substitution of bivalent
M?%* = Sr?*, Ca?*, Ba2* for La’* leads to a metallic fer-
romagnetic state with a Curie temperature of 7 =
360 K (x > 0.2), above which the material is in the
dielectric state. A large number of experimental and
theoretical publications are devoted to the metal—
insulator transition upon an increase in temperature,

as well as to the colossal magnetoresistance (CMR)
effect in the vicinity of 7 in La,_,M,MnO; com-
pounds (see, for example, reviews in [5—14]). The
double exchange (DE) model [15—17] is an intuitively
comprehensible basic model for describing the type of
the electronic structure of these materials [7]. How-
ever, the DE model cannot quantitatively reproduce
the colossal changes in conductivity upon a passage
through 7, [18, 19]. The best known solution to the
problem was proposed in [20], where it was assumed
that magnetic disorder in the PM phase, which leads
to a comparatively weak localization of carriers, trig-
gers the formation of localized charge carriers
(polarons) due to a strong electron—phonon interac-
tion of the Jahn—Teller type. The result obtained in
[20] is in quantitative agreement with the magnitude of
the observed effect. However, a group of scientists
from Ural [21—23] has not obtained any proofs of the
existence of polarons in compounds with CMR at 7>
T.. Nevertheless, the authors of [24], devoted to anal-
ysis of SEC effects in the quasiparticle spectrum, pro-
ceeded from the same point of view. According to [24],
the Coulomb interaction of e, electrons facilitates the
formation of Jahn—Teller polarons due to increased
energy of splitting to 2E,, + U' — J, where (in nota-
tion used in [24]) U' is the Coulomb interaction
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between the orbitals and Jy is the Hund exchange
interaction. We believe that the states with two elec-
trons in the e, shell are nearly empty both in undoped
LaMnO; materials and in p-type La,_ M, MnO;
materials (M = Sr, Ba, Ca). These states form an
empty conduction band (analog of the upper Hubbard
band) in these materials. Consequently, such effects
could be expected only in n-type manganites. The for-
mation of a pseudogap following from numerical cal-
culations based on the dynamic mean field theory
(DMFT) probably indicates a charge-nonuniform
ground state, which was also studied in [25].

The existence of a pseudogap and its relation to the
magnetoresistance in these materials is beyond any
doubt [26]; nevertheless, the form of the dependence
of the resistance on the field and temperature is still of
considerable interest [21—23]. According to the results
obtained in [27] on La,, ;Ca; ;MnO; epitaxial films, the
magnetoresistance of manganites exhibits scaling to
the dependence of p on magnetization M alone:
p(T, H) — p(M) both in the FM and in PM phases;
in the latter case, scaling can be traced using the
Curie—Weiss susceptibility. The results indicate the
existence of a coupling mechanism between the mag-
netization and conductivity both in the FM and PM
regions in these materials.

The goal of this study is to analyze the spectral
intensity of the quasiparticle states, density of states,
and position of the Fermi level in doped manganites
against the background of homogeneous FM and PM
states. We use the generalized tight binding (GTB)
method developed in [28] for calculating the elec-
tronic structure of systems with strong electron corre-
lations (SECs), including manganites [29]. The results
of our calculations reproduce the SHM state with
complete (100%) spin polarization in the FM phase at
T = 0 when we have the metal type of the spectrum for
a quasiparticle with one spin projection (along the mag-
netization) and the dielectric type of the spectrum for a
quasiparticle of another projection. It is found that the
width of the valence band in the PM phase decreases by
a factor of (1/2)cos(6/2) = 0.35 in contrast to its con-
traction by a factor of cos(6/2) in the double exchange
(DE) model, and the origin of quasiparticles them-
selves changes. In the PM phase, the type of ground
state of the material depends on the set of parameters
of the Hamiltonian and on the doping level due to
orbital ordering and SEC effects.

For ab initio calculation of microscopic parameters
in the GTB Hamiltonian for these compounds, we
used the LDA + GTB method as it was done in [30] for
cuprates. The article is organized as follows. In Sec-
tion 2, we describe the fundamentals of the LDA +
GTB method as applied for calculating the electronic
structure of manganites, which differ from cuprates
mainly in the high spin of multielectron energy levels
and in the perovskite structure. In Section 3, peculiar-
ities and origin of changes in the quasiparticle spec-
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trum for doped manganites at the Curie temperature
are analyzed on a qualitative, intuitively comprehensi-
ble level. The results of numerical calculations for the
band structure, spectral intensity of quasiparticle
states, density of states, and Fermi level as functions of
the hole concentration in the PM and FM phases are
considered in Section 4. In Section 5, our conclusions
concerning the possibility of interpreting the origin of
metal—insulator transition (MIT) in our calculations
are formulated.

2. LDA + GTB METHOD
AS APPLIED TO MANGANITES

Basic principles for constructing the GTB Hamil-
tonian and the configuration space for La; - . M,MnO;
are described in detail in [29], where we calculated for
the first time the dispersion of quasiparticles for this
material using the GTB method. However, this
approach involves a large number of parameters; for
this reason, we develop in this section the LDA + GTB
method as it was done in [30] for cuprates. We will
mainly consider the physical interpretation of evolu-
tion of the quasiparticle spectrum for doped mangan-
ites upon a transition from the FM to PM phase, omit-
ting analytic details except those pertaining to new
calculations of the spectral intensity of quasiparticle
states, density of states, and position of the Fermi
level.

As before [29], our calculations will be based on the
following initial concepts which are essential, in our
opinion, for constructing an adequate theory of the
electronic structure in manganites:

(i) allowance for the effects of orbital ordering
(cooperative Jahn—Teller effect) [31];

(ii) construction of the configuration space of the
electron system based on multielectron states:
dp®(S =5/2), d*p® + d’p>(S = 2), and d’p® + d*p> (S =
3/2);

(iii) allowance for Mn3d—02p hybridization for a
correct description of splitting of the 3d states of man-

ganese in the field of ligands (ligand field splitting
[32]).

The cooperative Jahn—Teller effect in manganites

leads to the formation of a superlattice ﬁ X fZ in the
xy plane. This effect is known as antiferro-orbital
ordering [31]. The set of ¢, states in LaMnOj is usually
chosen in the form

(e (0
0) = cos@ d,. )+ sm(z) o,
where

\e= §> = 30’ -2)=ld,),
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0=} = @'=r)=idy),
(M)
0= = Gx'=r) =),

’e - §3’_T> = 3 =) =|dy).

Accordingly, the division of 2p oxygen orbitals forming
o bonds into sublattices is carried out as follows: two p,
orbitals (p,, and p,,) and one p, orbital in the 4 sublat-
tice, and two p, orbitals (p,, and p,,) and one p, orbital
in the B sublattice. Half-filled #,, states form a rigid
spin .S = 3/2, which will be subsequently used for con-
structing multielectron states of the configuration
space of the problem [29].

Let us confine our analysis to a simple cubic struc-
ture with Jahn—Teller distortions [29]. Therefore, we
have a simple cubic Brillouin zone in our calculation,
and allowance for distortions lowers the symmetry to
tetragonal. In fact, manganites have a more complex
P,,.. structure that can be formed from the cubic struc-
ture not only due to cooperative distortion of octahe-
drons (ﬁ X ﬁ superlattice), but also by their rota-
tion relative to one another. For the unit cell, we
choose a distorted MnOg octahedron. The states of
La?* and the bivalent ion M?* = Sr2*, Ca?*, Ba?* substi-
tuting it are disregarded in calculations; we assume that
these states ensure electroneutrality (i.e., we have a res-
ervoir whose charge depends on x). The Hamiltonian of
the electron pd subsystem can be written in the form

[A‘[ = ],lld+ [A‘[p+[,\{pp+]:1pd,

Hq = Z[(Sx — Wdiiodhic + % Uy nntyg

ilc

N N ~Ac ~o'
+ Z(_ Jddkicdkic'dk'ic'dk'ic + Vk?x'nkink'i):| 5
Ao’

UnnS
anarnar

- a1
HP = Z|:(8a - u)p;rcparc + E

(2)
+ Z(_ Jpﬁ;rcﬁarc'p;'rc'];a'rc + Vmﬁzrﬁgr J },
a'c’

Hyi = z z [(tuParodrio + Hee. + Voyniensy)

(ir) aroc'

- pd(d;:iﬁdhiﬁ'l;;rc'ﬁarc + HC) ] s

HPP = ZZ(taBﬁ;rcl,}ﬁrc-i—H'c')ﬂ

(rr'yafo
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where 1, = dyisdhic and 1%, = Pl Pure- Indicesiand
r run through positions d,, ds), Px, > Px, > and p, in the A

sublattice and d,, ds,, p b, Dy, s and p, in the B sublattice

of localized atomic orbitals, respectively. Analogously,
&= de (}\’ = dxa d3x’ dy’ d3y) and &o = ‘C’p (Q, =DPx pya pz)
are the energies of the atomic orbitals of 3d manganese

and 2p oxygen, respectively. The matrix elements of the
manganese—oxygen hopping are ¢,,forA =d,, d,; o =p,,

Py» P, and 21,/ J3 for k= sy, dy, a.= p,, p, of the hop-
ping #,, between nearest oxygen ions;

Uy M= A
U;Lz{ ¢

A=d.d,dy,d
Vi NEN ( » an 0,

and

U, a =a
Ud = V ((x':pxﬂpyapz)

ps LFEQ

are intraatomic Coulomb interactions. V,;, = V,,, are
the energies of Coulomb repulsion between manga-
nese and oxygen; and J,, J,, and J,, describe the
exchange interaction in manganese, oxygen, and
Mn—O. Henceforth, we will assume for simplicity that
all matrix elements of the Coulomb interaction are
independent of the form of d or p orbitals (i.e., U; =
Vieand U, =V,,).

In determining the parameters of the GTB Hamilto-
nian, we performed the LDA calculations proceeding
from the actual structure P,,,, of the material. The diffi-
culties encountered in these calculations were associ-
ated with the difference between P,,, and the cubic
structure with orbital ordering. Indeed, in the actual
structure of manganites, not only the local distortion
effects are observed in oxygen octahedrons and their
assembly into a relevant structural motif. The actual
structure is attained upon rotation of octahedrons about
one or several axes of the initial cubic structure in view
of the mismatch between the volume of the La ion and
the volume of the dodecahedron between oxygen octa-
hedrons, whose measure is the deviation of the toler-
ance factor [33] from unity (smaller than 1).

The parameters for our calculations were obtained by
simple averaging over rotations of oxygen octahedrons.
We give here the values of local energies of electrons and
hopping matrix elements (in electronvolts), which have
already been averaged and will be used in our subsequent
calculations of the quasiparticle spectrum of manganites
irrespective of their doping level (eV):

& = &4, = &y = -0.28,

€, =& =g, = -3.76,
' pr = _352, tpd '= tpzdy = tpydy = 141, (3)
tpd = tpxd3x = 20, tpp = tpxpy = tpxpz = 052,
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Fig. 1. Multielectron basis for various sectors of the Hilbert space, which are characterized by number of holes V,, in the MnOg
cluster. The “vacuum?” state NV}, = 0 corresponds to the d°p” configuration. Spin sublevels are shown for each multiplet. One-elec-
tron excitations (Fermi quasiparticles) are depicted by solid curves as transitions between (pd)” * Tand (pd)" terms. The diagram
of formation of quasiparticle excitations with a nonzero spectral intensity in the PM phase: quasiparticles 1 form the top of the
valence band; quasiparticles 2 describe in-gap states, their spectral intensity is proportional to doping level x; quasiparticles 3 form
the complete packet of valence bands, their spectral intensity is proportional to doping level x.

t, =1t,, =047, U, =V, =4,

p p

124 PPy U, =V, =38,
Jd = 1.5, I/pd = 2, de = Jpp = O.

The notation for the parameters corresponds to the B
octahedron in Fig. 1 in [29]. The corresponding
parameters for octahedron A can be obtained by sub-
stitution x <— y. According to the results of LDA cal-
culations, d, and ds, in a less symmetric actual struc-
ture are mixed even in the unit cell. However, mixing
effects disappear together with the rotation of octahe-
drons. In our analysis, we followed the LDA + GTB
algorithm [30], in which the Hamiltonian with calcu-
lated parameters is transformed to a symmetric unit
cell basis (with the cell centered at the manganese ion)
consisting of d,, ds,, and d,, d;, basis, as well as unit
cell group oxygen orbitals |a), |b), and |p) instead of
the initial atomic p orbitals of oxygen [29]. These
group orbitals are orthogonal at neighboring cells.
Further, the Hamiltonian is divided into two parts

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

containing intra- and intercell interactions (H =

Ho + Hcc ). After exact diagonalization of the one cell
part of the Hamiltonian side, all intercell interactions

H.. are written in the representation of eigenstates of

I:IO, which have already been calculated. Depending
in the required accuracy in final results, various

approximations are used for H... Here, we are using
the Hubbard I approximation, which in the two-sub-
lattice case leads to results close to those obtained
using the quantum-mechanical Monte Carlo method.

To explain the electronic structure using the multi-
electron approach, we must consider the results of

exact diagonalization intracell Hamiltonian H, in
greater detail. The results of exact diagonalization are
shown schematically in Fig. 1, in which various sectors
of the configuration space are presented. The main

Vol. 112 No.5 2011
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Fig. 2. Squares of the expansion coefficients for wavefunction of (a) ground state |14, M2> ; (b) first excited state |14, Mz> on the

one-particle sector, and (c) ground state |2h0M3/2) in the two-particle sector in initial functions |i;, M,) and |h;, h; ., M3/2> .

sector is d*p® + d°p’ (S = 2, spin projection M,) with a
single hole per unit cell (V, = 1) because the state with
the lowest energy in this sector is completely filled in
the initial LaMnO; structure.

In accordance with the number of possible
arrangements of the hole at five initial states (|4,, M),

|hd3y9 MS> > and |ha’X7 MS> s |hb7 MS> ] |hp9 MS> )5 we have

five spin multiplets [1h,,) = ZKB“ (hy) |hy, Mgy,
where 8§ =2, A = a, d;,, b, p, d, and p = 0 to 4 with
energies €, determined in the course of exact diag-

onalization, as well as three spin multiplets with spin
S = 3. Jahn—Teller distortions in the oxygen octahe-
dron lead to splitting of the orbital Seg doublet, and we
have two orbital-nondegenerate states in the one-hole
sector. Depending on the parameters, the splitting

between the ground state |14,,,) and first excited state

|Lhyy,) isonthe order of Ae  0.2—0.5 eV (Fig. 1). The

prevailing d, and ds, nature of the ground state and the
first excited state follows from calculation of weights

B’ () in Figs. 2a and 2b.

In the two-hole sector d°p® + d*p’ + d’p*, the situa-
tion with ten spin (S = 3/2) multiplets [24, Mm) =

ZM'BT (hy,, ) |hy, by M) , T =0t09, is observed, in

which energies ¢, M, are characterized by an isolated
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ground state |24, Mm) separated from the excited states
by an interval of at least 1 eV, as well as nine high-spin
(8'=5/2) multiplets (two e, holes make zero contribu-
tion). The results of calculation of weights Bf (hy, hy)
in Fig. 2c show that in spite of pd hybridization,
ground state |24, _, Mm) is also of predominantly d,d;,

type.

For our further analysis of the intercell part H.. of
the Hamiltonian, we will use the representation of

Hubbard operators ;Y’?q = |p){g| [34] acting in the

space of multielectron eigenstates |p) (|g)) for f]o . We
can write all one-electron operators with the help of

Hubbard operators ¢;;, = Zmym(m)j(m , Where

~

Crts = dxfo, d3yis, Ags, bis, P, With the introduc-
tion of the system of root vectors a,, in accordance
with the scheme

P
The matrix elements of the hopping amplitude ¥y, ,(m) =
{p|cislg) can be calculated directly using coefficients
B(h;, hy) and B,(h;) and are partial amplitudes of
transitions between individual multielectron states.
Following this scheme, we can write the Hamiltonians

for hopping in the orbital-ordered two-sublattice rep-
resentation in the form

2011
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= z Z {'Y;»kc(m)’y}»'c(n)

MG mn

x [ T}LA'(RAA))A(am)A(aan Ry

+ T (Ryp) Y2, Vi, (4)
+ Tkk'(RAB)/AY;;m S]f;n+ Ry

+ T (Ry) V5, Koo, ]+ Hee .
Further, using the system of equations for operators
Xi, and Y;, for both A and B sublattices, we obtain

X = (X, H) = 0, + [X;, He)
= Qm;\/;: + ZZZ{Z T (Ryy)

AM's pg iy SR,y
XAV DIXE XX ]
+ Y;Lks(q)YKs(p)[Xm X::‘i- R, 1] }
+ z TKX(RAB){'Y;:S(p)'Yks(Q)[Xm /Yl:p 1A+RAB]
Ryp
+’Y7\.S(Q)’Y}\.S(p)[X,nt:4 1A+RABX:'A] }
+ z Txk'(RBA){’Y;::s@)Yk's(Q)[XZ Y’ Y:IE+RBA] Q)
+ ’Y;‘:s(Q)’Yks@)[XZ Yj-fREA 18] } } ~ Qm;\/;:

FETS k)

AN's n R,,
x Fy (m) {73 (m)y,s(n) X, 1w,
+ ’Y;x:'s(m)YM(n)X?A—RA}

+ zFfA(m) T (Ryp)Yis(m)yp () Y}: +R,,

RAB
+ Z T (R )73 (m)y,4(n) Y;'A “Ry, },
REA
G _ G _ .G G .
where Q, = Q%a,,) = ¢, — ¢, is the local energy of
quasiparticles, and occupation factor Fg(m) = (Xi,) +
(X‘{f) determines the spectral intensity of quasiparti-

cle states (analogously, for Y:B with substitution X ~—
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Yand A — B). Let usintroduce Green’s functions on

operators X:Z and Yfg:

Di;, Dij,
D, Di

igip
mn

= (Y b

Here, the elements of the matrix Green function can
be determined from the equations

(E-Q,)D;"! =3,,5

bij =
(6)

F; (m)

g4 igg

+ z Z F (m) T, (Ryy)
AAN'SPR 4

X {Y;l:s(m)yws(p)DipAﬁ R, iy

(7

RAA JA} + ZF (m)

RA B

X { T}\,}\, (RAB)’YM(m)’YK S@) 1A+RAB Ja

+ T35 (Rp)vi(m)y,(p) D

+ ’Yk s(m)Yks(p)

— Ry }

Analogously, we write the equations for D (BB) for

the B sublattice. Having defined the Fourier transform
of Green’s functions as

mn ik - RAB
Dy = NZ D" (AB)e
we obtain
D" (AA) = 8,,,5,D., (AA) + D\, (AA)

<SS TR (m) 1 (p) + V()Y (p)}

AM's p

x D"(AA) + D'V (44)

xS S U TR Y(m)T(p)

AA's p

+ Toe(K)yi s (m)y,,(p) } DY (BA);

(®)

ik-Ry,

00 = 3 TR e
R

AB

2 n —ik-Rp
= NZ T’Lnk'(—RAB)e )

RAB
Dh(Ad) = —Talm)
E-Q,+i0
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where D?n (AA) is the Green function in the zeroth
approximation. The equations of motion for function
Dmn

IA-]B 9
ferent sublattices, have the form

which are constructed on the operators from dif-

D"(AB) = D,/ (AN Y" 3" T}7.(k)

AN's p

x {'Y;l:s(m)'YXs(p) + 'Y;:s(m)'Y?»s(p) } Din(AB)

GAVRICHKOV et al.

+ Ty (K)YE(m)y:.(p) } DY (BB).

Analogously, we write the equations for D" (BA) with

the substitution A < B. Introducing the notation for
the effective hopping,

Tatmn(®) = 3 S [ T3 (K)o (m)Y0(n)
A o
+ T (Y a(m)Ys0(m)],

we can use the matrix notation for the resultant system
of equations,

(10)

)
+ DA S TR (m);:(p) D =11 (k)D", (11)
AN's p where
Ay = | 1-07(2Ti (k) D" (44)2 T (k)
D (BB2TH ) 1-DV(BB2TE (k)
(12)
2@ = | DVaa) 0
o D"(BB)

Thus, the dispersion relations for quasiparticles are defined by the following equation for the poles of matrix

Green function Dy :

(E— )8, — Fy(m) Tl u(K)
’Ifff mn(k)

whose specific features are reflected in the hopping
matrix Tﬁff «n (K), local energies 2, for excitations

(pd)" ~— (pd)"*!, and the set of root vectors a,,.

In the general case, to determine the contributions
from electron transitions with ¢ = £1/2 to the forma-
tion of a quasiparticles with a certain a,,, we must cal-
culate its spectral intensity,

Ak )= (= Sty
- (_}T) D ae(m)yis(n)

Amn

x Im{ D" (AA) + D" (BB) } 1 i,

(14)

where Gﬁg = ({Crolia)) £+ 0 - The spectral intensity

for some types of quasiparticles turns out to be negligi-
bly low or even zero due to the occupation factor (the
initial and final states are unoccupied). Consequently,
the corresponding quasiparticle peak is simply not
there. Numerical calculation of the spectral intensity
based on formula (14) was performed along symmetric
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(E-

_T:fﬁmn(k)
Q)8 — Fy(m) Tagt (K)

=0, (13)

directions of the Brillouin zone at 7= 0 in the FM and
PM phases. Owing to the SEC effects, the spectral
intensity can be redistributed [35] among the sub-
bands, which are of Jahn—Teller origin in the given
case. As a result, the partial number of states in the
valence band depends on concentration x of the
dopant component M?*.

3. PECULIARITIES OF THE ELECTRON
SPECTRUM OF MANGANITES
IN THE PM AND FM STATES

The origin of quasiparticles defined by Eqgs. (13)
and (14) can be clarified by the following qualitative
considerations. In the undoped case, the d* ion has
25 + 1 sublevels with different spin projections M.
The addition of a hole (electron) leads to filling of &°
(&) terms with spins S = 3/2 (S = 5/2) and their spin
projections M. Since the electron spin is 1/2, projec-

tions Mgand M must differ by 1/2. Nonzero matrix
elements v, ,(m) in the case of annihilation of an elec-
tron exist for the following quasiparticles:
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@' M= +2)+ ) = ‘di M= +§>

@ M=)+ 1) = | &, M= +1>,

(15)
@ Mg=0y+ [y = |, M. =—%>,
it My=—1y+ by = |d, M's=—§>,

i.e., only four transitions take place. Analogously, we
can easily write possible quasiparticles with spin up.
The spectral weight and energy of quasiparticles
depend on the type of magnetic state. In the FM
phase, owing to splitting of local sublevels with differ-
ent values of My in the internal field, only one state
with My = +Sis filled and only one quasiparticle cor-
responding to the first relation in (15) has a nonzero
spectral weight and dispersion. The remaining transi-
tions between empty sublevels are characterized by a
certain energy Q(Ms, M) = E(d®, M) — E(d*, M)
but have zero spectral weight. In the limits of such a
spin block, in which the root vectors correspond only
to different components of the same spin multiplet
a,, = {Mg, M}, matrix (13) has the split form because
effective transport (10) does not explicitly depend on
the spin.

In the PM phase, the situation is different. All sub-
levels are degenerate and filled uniformly. For exam-

ple, (X" = (1 —x)/(2S+ 1) for terms |d*, M) . As
a result, the values of

F({Mg, Ms}) = (X" 4 (x"™ ™

differ from zero and are the same for all excitations (15).
Nevertheless, the split form of hopping matrix (10) in
index m of the root vector within a spin block leads to
the formation on only one “collective” quasiparticle,
which is the superposition of all processes (15) (see
Fig. 1), instead of 2.5 + 1 quasiparticles with close dis-
persions and spectral intensities. Indeed, all matrix

elements vy, ,(m) appearing in T are constructed with
combinations of the Clebsch—Gordan coefficients
and can be written in the form

UI(M3/2+%), o = 1\
Vi.o(m) = v,(m)

while the maximal amplitudes in the 7, structure have
the form

’prc(am) ~ pS(Mb M3/2 + G)
X Bp(dk)Br(pw d?\.)
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MI(M3/2+%), o = T

(16)

Vo, o(m) =3 My, Mo+ )
X Bu(dx')Br(dx, d,)

UI(M3/2+%), o = T
X

1

The contribution from one spin block to the dispersion
is given by

det[(E— Q) - 2pF(m) YT, 4, (K)

ar

X {z B.(d,)B.(dy, dy)
xx

x Bu(dx”)Br(pw dk"):|(&lT)2j = O,
(17)
det[(E— QN=2pFm) 3" T, ; (k)

ar

x {Z Bu(d;) B.(d,, dy.)
A

x Bu(d;) B.(p;, dk--)}(mz] = 0,

where 7 is the unit matrix, and the row matrices u,
and xA/IG are formed by the elements
us(m=M, ~— M3/2)
= 0(M,, M5, + c)u,(M;), + G),
Vig(m= M, ~— M3/2)
= 0(My, M5, + o) v(M;), + G).
Here, the coefficients are given by

(18)

(19)

2 S+MS 2 S_MS
M) = , M) = ,
ui(My) 7S vi(My) X
25+1
p = >
28 |s=»
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Table 1
” 34_.2 %<—»1 _%4_.0 S| 2
22 (2) (2, (1) 2y (0) 2y (1) 0
% — 1 u (), 2) (1) u (1) (0) (D (1) 0
—% —0 w4, (0)uy(2) w0y (1) 12(0) u (0)uy (1) 0
_g — 1 uy (—Duy(2) uy(—Duy(1) uy(—1Duy(0) uy(-1) 0
2 0 0 0 0 0
Table 2
' 22 21 S0 -l 52
g ~— 2 0 0 0 0 0
% —1 0 V(1) (1) v1(0) vi(Dvi(=1) vi(1)vi(=2)
% —0 0 v(0) v (1) N0) 1(0)vi(—1) v1(0)vy(—2)
_% — 1 0 vi(=1)vy(1) vi(=1)v,(0) vi(-1) vi(=Dvy(=2)
2 0 V(=2 vy(1) H=)7©0) | r(=2r(-1) vi(-2)
and their products ((élc)2 = grﬂ,é](, , 8l = itlc, ‘,}lc s

are just the matrices formed by the produces of the
Clebsch—Gordan coefficients (see Tables 1 and 2) in
accordance with possible transitions between various
components of multiplets. In this case, we have 2.5 + 1
quasiparticles, from which only one exhibits disper-
sion:

E, (1) = Q, + Fim)&X)[u1(2) +uj(1)

+u7(0) +ui(~1)]

N
= Q, +EK)F(m) Y ui(My),

Mg=-S

E,()=Q, + Fm)E&K)[vi(1) + v1(0)

(20)
+vi(=1) + v1(=2)]

= Q,, +E&(k)F(m) Z vi(My);

M,=-5

EK) = pY T, 4, (K)
ar

X ZBp(d}\')Br(d?u dl’)Bp(dk")Bt(pw dl) .
YW

Since the spectral intensity differs from zero for only
two quasiparticles with dispersion, which differ only in
the spin projection, and
s S {
2 2
Z uy(Ms) = z vi(Mg) = S+ >’
Mg=-S Mg=-S
we can observe only one quasiparticle doubly degener-

ate in spin in the PM phase. Each quasiparticle is char-
acterized by its own root vector B(u) in the form of a
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linear superposition of root vectors from two noninter-
secting sets @ MS(T) or a ( 3):

N
I
BH = S)ESm(MS)uMS(T)

= MSZ?S cos (4)7%) aMS(T ),

(21)

N
5 2 M)

Mg=-S

B() =

vi(

a ¢
. M;
= z sm(Tb) aMS(i«).
Mg=-S
Each root vector characterizes a certain quasiparticle,
and the set of phases ¢ u, 18 determined by the spin on

the d shell. Owing to the same amplitude T:}if,mn (k)
with which initial quasiparticles a M, are added, a sin-

gle macroscopic state (21) is formed. Ultimately, each
pair of spin multiplets from different sectors of the
configuration space, which is bound by nonzero ele-
ments 7.¢ ,,(K), generates in the PM phase only one
quasiparticle, for which the phase difference (angle
between the quantization axes at different sites) 6 =
bur, (R) — 0y (R;1 ) in (21) is assumed to be zero;

i.e., all local quantization axes remain parallel. Since
the “magnetic factor” in expressions (20) is given by

N
F({Mg, Mg}) > ui(My)

My=-5 (22)
_ (S+1/2) _1
25+1/ 7 2

narrowing of the valence band in such a state is twice
as large as in the FM state, in which the analogous fac-
tor is F({+S, +S})u? (+S) = 1. To calculate the elec-

tronic structure in the PM phase, like in the double
exchange model, we introduce the angle between the

quantization axes at neighboring sites: 6 = ¢, (R) —

[0} m, (Ri ) = /2. In this case, the magnetic factor of

contraction of the band width in the PM phase
changes to
s

Fpy(My) Z COS(%‘?‘/})

Mg=-S
-0

xcos(q)MS—/Z) = lcost0.35.
2 2 2

Indeed, a stronger paramagnetic narrowing as com-
pared to the DE model was also observed in [19], in
which this factor is known to be cos(6/2). In the FM

(23)

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

869

phase, in which only the basic component of the mul-
tiplet with spin in magnetization F({+S, +S§}) = 1 is
occupied, a quasiparticle corresponding to only the

given allowed transition with amplitude T;’;’f,m,, k, o)
and angle ¢ My = 0 is observed. The quasiparticle with

the opposite spin projection G has zero spectral
weight, and its contribution is zero at the Fermi level
for 7= 0; i.e., the ground state of the material is SHM
with complete polarization at the Fermi level. Thus,
upon the FP—PM transition at the Curie temperature,
the type of the quasiparticle in the valence band
changes; the quasiparticle in the SHM state, which

exists only for ¢,, = 0, in the PM state is superposi-

tion (21) of quasiparticles, each of which is character-
ized by its own angle ¢ My between the direction of spin

S at the magnetic ion and the local quantization axis.
The change in the nature of the quasiparticle is
accompanied by narrowing of the band by factor (23).

4. NUMERICAL RESULTS

Following the previous qualitative analysis, we
consider the results of numerical calculation of the
spectral intensity of quasiparticle states in the PM and
FM phases and draw conclusions concerning the pos-
sibility of the metal—insulator transition. We calcu-
lated the concentration points x = 0.1—0.4 with a step
of Ax = 0.05. However, we will consider only the data
for x = 0.3 because the results obtained for such values
of parameters exhibit no singularities in concentra-
tion.

Figure 3 illustrates the relation between inter- and
intrasublattice interactions; we calculated the spectral
intensity along the symmetric [110] direction of the
Brillouin zone (x = 0.3) in the FM and PM phases. We

can observe the orbital ordering (ﬁ X ﬁ) effects in
the form of an additional superstructure in the spectral
intensity of quasiparticle states. Figure 4 also show the
corresponding dispersions of quasiparticle states, irre-
spective of their spectral intensity along symmetric
directions in the cubic Brillouin zone.

In the FM phase, the ground SHM state is repro-
duced (see Fig. 4b), in which there is a band for a qua-
siparticle with the spin in magnetization, while the
spectral intensity for a quasiparticle with the opposite
spin projection is zero [36]. In the FM phase, the
Fermi level lies in the valence band (x # 0), which is
predominantly of the d5,(d5,) symmetry type and over-
laps with the band of in-gap states of the Jahn—Teller
origin with d,(d,) symmetry (the classification is given
in accordance with the contributions to spectral inten-
sity (14) from particles with different orbital angular
momenta). Due to this overlapping, the number N _(x)
of quasiparticle states in the valence band exceeds the
number of particles N(x) = 7 — x per unit cell (one e,
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Fig. 3. Spectral intensity of quasiparticles in the valence
band and in the band of in-gap states for (a) ferromagnetic
and (b) paramagnetic phases for x = 0.3 along the [110]
direction of the Brillouin zone. The right scale shows spec-
tral intensity A(k, F) for the given energy and wavevector.

electron and six p electrons at three oxygen ions), and
the Fermi level is in the valence band.

The dispersions and spectral intensities of bulk
manganites were investigated in ARPES experiments
[37, 38]. According to the results of observations,
strong broadening of quasiparticle peaks takes place in
the ARPES spectra. This effect is completely absent in
our calculations because we disregarded the effects of
orbital disorder, nonuniform charge distribution, etc.,
which lead to the decay of quasiparticle states. The
calculated k£ dependences of the spectral intensity
along the [110] symmetric direction in Fig. 4a in the
FM phase reproduce the observed ARPES depen-
dences only qualitatively (at least, for [38]).

Upon the transition to the PM phase, the SHM
state disappears and the degeneracy in the quasiparti-
cle spin projection is restored. Along with paramag-
netic narrowing of the valence band, the nature of the
quasiparticle itself changes. Analogous analysis with
the introduction of local quantization axes can also be
carried out for cuprates [39]. We have also found that
the band narrowing effect removes overlapping of the
valence band and the band of in-gap states in the PM
phase.

In contrast to calculations of the spectral intensity,
subsequent calculations of the position of the Fermi
level are much more complicated even in the zero-
loop Hubbard I approximation. The origin of these
problems is clarified in Fig. 1. The position of the
Fermi level in complex systems with SECs cannot be
analyzed by calculating the number of valence states
only in the upper valence band (transitions 1 in Fig. 1).
As a matter of fact, in the sum rule [41], all states
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appear with a number of holes N, = 0, 1, 2, 3 of the
configuration space. Any constraint on the configura-
tion space imposed after the procedure of diagonaliza-
tion of H, violates the sum rule. Even in our incom-
plete pd formulation of the problem, we have

Ep Ep

N = J’dEZ Id3k{AG(k, E)} = J.dE

jdk(_) EX MG D

(24

j dEY" " vyq(m)Yyq(n)

G mn

x (_Tlt) [eem D"k, )},

where quasiparticles with transitions to all states in the
two-hole sector are sorted in the sum over m and n

(~10C§ is the approximate number of distributions of
two holes over five states: two states e, and three p states
taking into account the total multiplicity of spin con-
figurations: S = 5/2 and S = 3/2, which give a nonzero
contribution to (24)), which form the packet of
valence bands. Taking into account spin degeneracy
(28 + 1) = 5 of the ground state in the one-particle
spectrum in the PM phase, the dimensionality of
matrix Green’s function (11) for the two sublattices is
103 x 103 (T = 0). To determine the position of the
Fermi level, the latter dimensionality must be calcu-
lated from the 3D Brillouin zone (integral with respect
to k in (24)). We can now easily evaluate the integral
with respect to energy variable E. On the N° = 10°-
point k basis, the total number of elements of the sym-
metric matrix is (10%)2 x 10°/2 = 5 x 10! for calcula-
tion for one of the hole concentrations. In this case,
our numerical algorithm for calculating Green func-
tion (11) leads to a long computer time in actual prac-
tice. Moreover, in the case of a nonzero temperature,
we must also take into account all excited states in the
one-particle spectrum in the sum over m and .
Difficulties of fundamental nature also exist. In
numerical identification of the dielectric state, exact
answer cannot be obtained even for 7' = 0: the Fermi
level with computer accuracy always lies in the band;
i.e., we have a metal or a “poor” metal if the density of
states at the Fermi level is low. Since it is impossible to
reduce our configuration space due to excited states,
we propose that all of them be taken into account, but
in calculating the capacity of the packet of valence
band, we must perform analytic calculations by for-
mula (24) in the zeroth approximation in the effective
hopping connecting different cells. Following this ide-
ology, we will not be able to determine the specific
position of the Fermi level in any band because disper-
sion is zero. However, we can nevertheless determine
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Fig. 4. Dispersion, density of states, and Fermi level for x = 0.3 for the spin directed along the magnetization in the FM phase (a, b)
and with spin degeneracy in the PM phase (c, d). The density of states in the SHM state with spin down is low (on the order of 10’8)

as compared to that with spin up at 7= 0.

whether the Fermi level is in the band or in the dielec-
tric gap. The total number of valence states is

N(x) = N2(x0)+ N3(x) = 7— [1 - sz}c ~7

(see (A.9)); here, Ny, is the number of states of holes
with the minimal energy in the band (first removal
states, frs [40]). In our case, this is the quasiparticle
depicted in Fig. 1 by the curve with number 1. Since
the number of electrons per formula unitis N=7 — x,
the Fermi level falls to the band of valence states, and
we can state that for the homogeneous PM state for x #
0 is of the metal type. To calculate the position of the
Fermi level, we calculate the number of valence states
in all valence bands, excluding the frs band:

AN, = N,(x)= Ny = 7— [1 - ]—\’i@}x— ]—Vif—
(25)

The following effect, which is unusual for the simple
Hubbard model, is observed. In undoped SEC materi-
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als with a number of orbital states per cell exceeding
two, the total number of states in the band with an
arbitrary root vector m is not necessarily equal to a
positive integer (see (A.7)). For parameters (3)
obtained from LDA calculations, the number of states
in the frs band calculated by formula (A.8) is Ny, = 2.
The total number of electrons is distributed over the frs
band and deeper lying states in the packet of valence
bands (their number is AN,)). The number of electrons
remaining in the frs band is

AN = N_Asz(lL)Nfrsz

1—x. (26)
Figures 4b and 4d shows the positions of the Fermi
level calculated by this formula in the Hubbard I
approximation under the conditions of reduction of
configuration space for various doping levels in the
PM and FM phases. As expected, this took a much
shorted computer time, and the ground state for
parameters (3) was found to be of the metal type.

It should be noted that the activation type of con-
ductivity with a quadratic dependence of the activa-
Vol. 112
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Fig. 5. Dependence of number N (x) of valence states on
the doping level of the material under prohibition in selec-
tion rules (A.13) imposed on frs states (dashed line) at the
top of the valence band and of allowed states (A.11) (solid
line). Number of particle per cell is N(x) =7 — x.

tion energy on the magnetization is considered in [21]
as the universal reason for the metal—insulator transi-
tion (MIT) and colossal magnetoresistance (CMR)
effects. Such a scenario takes place only if objective
reasons exist for the Fermi level location in the gap for
various concentrations. In the case of a homogeneous
ground state, this can be compounds with forbidden
frs states (see Appendix). Indeed, the effects of filling
of the valence band in manganites are possible in prin-
ciple irrespective of the doping level (see Fig. 5) if the
exclusion for frs quasiparticles operates (Ng, = 0).

Since [33 (d,) = 1 is an undoped material (see Fig. 2a),

the dielectrization effects in manganites must be
accompanied with filling of d, orbitals upon an
increase in doping level x. Such effects are not
observed in the simple Hubbard model because the
selection rules are identically obeyed in the calculation
of matrix elements (A.4) of one-electron operators
and do not prohibit any Fermi quasiparticles.

Another unobvious consequence of calculations
(A.9) is worth mentioning: The material remains gen-
erally dielectric irrespective of the degree of degener-
acy of the ground state in the unit cell of an undoped
material with strong correlations. This conclusion is
completely opposite to the results of calculations [1]
based on the LDA method, in which the electron spec-
trum of LaMnO; manganites becomes metallic in the
absence of Jahn—Teller distortions.

5. CONCLUSIONS

Thus, analysis of homogeneous FM and PM states
based on the LDA + GTB method taking into account
orbital ordering and SEC effects in the Hubbard I
approximation leads to the SHM ground state with
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complete spin polarization. The PM phase is charac-
terized by the narrowing of the band by a factor of (23)
and by the superposition-type quasiparticles (22). The
band structure calculated for the homogeneous FM
and PM phases using the LDA parameters demon-
strates the metallic behavior. The conditions under
which the Fermi level in the PM phase can still be in
the gap of the Jahn—Teller origin are determined.
Indeed, the paramagnetic narrowing of the valence
band (23) turns out to be stronger than the splitting of
the in-gap band in it due to the Jahn—Teller effect; it is
possible to observe the effects of filling only in the PM
phase in materials with forbidden frs states.
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APPENDIX

In the zeroth approximation for A,(k, E), the idea
of calculating the position of the Fermi level can be
implemented for an arbitrary number of orbitals per
unit cell proceeding from the similarity between the set

of all possible combinations Bu(hk)BT(h'x, h,») and

amplitudes v,.(a,) = @|(ci)lg), where |p) is the
state in the one-particle sector

|1hp, M2> = ZBp(hk)Vz}w M2>
A
and |g) is one of all possible states

|2hr, Ms> = ZBt(h)u hk')|hka hk‘a MS>
AL
Here, p and t denote the ground and excited states in
the one- and two-particle sectors of the configuration
space. In calculating the total number of valence states
of quasiparticles, we must perform summation over all
ground and excited states. In 3,(4,) and B.(h;, h;), we

will omit the spin dependence of states |A,, M,) and
|hy, By M) s ice., the weights of the latter states are

determined only by the distribution of holes (elec-
trons) over the orbitals of a cell and not by the total
spin on it. This will enable us to subsequently sum
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matrix elements over p, T and spin indices .S and My
independently.

Let us introduce the concept of an additional par-
ticle in a state with orbital index v (i.e., in the state on
which the operator of the number of particles is acting
in definition (24) of the spectral intensity). We single
out this state from others because the participation of
such a particle in the calculation of matrix elements
with (24), it is important to sum correctly the spin
moments of the additional particle and moment .S of
the remaining particles in our cell.

Calculation of the Clebsch—Gordan coefficients
shows that the values of vy, ;(a,,) differ from pair prod-
ucts B,,(4,) B (hy;, h;-) in the phase determined by the
spin nature of the corresponding states. Indeed, the
function of the state with spin .S and spin projection
M, which is expressed in terms of the states of an addi-
tional particle with spin o and the state of the remain-
ing particles with spin S in the cell in the two-hole sec-
tor with N, = 2, has the form

|dk= d;ua M3/2> = |d3, §=3/2, M3/2>|0>,

d’ (X’M
|d5, p 3/2> (A1)

S—|o' —
= Zr(z,n(lc)llmd‘t’ §= 2a M2 + 0>lpom>'

These states are supplemented with a high-spin partner

|d7u Pa> M5/2>

o B (A2)
= 3T enld’, S =2, My + Slpyo).

The contributions to 24, ) from the configurations

with two holes on p orbitals of oxygen
IPa> Poas Ms_3)5 4 7,2) are calculated analogously. State
|d;, d;., M;,,) has no partner because it is assumed that
rigid spin § = 3/2 exists in the (#,,)* shell. In the one-
hole sector with N, = 1, the ground state with spin .S =
2 has the form

d, M) = |d", M)
= > Teuld’s S = 3/2, My, + 8)ld;.),
° (A.3)
Ipow M2>

= Zr(lf{(‘gl))M'dsa §= 5/2, M5/2 + 6>IPOLG>7

where notation ri’,,,n(o‘) w (Clebsch—Gordan coeffi-
cients in sectors with N, = 1, 2) is used for the coeffi-
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cients of vector summation. Summation over the spin
multiplet components gives

s
s 2 1

Z [rNh,n(c)M] = §+S

M=-8

(see relations (20) and [42]). The general form of the
matrix element is

YVG(am) = erin(c')Ms
A o

5
X Z Zrz,n(c")MS(hm Ms|cjc|hx» hy», Mg)

ALA" o

(A.4)

x Bp(hk)Br(hk'a hk)

Matrix elements differ from zero for S" = S+ |o| (spin
selection rule; e.g.,

<p7u M2|p:/rc|p7»'5 Dy MS' =5+ \o‘\)

= (d;, M2|p\tc|d7»'3p7»"7 MS':Si\cﬂ) =0

for §'=7/2), aswell as for v=2A", AL = A" (orbit selec-
tion rule; the values of A' and A" may coincide). For a
number of particles smaller than or equal to two at a
site, the spin selection rule holds, while for the number
of orbitals smaller than or equal to two, the orbit selec-
tion rule operates (these are identities of permissive
type). Calculating the position of the Fermi level in the
zeroth approximation (7' = 0), we obtain

N~ j dEZva(m)vm(n)(—}c)

—o vo mn

x I8 ., Dy E) g 10

s
- Z{ Z F“=0(x)zrls,n(c)MBu=0(hx) (A.5)
M=-S s

A%

+1/2
(S+0o")
XZ z FZ,n(o‘)M'Br(h}u hv)

T o'=-1/2
2
x &(M, M + 6)} ,

where we have used summation over T and over spin
partners S' = S+ || instead of the sum over root vec-
tors a,,. The ground state in the one-hole sector of
manganites is a high-spin state (S = 2) with predomi-
nant contribution By(d,)?> = 1 (Fig. 2a). All 25 + 1
components of the spin multiplet are populated; i.c.,

1—
F],L:O(x) = 5p,083,2 X

28+ 1
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Let us decompose the spectral intensity into two
terms:

N
N=3Y R
c M=-§

(A.6)

x Z{Zﬁﬁ(m)zlﬁ(m, hy)
Iy T

v

+ ZOVG(G’OT) }

The first term is independent of the sign of contribu-
tions By(h,) and B (h,., h,.) from various orbital con-
figurations, while the second is the sum of O,.(0,) of
all cross contributions with corresponding orbital and
spin phases. In calculating the first term in (A.5), we
have used

(i) completeness condition Zo [F}\q}h,n(s) M]2 =1for
the contributions from various spin states (o = +1/2)
of the additional particle to the state with a fixed spin
S'= St |o'| ; for example, for the term with spin S in
the two-hole sector, the contribution comes from a

particle with spin ¢ = 1/2 and weight [l"in(c) M]2 =
S+ M+ 1/2)/(2S + 1)as well from a particle with

spin o = —1/2 and weight [riﬂ(G)M]Z = - M+
1/2)/(28 + 1);

(ii) completeness condition for the contributions
from identical spin states of the additional particle to
the states of different spin partners:

S'=S5+1/2 5 c'=+1/2 s
s (S+0")
Z [FNh,T](O')M] = Z [FN,’,T](G)M] =1
S'=5-12 c'=-1/2

For example, an additional particle with spin ¢ = 0
makes contributions to the high-spin state with weight

[T3 mionr] = (S+ M+ 1/2)/(2S + 1), as well as to the

low-spin state with weight [F‘Z:(Sc/)z M]2 =(S—- M+
1/2)/(2S + 1) of the two-hole sector. Consequently,
+1/2 N
S+c'
z [r(z rT(G))M'] = i
c'=-1/2
The second term in formula (A.6) depends on the sign
of the relevant coefficients (both orbital B,(4,) and

B.(hy, hy») and spin Ty ) 4):

1 1‘|(G)M

2S+1

+1/2 .
ZOVG((X‘O )= Zrl n(c)M Z F§S§(§>)M
c'=-1/2
xS [Bo(h) Bl )]

A#ELVELL
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X [BO(hk')B‘c(hX'a hv)] = 01
because the sum

D [Bo(h) B.(hys B )1 Bo() By )] % 0

forany A #A'and v # A, A'; i.e., the contribution from
O,4(0, ) to the total number of valence state is zero.
Thus, for quasiparticles associated only with transi-
tions from the ground state of the one-hole sector to
the 1 state of the two-hole sector, we obtain

N = ;{1 +B3(d,)
(A.7)
x {ZBi(dxpa)— > Bf(hxhk-)}}.
o A #d,

Here, T = 0, which corresponds to an frs quasiparticle;
we have also used the identity

> Bu) Y. Bihihy) =1
A AL A"

for any p and . Let us denote the number of frs states
in the upper valence band by

Ny = ZNT 06 =1 +B0(d)
(A.8)
{ZB (dpo) - Z B: <(hyhy, }
A #Ed,

where 0 < N; < 2. Summing expression (A.7) over all
T quasiparticle states in the two-hole sector, we find
that the number of valence states in undoped manga-
nite,

N, =3 NG =10+ By(d,)

T0

9 ) , (A9)
X Z zBr(dxpa) - Z BT(hlh?&')
t=0L o AN #d,
=10+(3-6) =

corresponds to the number of electrons per unit cell
(i.e., we are dealing with an insulator). Let us deter-
mine the change in number N (x) of the valence states
with doping level x. The corresponding contribution to
the number of valence states of quasiparticles associ-
ated with 1 < 2 transitions is

NP () =7 — (7 = Npw/2)x,

which is smaller than the number of particles N(x) =
7 — x (see Fig. 5). We have disregarded the contribu-
tion from quasiparticle states associated with transi-

2011
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tions involving the states of a unit cell with three holes,
N> (x) (see Fig. 1):

N (x) = {1 + By(d,, d3,)

x> {ZDi(dx, ds, D)

9
n=0L a

(A.10)

-3 D; (hy, hy, hx--)} }x

A AL A"
= (10+(3-7))x = 6x,

since Bé (dds,) = 0 (see Figs. 2¢). The prime on the
sum over A, A', A" indicates that the terms of the type
Df] (ddyp,) are not included, as well as By(h;),
By(hyhy.); here, D, (hy, hy:, hy) are the expansion coef-
ficients of state |3h, ) (n = 0 to 9) over ten initial

three-hole configurations in five orbitals. The total
capacity of the packet of valence states,

N, (x) = N (x) + N3 (x)

z7—[1—%}cz7
2

(A.11)

(see Fig. 5, metal), for other parameters (see (3)) of
the Hamiltonian in the two-hole sector permits the
existence of dielectrics for any doping level for Ny =0
with the forbidden frs state. For example, for a ground
state with two holes in the oxygen shell or holes on the

d,, orbital and in the oxygen shell, Bé (dsy, py) =1, we
have

Nv(x)z7—[l—%ﬂxz7—x, (A.12)

where, in accordance with formula (A.8), we have

Ny~ 1+ Bo(d,)
x{zBé(dxp(X)— > Bé(hm')} (A.13)

A Ed,

~1-PBo(d) Y By(dyypa) = 0,

which means that the total number of states in the
valence band coincides with the number of particles
N(x) in the unit cell; i.e., dielectric materials are pos-
sible for any doping level. In any case, the dielectriza-
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tion effects in manganites must be accompanied with
filling of d, (d,) orbital with electrons; i.e.,

> Bi(d,h;) = 0
A#d,

in the ground state of the two-hole sector.
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