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Abstract—The electron structure of undoped LaMnOj; and slightly doped La; _ ,Sr,MnO; manganites has been
calculated within the framework of a generalized tight binding method with explicit allowance for strong intra-
atomic electron correlations. According to the results of these calculations, the ground state in orbitally disor-
dered undoped LaMnO; ferromagnets would be metallic despite the Mott—Hubbard correlation gap in the spec-
trum of quasiparticles. Owing to the orbital ordering, the insulating state is stabilized in both antiferromagnetic
and paramagnetic phases. In-gap states of a polaron nature with a spectral weight proportional to the dopant
concentration have been found near the top of the valence band in La;_,Sr,MnO;. As the doping level
increases, a metal state appears in the ferromagnetic phase, which has a metallic character for one spin subband
and an insulating character for the other subband (representing the so-called half-metallic state).
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1. INTRODUCTION

A starting point in most discussions concerning the
mechanisms of magnetoresistance, metal—insulator
transition, and ferromagnet—paramagnet (FM-PM)
transition in manganites is the model of double
exchange [1]. According to Anderson and Hasegawa [2]
and de Gennes [3], the physics of double exchange con-
sists in the hopping amplitude ¢ depending on the spin
configuration in two nearest neighbor sites. The double
exchange model provides an intuitively clear explana-
tion both for the interrelation of spin and charge
degrees of freedom and for the mobility of carriers. The
main problem consists in the fact that this model cannot
quantitatively describe the magnitude of the conductiv-
ity change upon the metal-insulator transition [4].
Indeed, in a PM state (T > T), the angle between two
adjacent spins is 90° and, hence, the amplitude of the
hopping integral #. decreases by a factor of cos(90°/2) =
0.7 as compared to the value in the FM state, which
implies the same decrease in the conductivity. How-
ever, as is well known, a decrease in the conductivity
upon the FM —— PM transition in experiment reaches
2-3 orders of magnitude. The discrepancy reaching
orders of magnitude indicates that some other factors
are responsible for a change in the conductivity
observed upon the FM <— PM transition. Another
conclusion is that the quasiparticle band width also
decreases by a factor of 0.7 relative to the value in the
FM state. This implies a small increase in the density of

states at the Fermi level (£y) in the PM phase. This con-
clusion also contradicts experimental facts that give
evidence for the formation of a pseudogap at Er when
the temperature increases above 7. Indeed, the con-
ductivity is determined by the density n and mobility p
of charge carriers (electrons) as ¢ = nell. In the double
exchange model, a change in the carrier mobility is the
predominant factor, since it is related to the correspond-
ing change in the amplitude of the hopping integral. An
additional decrease in the mobility can be related to the
influence of Anderson localization (e.g., to a disorder in
the arrangement of spins of f,, electrons). However,
neither of these factors has any significant influence on
the density of states at Ep. Experimental data on the
Hall effect [5] and the angle-resolved photoemission [6]
clearly indicate that the metal—insulator transition takes
place due to a change in the density of carriers (i.e., in
the density of states at Ep), rather than in the mobility.
This discrepancy between the conclusions following
from experiment and the double exchange model can-
not be considered quantitative alone.

Another direction of research is related to ab initio
calculations of the electron spectrum of manganites as
dependent on the type of magnetic and orbital ordering,
doping level, and distortions of the crystal structure. A
distinctive feature of these calculations is a realistic
approach to the band structure of manganites. However,
the applicability of the one-electron approach to calcu-
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lations of the band structure of LaMnOj is disputable.
Indeed, in accordance with estimates [7], the magni-
tude of the single-site Coulomb interaction U is about
8 eV in both LaMnO; and StMnOj;, while the energy of
charge pd fluctuations is A = 4.5 eV for LaMnO; and
2 eV for StMnOj;. According to the scheme of Zaanen—
Sawatzky—Allen [8], these compounds should be clas-
sified as charge-transfer insulators in which electron
correlations form the insulating ground state. In fact,
one-electron calculations within the framework of the
density functional theory (LSDA DFT) [9] stipulate a
metallic state for the cubic structure in accordance with
the partly filled d band. An analogous result is obtained
for undoped cuprates of the La,CuO, type [10].

A permanent disadvantage of the one-electron cal-
culations (LSDA, LDA+U) is also related to the fact
that a giant exchange splitting of quasiparticle states
with respect to spin (~3 eV for 1,, states of manganese)
is introduced in order to explain the formation of a
larger magnetic moment in FM and antiferromagnet
(AFM) phases. This leads to some incorrect conclu-
sions concerning AFM and PM phases. For example, it
was stated [9] that the spectra of quasiparticles with
various spin projections in AFM differ from each other.
This is a rather strange result, since the AFM back-
ground is identical for the charge carriers with various
spin projections. For the PM phase, no exchange gap is
present in the spectrum of quasiparticles, and both the
spin-polarized model and LDA calculations lead to the
metallic state.

In searching for answers to the aforementioned
challenges, we have studied the band structure of man-
ganites using a substantially modified, generalized tight
binding method which was previously developed for
layered cuprates [11]. Since the differences in the phys-
ics of manganites and cuprates are obviously very sub-
stantial, it is clear that they cannot be reproduced by
merely changing parameters of the basic method. In
addition to two differences of purely technical charac-
ter, which are related to a three-dimensional nature of
the cubic crystal structure of LaMnOj; and to high-spin

many-electron terms of the &, d*, and d® configurations
of manganese, there is another important difference
related to the orbital ordering in manganites. As a
result, manganites feature the coexistence of various
magnetically and orbitally ordered states [12], this sit-
uation having no analog in cuprates.

In order to develop a generalized tight binding
method for the calculation of a quasiparticle spectrum
in orbitally ordered LaMnO;, we constructed a two-
sublattice configuration space on high-spin states corre-
sponding to the ground states of a cell with different
numbers of electrons. Then, using the method of Hub-
bard operators acting in the space of high-spin states,
we calculated the dispersion for AFM, FM, and PM
phases.
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The results of our calculations indicate that, despite
the Mott—Hubbard correlation gap in the spectrum of
quasiparticles, the ground state of undistorted cubic
LaMnO; possessing the AFM order would be metallic
merely due to the degeneracy of e, orbitals (the Hub-
bard model for U — oo with 1/4 filling stipulates a
metallic state). The existence of Jahn-Teller distor-
tions, which introduce Ae splitting into the e, level,
leads to the insulating ground state. The orbital order-
ing in AFM and PM phases results in the subbands of
two different types separated by an energy gap on the
order of Ae appearing on top of the valence band. The
FM phase exhibits differences between the spectra of
quasiparticles with different spin projections. However,
this is not a simple shift of spin subbands analogous to
that in LSDA calculations. The differences in the FM
phase are related to a redistribution of the spectral
intensity between the states of carriers with different
spin projections. At the same time, the spectra of quasi-
particles in AFM and PM phases remain doubly degen-
erate with respect to spin.

This paper is organized as follows. Section 2 gives
formulation of the many-electron model and introduces
the Hamiltonian for a two-sublattice state of the orbital
antiferromagnetism. Section 3 is devoted to exact diag-
onalization of the many-electron Hamiltonian in the
basis of high-spin configurations: d°p® (S = 5/2), d*p® +
&p’ (S =2), dp° + d*p® + dp* (S = 3/2). In Section 4,
the construction of Hubbard operators on this basis is
describes and a dispersion equation of the generalized
tight binding method for the band structure of quasipar-
ticles is obtained. Section 5 gives an analysis of
obtained band structures of the AFM and PM phases of
undoped LaMnOj; and the FM and PM phases of doped
La, _,Sr,Mn,O; manganites with a hole dopant concen-
tration of x = 0.2-0.3. The final Section 6 contains the
main conclusions.

2. FORMULATING THE PROBLEM
AND CONSTRUCTING THE HAMILTONIAN

Let us begin with some statements, which we
believe to be necessary for the formulation of the prob-
lem under study in view of the results of recent investi-
gations into the properties of manganites, since other-
wise any theoretical analysis can be unsound. From this
standpoint, the construction of an adequate computa-
tional scheme for LaMnO; manganites requires the fol-
lowing:

(i) Making allowance for the orbital ordering (the
cooperative Jahn—Teller effect) [12];

(i1) Constructing a configuration space of the elec-
tron subsystem on a basis of high-spin states;
Vol. 102
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Fig. 1. Subdivision of the spatial structure of LnMnOj5 into
sublattices A and B according to [12], e, states of manga-
nese |0) in these sublattices, and p states of oxygen involved
in dpc bonds. The inset shows a structural motif of the
cooperative effect, which corresponds to antiferroorbital
ordering. The structure is repeated with translation along
the z axis.

(ii1) Taking into account the Mn3d-O2p hybridiza-
tion for a correct description of the splitting of Mn3d
states in the field of ligands [13];

(iv) Selecting a particular scheme for the calculation
of effects due to strong electron correlations in the
spectrum of quasiparticles [14—16].

In most investigations devoted to the correlation
effects in the electron structure of manganites [17-21],
the role of O2p orbitals consists in the introduction of
an effective matrix element 7.4 of hopping between the
states of manganese. Estimates show that the splitting
of e, and 1,, levels caused by the crystal field in
LaMnO; does not exceed 0.1 eV [13], Therefore, a nec-
essary information concerning the role of the Mn3d-
O2p hybridization in the Jahn-Teller splitting of ¢, lev-
els can be obtained only by directly involving O2p
orbitals in the calculation scheme. Figure 1 illustrates
the choice of a minimum basis set of Mn3d and O2p
orbitals, which is necessary for calculation of the spec-
trum of low-lying excitations. In manganites, the Jahn—
Teller effect leads to local distortions of the MnOg octa-
hedron, which becomes elongated in the xy plane and
contracted in the z direction. The symmetry of the
Jahn—Teller distortions is such that they remove the
degeneracy of e, orbitals and favor the filling of one of

these orbitals (d, . . ord, .).InLaMnOs, the coop-
erative Jahn—Teller effect leads to occupation of the lin-
ear combinations of these local orbitals and stabiliza-
tion of the alternating d, . . and d, . . orbitals as the

ground ones. As a result, a ﬁ X ﬁ superlattice is
formed in the xy plane (Fig. 1). This phenomenon is
known as the antiferroorbital ordering [12]. Thus, with
a view to calculate the spectrum of quasiparticle excita-
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tions, we select the set of e, states in LnMnOj in the fol-
lowing form:

0 . (0
|e> = COS(§)|d3ZZ,,Z> + Sln(i)ldxz—yg%

where
(00=F) = 507 =1,
_2m\ N
@|0=2) = 3~ =iy,
A 2 20 _
o= = 3~ =i,
@o=3F) = Be-=ia),

Since the |ds,) and |d5,) states in the neighboring sites
differ by the angle A® = 27t/3, this configuration repre-
sents the so-called slanted AFM state. The |d,) and |d,)
states are included into the basis set as the first excited
states in sublattices A and B, respectively. In order to

describe the presence of a ﬁ X ﬁ superstructure in
the xy plane, we subdivide O2p orbitals (forming the
o bonds) between sublattices so that two p, orbitals (p;,
and p,,) and one p, belong to sublattice A, and two p,
orbitals (p;, and p,,) and one p, belong to sublattice B.
Of course, the Jahn-Teller distortions split not only e,,
but 7,, states as well. However, in contrast to e,, the 1,,
states exhibit much weaker hybridization with the O2p
states. Indeed, the ratio of the integral of hopping via
the dpc and dpm bonds is t/t, ~ 2. As a result of this
splitting, the low-energy physics of manganites pre-
dominantly involves the e, states. For this reason, the 7,,
states will be implicitly taken into account in construct-
ing the many-electron terms (see formulas (8), (9), and
(1) below. The splitting of 7,, states is probably impor-
tant for the direct calculation of their spectral intensity.
However, from the standpoint of the quasiparticle spec-
trum in LaMnO;, this splitting changes the energy by at
least 1-2 eV in the depth of the valence band due to the
difference in pd(e,)c and pd(t,,)T bonds.

Before proceeding (according to the second initial
condition) to the construction of high-spin 3d multip-
lets, let us write the Hamiltonian on the selected basis
set of atomic orbitals and perform diagonalization of
the intracell part. The Hamiltonian of the pd electron
subsystem can be written as follows:

H=H,+H,+H,+H,,

ol At A 1 AOC A—C
Hd = 2|:(8;L - u)dkro'dkro' + EUXnkrnlr

r\c
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A4 A A0 AC
+ 2(— Jddkrcdkrc dl ro' d?» ro + V)L}L LOTUIN r)i|
Ao’

Ughgitai (1)

N —

I:IP = 2|:(80c - M)f’;icf)aic +

AG /\6
o3 Vil }

At A ~AC AC'
= 2 2 (tkocpocicdkrc +H.c. + Voc)»nocinh)’

(ir) aroo'

a,, = z Z(tDﬁﬁ;icﬁBjc +H.c.),
(i, jyopo

where 71}, = dirrodirs and fig; = PuioPuic : indices T and
i(j) run through the positions d., ds,, p;,, P2, p.in sub-
lattice A and d,;, d,, p,,, P, P, in sublattice B of local-
ized atomic orbitals; by the same token, €, = ¢, (A=

d,, ds,, d,, ds,) and g, = €, (0. = p,, p,, p,) are the ener-
gies of the corresponding Mn3d and O2p atomic orbit-
als; the hopping matrix elements are 7,, for the orbitals
A=d,, d;o=p,,p,p, and 2tpd/ﬁ for the orbitals A =
d3x’ d3y O =Py, py;

v, =10 AN dn
r = Vdd, 7\‘?&7\/,’ = U Uy U3 B3y )
v, o=ao,
UOL = , (05=nypy,pz)
Vs O#EO

are the intraatomic Coulomb interactions; and V,,; =V,
are the energies of Coulomb repulsion between manga-
nese and oxygen. For simplicity, we assume in what
follows that all matrix elements of the Coulomb and
exchange interactions are independent of the form of d
and p orbitals, thatis, U,=V,,and U,=V,,. In order to
transform the above Hamiltonian to the basis in a cell
centered on the manganese ion, we use a Fourier trans-
form procedure defined as

~ 1 ~ _ik.
dike = fvzdxfce K f,
(2

—ik-m

o 1 N
Poke = f\[%pamce
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and pass to a symmetric basis set of oxygen orbitals by
constructing the new Wannier type functions using a
linear transform of p,, p,, p, atomic orbitals:

by P
o | = Al b
Px Dk
e jut e’ 2c/u!
_ 2¢, /1y 2¢,/u; —2cos(k")/u; 3)
sgn(kM0, . sgn(kM)6,, sgn(k )dics,.
i i hi w
Pk
P
P

Here, W¢, 1, and W? are the normalization coefficients
determined from the condition (é;lf:;) = 0. ,0,, where

&, = bk, @y, py. This yields

=il W= §+c§,
“’f(’ ’Vzlekl +C S+,

Th

“)

where

8. = —( (el + cexp( )
1 a 4
Mg

+ (c; )exp( g ),

+

exzk = e;klk, k_ = kxik

ye

In order to simplify writing, we use the following nota-
tion: ¢, = cos(k,/2), c. = cos(k*/4), and s, = sin(k*/2).

Formula (3) determines the oxygen states in sublat-
tice A. In order to perform an analogous procedure for
sublattice B, it is necessary to substitute x < y in the
notation of initial atomic orbitals and substitute k* <

k= in the transformation matrix A . We use the coordi-
nate system k =k, + k, + k_, where k, = (k, + k,)/2,
k, = (k, — k,)/2,k =k (prime refers to the initial coor-
dinate system of the undistorted cubic structure). The
Vol. 102
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distance between nearest neighbor manganese ions is
assumed to be the same in three directions: a, = a, =
a =1

As will be seen below, the new oxygen b(a) orbitals
mix well in a separate cell with d, (d5,) states. For this
reason, we employ the notation usually introduced for
the irreducible representations in which the d, (ds,)
orbitals are transformed. Writing the Hamiltonian in
the new representation and separating the intracell and
intercell interactions in the respective terms, we obtain:

H = Hy+ H.,.,
where
(u) (b) ~(ab)
= X Yé +he +hs”),
G=A,B fo
(b ) IR
hA) G A-C

= (ebnb+<5 i +ednd)+2Udndnd

z I\G/\_G

Otbp

Vi Z Zﬁs g, + thduooo(dxcbc +H.c.)

a=bp ¢

b, N
21, Yono(bops +Hee.),

(a) AC
= (e,fig + €4, 114, ) Q)

1 -0 1 AG/\_G
+ = U,,,nd3 nd +2Ua oMy,

2

2t 4000

+ Z{V,,[,AZ3 i _——ﬁ

(d3yea, +H.c.),

~ab) N AGAC c'
hA -_ nd I/ld + Uabl’l I’lb + Vpdnd I’L

ACAC'

2t A
+ ‘/pdnbndw + —[)—d—g—ogg(d;ycbc + HC)

3

3 21,4Booo

J3

Here,eb:e - 21, yooo,s —8 +21, yooo,ande =

(ﬁg_\,opc +H.c.).

2t,,Yooo ; for brevity, the site index f is omitted.

Taking into account the relation |p,300 =0.983] > [y =
—0.0713|, which corresponds to a weak ab hybridiza-
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tion in each cell, we can subdivide intercell terms in the
same manner as

2 2 [(hap + hie + hGP)SGp
GP (ij)o (6)
+ har(1-8gp)1,

A
HLL

~(b)

hAA - 2tpdul‘](d)ﬂﬁb.]6 + H C. ) 2t b](;bJ(;

I’I’Yl.l

PP At A

bp, 1t A
+2tpleJ PicPjoc — 2tpp7ijp(bi0pjc+H'C-)s

a t }\/i' A
hia = 2 P"3 I3 iottj + Hee.) + 2t

aa A+ a
oVij Gicljcs

~(ab)

thabii A+ o
ian Z—Ij_é—j(d3yigbjg+H.C.)

t N ~ ~
+ 2%2"’ (dayishjo + He.) = 21,71 (a5bjo + Hec.)
for the hops within one sublattice, and

2 (o720 + Hee.)

c=a,b,p

+(G)

hGP — _2( )d3y10

for the intersublattice hopping. The coefficients u”, A, &,
and P for intrasublattice pd interactions; o), o?(@,
and 0”@ for the intersublattice pd interactions; and Y%,
Y2, ¥P, v, vP, and ¥ for the intrasublattice pp inter-
actions as functions of the distance between cells are
presented in the table, where [m, n, [] denotes the coor-
dinates of the jth cells relative to the ith cell. For exam-
ple, 1 =[1/2, 1/2, 0] denotes a cell occurring in the first
coordination sphere of the ith cell, but belonging to
another sublattice; 2 =[1, 0, 0] denotes a cell occurring
in the second coordination sphere of the ith cell and
belonging to the same sublattice.

In the Hamiltonian written as above, the term H,
contains all pd and pp hybridization (hopping), Cou-
lomb interactions, and exchange interactions inside the
cell. As can be seen from the table, the coefficients rap-
idly decay with the distance. For this reason, we leave

only the pd and pp hybridization interactions in H..
and omit the Coulomb and exchange interactions
between cells. The omitted terms are small as compared
to the intracell interactions [16]; they renormalize these
interactions and lead to more complicated hops involv-
ing three and four cells [11].

3. CONSTRUCTING A CONFIGURATION SPACE
OF THE ELECTRON SUBSYSTEM
ON THE BASIS OF HIGH-SPIN STATES
(§ =572, 2, 32)

Hamiltonian A, can be diagonalized in the space of
many-particle functions corresponding to all possible
Vol. 102
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Coefficients of inter- and intrasublattice interactions
0=10,0,0] 2=[1,0,0] 1=[1/2,1/2,0] | 1=[1/2,-1/2,0] 1=10,0,1]
For pd interactions in sublattices A and B
T 0.9833 0.0466 0.1282
Mt 0.7482 0.0704 0.1641
E i -0.0713 0.0034 -0.2708
Bt 0.0000 0.0000 0.0000
For pp interactions in sublattices A and B
v 0.4226 0.0200 0.1547
Yoo 0.3287 0.0398 0.1125
e, 0.0235 —-0.0049 0.0106
- 0.0907 0.0096 0.1157
v, 0.3037 0.0251 -0.1502
e, 0.0000 0.0000 0.0000
For pd interactions between sublattices A and B

b(G) -0.1426,G=A -0.1426,G=B
Ot 0,G=B 0,G=A

a(G) 0.0286, G=A 0.0286, G=B
Cmnt 0,G=B 0,G=A

P(G) 0.0325,G=A 0.0325,G=B
Cmni 0,G=B 0,G=A
distributions of electrons over one-particle states. The © = Tando =1, respectively), and
operators of d electron production can be written in
terms of Hubbard operators in the space of many-parti- ’ 2+ M ) 2-M
e d : . h ; (M) = S22, Vi) = T,
cle d states |e,, Ms),), |ha, Mo), |y, M), 130, M)
(see Egs. (8), (9), and (11): sh sh

2 +M 2 -M
M) = T M) = 2

2
N gy 1B M~
d;xo- - 2 [ MI(M) ]Xf M\ c

M=-2 VI(M)
(7
2 M) ~le2, My(h, ., M~ ol
+ 2 X[ tal ]ng, B
m=sp \ Va(M)
where
+1, A =1x,y,
X =
-1, A =3x23y

(the upper and lower lines refer to the states with spin
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These operators act only on electrons occurring in the
e, shell, but it does not act on f,, electrons. As a result,
the Hamiltonian of the whole system corresponds to the
transfer of spin density from the e, shell to ligands,
while § = 3/2 on the 1,, shell. The resultant spin is con-
structed in accordance with the Hund rule. Using the
above operators, it is possible to construct many-parti-
cle functions corresponding to the following parts of
the configuration space:

(i) a high-spin sector d°p® (S = 5/2) with a half-filled
t;gez Mn3d shell (quasi-particle “vacuum” sector);

(i) an one-hole sector, where the ground state is

. p . .
formed by split states of the “e, spin multiplet repre-
Vol. 102
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senting a combination of d*p® and d°p’ (S = 2) configu-
rations;

(iii) a two-hole sector, where the ground state is a
linear combination of the d°p®, d*p®, and d&p* (S = 3/2)
configurations.

In the one-hole sector, we deal with two spin multip-
lets, Sa and °b, possessing different orbital symmetry
and a small mutual hybridization because a and b states

can mix in the presence of a ﬁ X ﬁ superlattice. The
hole can occur on any of the Mn3d or O2p orbitals.
Introducing a notation for the half-filled d shell as

2
|€g, M 5/2>
1 3
= (M) (M = 3 sl M= 1)

1\ + o+
+ VI(MS/Z - E)dxidayﬂfgg, M5/2>}

1 ;
+ Vz(MS/z)[Ml(MS/z + z)d:Td;yllt;ga M)

1
+ VI(MS/Z + i)d:id;yilt;gr Ms, + 1>}

and |d,, M. <oy (see (8)) for the state with a hole in one
of the e, states, and applying operator (7) with an addi-
tional normalization condition, it is possible to com-
plete the set of many-particle functions as

|y M)
= Ospluy (M, + 12)|es, My + 112)|a%, p°, by)
— oMy~ 112)leg, M, — 1/2)[a”, p°, b)),
s Ma) = {uy(My)digtling, My —112) "
+vi(My)d3, il My + 112) YIp°),
\h,, M)
= Ospluy(M, + 12)les, My + 1/2)la%, py, b°)

= va(My = 1/2)leg, My = 112)ld”, 1, b7)]
for a single hole in the initial block b, and as
|ha’ M2>

= spluy(My +1712)le3, My + 1/2)]ay, p°, b7
— vy (My—112)le;, My—1/2)]ar, p°, 671, (9)
g, M) = {uy(My)d 165, My~ 1/2)

+ vy (My) it My + 1/2) 3P,
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for a hole in the initial block a. In these expressions,

2SS/Z
2S5, + 1

Olsp =

is the normalization of the wave functions in the cell
with a hole on oxygen orbitals; u;(M,) and v;(M,) are
the vector slip coefficients, which appear upon expan-
sion of the wave function in the one-hole sector in terms
of the wave functions of the configuration with § = 3/2
and the function of an additional oxygen with ¢ = 1/2
in one of the possible states.

Thus, in the one-hole sector with the basis |k, M,),

|d3y’ M2>, and |hdr’ Mz), |hb’ M2>, |hp’ M2>, we deter‘
mined the eigenstates |15,y ) = ZC B;(¢)lh., M) (c =

a, ds,, b, p, d,) with the energies €im, i=1,...,5 by
means of the exact diagonalization of the matrix

E;, ospt, 0 0 O

OspTy  E,  OspTyp Tap Ty
0 0spTe, Eq OspTy O (Ouyuye (10)
0 T OspT, E, O
0 Thp 0 0 E,
where
2 bp
Ty, = 2tp0Mo0, To = _ﬁtpdkooo’ Tar = =215, 000>

bp _ ap
_2tppYOOO’ ’cap - _2tpp7000 - O’

2 2
Tap = EtdeOOO:O’ Tap = _ﬁtpda()()(ﬁ

E, =¢;, +2(g,+¢€,+¢&,)+3U,+6V,,+12V,,
E, =g, +g;, +2(g,+¢,) +¢,
+U,;~Jy+2U0,+10V,,+8V,,

E, =¢; +&, +2(g,+¢&,) +¢,

+U;~Jy+2U0,+10V,,+8V,,

E, =¢€;+2(g,+€,+8&)+3U,+6V, ,+12V

3y

E

a

=g, +8; + 2(g,+¢€,) +eg,

+U,~Jy+2U0,+10V,,+38V .

In accordance with five possible spin projections
(M, =-2, ...,+2), each position splits into five possible
variants.
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The initial basis for the two-hole sector (S = 3/2) is

as follows:

|hy, e Myp) = o {u (M, +1/2)
X |ds,s M, + 1/2)lay p°b%)
+ V(M = 112)lds,, Myy = 12)larp’b")
gy by M) = O {uy(My, +1/2)
X |ds,, M+ 1/2)la” pLb°)

+ vi(M;, = 1/72)|d5,, M5, — 1/2)|a2pr2> 1
|3y, hpy M) = O {1y (M, + 1/2)
x| My + 1/2)1a’p°b))
+v1(Myp = 112)ld Map = 1/2)la”p’br)
1y, hdl‘., M3,2> = |t;g’ M3/2>|P6>,

s s M3n)

= 0 0sp{u (Msp + Duy (M, +1/2)

979
= va(Map)uy(Myp + 112)le, Mip)lar, p°, by

+ Vo(My, = 1) v (M5, - 1/2)|e§, My, - 1)

xlat, p’ b))},
|2y By M3)
= O Osp{uy (M, + Dy (My, + 1/2)
X |€§, M, + 1)|a2, pLby)

—ur(Ms3p) v (M), - 1/2)|€§, M3/2>|az’ pL br)
= Vvo(Msp)u (M, + 1/2)|€§, M3/2>|aza pr by

+ V(M3 = 1) vi(Ms), - 1/2)|e§, My, —1)

2
xla”, pr, b1) },

o = 28,
228, + 1]
and the left-hand part also makes use of the “hole” nota-

tions. In this sector, the eigenstates can be found in the
following form: |2/, ) = ch'Bi(c’ c")|he, Hey Myp),

where

X |€§, Myp + Dlay, P2, by) (b where the energies €;,, and the corresponding coeffi-
5 5 cients B;, (¢ =1, ..., 6) are determined by diagonaliza-
— Uy (M3p) v (M3, — 112)]e,, M;p)lay, p*, by) tion of the matrix
E.i —0spT, 0T, O 0 0 0 0 0 Tab
—0spT,  Eg 0 ast, O 0 —0spTpa  Tpp 0 0
o,T, 0 E,, -o,t, O 0 0 0 0 0Ty
0 OspT, —0,T, Euy 0 0 Tab 0 Ty 0
0 0 0 0 E,, —0s5pT, 0 0 0 Ty
0 0 0 0 -os,t, E,, 0 T, —OspTpy O (12)
0 -0s5pT,y O Tab 0 0 E. 0 0
0 Ty 0 0 0 —Tup 0 E,, 05T,
0 0 0 Ty 0 -0s5pT,; O 05T, E,q, 0
Tab 0 T,y O Ty 0 0 0 0 Ry
X8y i,

with a total dimension of 40 x 40 for the direct matrix
product. Using the results of exact diagonalization, the
configuration space of the system is reduced to that

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

depicted in Fig. 2 with two orbitally nondegenerate (a
and b) terms in the one-hole sector. The other terms
possess much higher energies and are insignificant
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110 1
———— | 1
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ey EEE—
I, ,I 1—x
! . (5
6a " " |h1M2>(b)
———— | !
————— H
—— , -1 -2
—— | /g n= n=
——— /|7
————

Fig. 2. Schematic diagram of the configuration space of
charge carriers in La; _ ,Sr,MnOj3, showing transitions cor-

responding to the valence band (solid curve) and the bands
of in-gap states (dashed curves) and indicating the spins of
quasiparticles involved in these transitions; n = 0, 1, and 2
correspond to the vacuum and the one- and two-particle sec-

tors; |h, M2> and |h, M2> are the mixing 5b and 3 states;
[2h, M3/2> is the ground state in the two-hole sector. See the

text for the notation of states.

from the standpoint of low-energy excitations. Depend-
ing on the parameters of Hamiltonian H, the splitting of
weakly mixing orbital °a and b singlets is on the order
of Ae = 0.2-0.5 eV. The existence of two states, |1/, Mz>

and |1h,), ), with close energies implies the need for

their simultaneous inclusion into the basis set for our
calculation. Therefore, the Hamiltonian cannot be fur-
ther reduced to an affective one-band model. In contrast
to the case of cuprates [11], the presence of a large spin
§ = 3/2 on the f,, shell in the two-hole sector corre-
sponds to a situation with a single high-spin term sepa-
rated from the excited terms by a energy interval of
~1 eV. This state is analogous to the Zhang—Rice state
in cuprates. Thus, we obtained a new reduced basis set
of high-spin functions in the cell, which determines the
low-energy excitations of the electron system in
LaMnO;.

4. DERIVING DISPERSION RELATIONS

The hopping part H.. of the total Hamiltonian is
conveniently treated using a representation of Hubbard
operators analogous to (7), which is determined in the
space of many-electron functions (8), (9), and (11). Any
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one-electron operator can be written using Hubbard

operators X' = |p)g| as
éM‘c = Z,ch(m))"(;”,

where

Catg = dxto, dzfo, Aoy brs, Dt

and m is the number index of the root vector a,,(pg).
The work with Hubbard operators is simplified using
Zaitsev notation [22], whereby each pair of the initial
and final states, |g) — |p), corresponds to a root vector
a,,(pq) such that

~0,,(pq) am
—

X' — Xy Xt

where superscripts p and g enumerate the states in (8),
(9), and (11). Then, the matrix elements of the hopping
amplitude Y, 5(m) = (p|érslq) (m =1, 2, ..., 400 in an
orbitally ordered AFM phase) corresponding to these
root vectors are directly calculated using the coeffi-
cients B;(c, ¢') and B, (¢) and represent the partial ampli-
tudes of transitions between individual many-electron
states. In contrast to Hubbard operators, the operators
of production (annihilation) act on the states in all sec-
tors of the configuration space of the system.

Spin multiplets comprising the set of many-electron
states (8), (9), and (11) can belong to various orbital and
magnetic sublattices and, in agreement with the exist-
ence of two orbital sublattices A and B, we introduce
vectors R, for the intrasublattice neighbors and R, for
the intersublattice ones. In the AFM phase, each of the
two orbital sublattices consists of two magnetic sub-
lattices alternating along the z axis. The magnetic sub-
lattice features FM ordering in the xy plane, which cor-
responds to the A-type AFM ordering observed in
LaMnO;. Since the introduction of various sublattices
presents only technical problems, we will restrict the
consideration to deriving the dispersion equation for an
orbitally ordered homogeneous magnetic state, that is,
for a system with PM and FM phases. In this case, the
Hamiltonian of intercell hopping can be written as

A A GP
He. = ZHCC
G, P

G A+(G) A(G)
5SS S ARG e
f MMo R, G
2006
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GP A+ (G) A(P)
+ 3 TR, (Epig ey mono + H.c.>}
R, G#P

13)

= 3 Y e m)vae(MITia(R) X" X

AMN'C kmn

otman &tman

+ TRV Ve + T () X" T

+ T (k) V" Xkl + He. 3,

where

ik-R,

2
Thi(k) = S TR Re™
Rl

15k = 3 TR 2 1K)
RZ

(because T;ffv (k) and Tffv (k) determine the dispersion

in different k directions, see table); X and ¥ are the
Fourier images of Hubbard operators for the orbital
sublattices A and B, respectively. Within one sublattice,
the hopping matrix on the basis d, (d,), ds, (d5,) of a, p,

b orbitals with wa (R)) elements is

0 0 21,1 0 0
0 0 =21,,&/3 =2t,,MA3 2t,,//3
Tiv(R) = | 20,0 20,803 20,y 21,y 21, 4" (14)
0 2,3 20,y  2t,v 21,y
0 2t,,B/3 20,47 -2t,y" -21,y"
Accordingly, the matrix of intersublattice transitions with Tig (R,) elements is
0 0 0 0 0
0 0 21,,0" 13 21,,0°13  -21,,0"913
T (Ry) = | 0 -2,,0"71/3 0 0 0 (15)
0 —21,,0" 713 0 0 0
0 —21,,0" 13 0 0 0

The equations of motion for operators X}" and Y g can
be written as

Am

iXe = [X7, H) = Q,Xr +[Xr, He.l, (16)

where QZ = Q%a,,) = aqG - i-:g. The corresponding
commutator can be calculated in Hubbard 1 approxi-

mation as
(X1, Hel = DY Tiau(R)

AA'G' nl iR

om o 4n g

X (Y (M) Ve (DIXE, X3 X4 k]
+YE0 (DY (MIXT, X v Xi]} (17)

= Y Yis(m)Yro(n) Fy(m)

AR
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XY Tip(R)(Xt+w + Xi ),
R
where Fi(m) = Fy(ar,) = (Xt") + (X{") is the filing

factor. Taking into account the presence of two sublat-
tices, we obtain the following system of equations:

iXe = QT+ Via(m)Yao(n) Fa(m)
AA'n

X (2 Veow[T)) + Thp 1+ 2ZX?+R,T;‘;‘,],
RZ R1

(18)
iy = QLY+ 3 o (m)Yoo(n) Fy(m)
AN'n

an AB BA o BB
X [z Verr [Ty + T 142 Yg+R1TM.J.
R, R,
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This approximation is valid only provided that
N Ve M T35 (K)Yo(n) < Q. In addition to the

relation Mgy > M,y (Where 1 = W, A, &, B, and v, see
table), this condition introduces another small parame-
ters of the obtained solution. Introducing a new nota-
tion for the effective interaction as

Tffgmn(k7 G)

N Vi (m T (K)Yae(n), G = P,

AN

3 MIT) + TH) Wio(n), G 2P,
AL

we can use a more convenient matrix form of the equa-
tions of motion for the Green function

Dij=(

Df}"(AB) =

Di(AA) Dyy(AB) }
Dij(BA) Dij(BB)
where

(KT

Indeed, consider the system of equations

D}"(AA) = D, (A)8;3,,

+2D (A)zYxc(m)Ym(l)[sz Dy, j(BA)

AN

19)

In
+ ZT?QDHRIJ(AA)],
Rl

Djj"(BA) = D,(B)Y Yis(m)Yio(l)

AN
[ZT .+RJ(AA)+2T§fDi’1R1j(BA>J,
R]
where
F
Dh(G) = o
E-Q, +i¢g

is the Green function in the zero-order approximation.
Applying the Flourier transform

szn ik(R; - R)
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and using the above notation for T:ff «n (K, 0), Egs. (19)
can be rewritten as

Y {DK(AA)[S,,; - 2D, (A) Tt (K, 6)]

1
— 2D} (BA)D,(A) T4t i(K) Y = Dy (A)S

mn?>

(20)
> {DK(BA)[S,,-2D,(B) Tegt ik, 6)]

l
— 2D (AA)Dy(B) Tty (k) } = 0.

Another couple of equations is obtained upon substitu-
tion A = B. In the matrix form, system (20) is written

simply as Dy = A" D", where
Ak)

1-D"(A)275 (k, 6) -D"(A) 2T (K, o)

_D’(B2TH (k,0) 1-D(B)2T5 (K, o)
@1

A0
»_| D' o
0o DB

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

Green function Dy :

I(E-Q)8,, - 2F°(m)T5{ ,u(k,0)| = 0. (22)

Special features of this equation are determined by the

hopping matrix Tfffmn (k, 0) and by the set of root vec-
tors a,,. The local quasiparticle excitations are charac-

terized by the energies Q,(,: and the spectral weights

FY(m) calculated as a result of the exact diagonalization
of the intracell part of the Hamiltonian with allowance
for strong electron correlations. In the (A-type) AFM
phase, which exhibits FM ordering in the xy planes and
AFM ordering between these planes along the z axis
(Fig. 1), each orbitally ordered sublattice consists of
two magnetic sublattices. This situation corresponds to
four types of operators (rather than two) in Egs. (13),
implies the use of another pair of indices G' and P' in
Egs. (19), and leads to doubling of the dimension of
matrix (22).

5. RESULTS OF NUMERICAL SOLUTION
OF THE DISPERSION EQUATION

Figure 3a shows the results of numerical solution of
dispersion equation (22) for the AFM phase. In order to
Vol. 102
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Energy, eV (a) (b)

2.2 T T T T T T T T

207 polaron in-gap states i ]

1.8F o -

A Valence band
1.6k /\ \ B N |
N
1.4F 2 E
1.2F 2 .

(0, 0, 0) (rt, w, 0)(m, 0, 0) (0, 0, 0) (0, 0, T)(7, T, ) (T, 7T, 0) (7, 0, 0) (0, 0, 0) (0, 0, T)(®W, 7T, ™)
0,0,0)

ky, ky, k,

xo Ry Bz

Fig. 3. Dispersion of quasiparticle states in an orbitally ordered undoped LaMnOj5 (a) in the state of AFM ordering and (b) in the
PM phase. In order to simplify drawing, the empty states occurring in the conduction band above the gap (E, 2 2 eV) are omitted.

simplify drawing, we omitted the empty states occur-
ring in the conduction band above the gap (E, 2 2 eV),
which is formed predominantly due to the excitations
with charge transfer. A numerical solution was obtained
for the following parameters:

» = -2¢eV,
t,=03eV, U;j=5¢eV, U,
Jd = 2 GV, Vpd = 1 CV

0.7 eV,
2 eV,

de = 8(13}. = O, € tpd

(23)

In selecting the €, and €, values, we proceeded from

the fact that the presence of a crystal field does not lead
to significant splitting of the e, states [13]. In the series
of electronegativity of elements, manganese (1.6) occu-
pies a position on the left from copper (1.75). For this
reason, the energy €, of oxygen orbitals is taken lower
than that in cuprates (¢, ~ -1.4...—-1.6 eV [11]). Since
the effective radius of the Mn** ion is smaller than that
of Cu* and the Mn-O bond length (1.91-2.18 A) is
greater than Cu-O (~1.89 A), the 7,, and 7,, values in
this calculation were also taken lower than in [11]. The
Coulomb interaction parameters were selected so as to
correspond to the calculated value (~2 eV) of the insu-
lating gap and the experimental values reported for
LaMnO;.

It should be noted that the orbital ordering plays an
important role in the formation of an insulating ground
state in LaMnQO;. For comparison, we also calculated
the energy band structure of cubic LaMnO; and
obtained the metal ground state. Thus, at least one of
the reasons for LaMnQOj; being an insulator is the pres-
ence of Jahn-Teller distortions and orbital ordering in
the spatial structure of this manganite crystal.

Another noteworthy result is the existence of two
different subbands separated by an energy interval of
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0.2-0.5 eV on top of the valence band. The first sub-
band in fact falls within the insulating gap and has non-
zero dispersion at a zero spectral weight in the undoped
material. At first glance, it might appear that this sub-
band is related (by analogy with cuprates [11]) to the
AFM ordering. However, the results obtained for the
PM phase (Fig. 3b) do not confirm this assumption,
since the band of in-gap states is retained. The origin of
these states is different from that in cuprates, being
related to the proximity of two orbital singlets (°a and
3b) in a one-hole sector of the configuration space of the
system (i.e., with the distorted three-dimensional cubic
structure in LaMnQOs;). This mechanism of the forma-
tion of in-gap states was originally proposed in [23].
Emphasizing a difference in the nature of these states,
we suggest calling them polaron in-gap states, since
their appearance is related to the Jahn-Teller splitting
of the initial orbital doublet, whereas in cuprates such
states are related to the spin—polaron effect (spin-
polaron in-gap states) [24].

The second subband has a nonzero dispersion and
spectral density and is completely filled in the undoped
manganite, thus representing a valence band. This
band, in turn, consists of two close-lying bands belong-
ing to different orbital sublattices. The bandwidth
depends on the type of magnetic phase in which the
given sublattice occurs (Fig. 3b). As the temperature
grows above critical (7y), the dispersion in the xy plane
decreases while that in the z direction increases (which
is consistent with the A-type AFM ordering). As
expected, the spectra of quasiparticles are symmetric
for both spin projections in the AFM and PM phases.

Figure 4 shows the results for an FM phase, which
is realized in doped La; _,Sr,MnO; manganites. In this
case, a partial filling (~x) of the two-hole term 2/, )
takes place, and the quasiparticles corresponding to the

polaron in-gap states (indicated by dashed lines in
Fig. 2) exhibit dispersion and acquire a nonzero spec-
Vol. 102
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Fig. 4. Dispersion of quasiparticle states in an orbitally ordered doped La; _ ,Sr,MnO5 manganite in the state of FM ordering (x =

0.3) for the charge carrier spin (a) ¢ = Tand b)o=1.

tral weight ~x. The FM ordering removes the degener-
acy with respect to spin, and an increase in x leads to the
formation of a state with an insulating gap for one spin
subband and with a metallic character for the other sub-
band. Such states are referred to as half-metallic (see,
e.g., review [25]). Above the Curie point, the bands in
the PM phase exhibit narrowing and a gap opens in the
quasiparticle spectrum of the half-metallic phase.
Detailed consideration of the mechanism of colossal
magnetoresistance goes beyond the scope of this paper
and will be presented in a separate publication.

6. CONCLUSIONS

The generalized tight binding method was devel-
oped for calculations of the electron band structure in
Mott—Hubbard insulators, that is, in the regime of
strong electron correlations, where the traditional one-
electron schemes such as LDA are inapplicable. The
first class of strongly correlated systems for which cal-
culations within the framework of the generalized tight
binding method were performed were cuprates [11]. It
was established that the band structure of quasiparticles
strongly depend on the doping level, the temperature,
and other external factors. In particular, in-gap states
can appear with small a spectral weight proportional to
the dopant concentration.

The results obtained in this study showed that the
generalized tight binding method is also applicable to
systems with high-spin many-electron terms. The most
important specific property of manganites is the orbital
ordering that removes degeneracy of the ‘e, doublet.
Without this removal of degeneracy, the band structure
of LaMnO; would be metallic despite strong electron
correlations and AFM ordering. The physics of this
conclusion is quite simple: a degenerate e, doublet
corresponds to a two-band Hubbard model with 1/4 fill-
ing of each band and, hence, splitting of the one-elec-
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tron band into two Hubbard bands retains the metallic
state.
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