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Optical and magnetic property of LaMnO 3

K. H. Ahna) and A. J. Millis
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854

A tight binding parameterization of the band structure, along with a mean field treatment of Hund,
electron–electron, and electron–lattice couplings, is used to obtain the full optical conductivity
tensor of LaMnO3 as a function of temperature. We predict the magnetic phase transition causes
striking changes in the functional form and magnitude of the optical absorption. Our results differ
from those obtained by the local density-functional approximation techniques. Possible origins of
the discrepancy are discussed. ©2000 American Institute of Physics.@S0021-8979~00!53708-6#
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I. INTRODUCTION

During the last several years, a lot of attention has b
focused on the colossal magnetoresistance manga
perovskites.1 The low energy (\v,4 eV) physics of these
materials is believed to be governed by Mneg electrons,
which are coupled by a strong Hund’s coupling,JH , to
Mnt2g symmetry ‘‘core spins’’ and also interact with eac
other and with lattice distortions. In this work, we show ho
the magnetic phase transition can change the magnitude
anisotropy of the optical conductivity of the manganites’
sulating ‘‘parent compound’’ LaMnO3. We obtain an effec-
tive Hamiltonian for the low energy degrees of freedom
fitting band theory calculations to a tight binding model a
adding Coulomb interaction terms. We then determine
optical conductivity and show how the different features
the spectrum may be used to determine the interaction
rameters. The material is a~0, 0, p! antiferromagnet at low
temperatures, while a paramagnet at room temperature.
Hund’s coupling therefore leads to a peak structure wit
pronounced and strongly temperature-dependent anisotr

II. TIGHT BINDING MODEL AND BAND STRUCTURE
AT TÄ0 K

According to band theory calculations2,3 the conduction
band is derived mainly from Mneg symmetryd orbitals and
is well separated from other bands. We find that the b
structure appropriate to the ideal cubic ABO3 perovskite
structure may be well represented by the following tig
binding model:

HKE1Hm52
1

2 (
i,d,a,b,a

td
abdiaa

† di1dba1H.c.

2m(
i,a,a

diaa
† diaa . ~1!

Here i represents the coordinates of the Mn sites~which in
the ideal structure are arranged in a simple cubic lattice!, a,b

a!On leave from Department of Physics and Astronomy, The Johns Hop
University, Baltimore, MD 21218.
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represent the two degenerate Mneg orbitals on a site,
d(56x,y,z) labels the nearest neighbors of a Mn site,a
denotes the spin state, andt

d̄

ab
is the hopping amplitude be

tween orbitala on site i and b on site i1d. We choose
uc1&5u3z22r 2& and uc2&5ux22y2& as the two linearly in-
dependenteg orbitals on a site. The hopping matrixtd

ab has a
special form: for hopping along thez direction, it connects
only the two u3z22r 2& states, thustz

ab5t2z
ab 5t0 for a5b

51, and zero otherwise. The hopping matrices in the ot
bond directions are obtained by appropriate rotations.

We now turn to the electron-lattice coupling. Below 80
K, LaMnO3 exists in a distorted form of the ABO3 perov-
skite structure. The important distortion is a Jahn–Teller d
tortion, which lifts the degeneracy of theeg levels on a site.
To represent this we defineui

a as the displacement along th
a direction of an oxygen ion located between Mn ions ai
and i1â, and we definev i

a5ui
a2ui2â

a . The experimentally
observed distortion has two components: aQ2 type staggered
distortion with wave vector~p, p, 0!, and aQ3 type uniform
distortion. This distortion leads to a Jahn–Teller term of t
form

HJT52l(
i,a

S d1,i,a
†

d2,i,a
† D TS 2 v̄ ~21! i x1 i yw̄

~21! i x1 i yw̄ v̄ D
3S d1,i,a

d2,i,a
D , ~2!

wherew̄ andv̄ are the amplitudes of the staggered (Q2) and
uniform (Q3) distortion, respectively, defined byv̄5v i 50

z

2(v i 50
x 1v i 50

y )/2, w̄5)(v i 50
x 2v i 50

y )/2. We next consider
the Hund’s coupling. AtT50 K, the magnetic structure is o
a ~0, 0, p! antiferromagnet, leading to

HHund5JHSc(
iW,a

$@12~21! i z#di,a,↑
† di,a,↑1@1

1~21! i z#di,a,↓
† di,a,↓%. ~3!

The total Hamiltonian is so far the sum of the terms cons
ered. By diagonalizing this matrix ink space, we can find the
energy levels and eigenstates.
s

3 © 2000 American Institute of Physics
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Crudely speaking, the bands fall into four pairs, whi
may be understood by settingt050 @as occurs at
(p/2,p/2,p/2)#; in this case we have four separate ene
levels on each site, which areE1,252lAv̄21w̄2, E3,4

5lAv̄21w̄2, E5,652JHSc2lAv̄21w̄2, and E7,852JHSc

1lAv̄21w̄2. To find the three parameter values of o
model Hamiltonian, i.e.,t0 , l, and JHSc , we fit our band
structure calculation to the LDA band calculation for the
distorted LaMnO3 by Satpathyet al.2 at high symmetry
points in reciprocal space. The standard deviation is' 0.2
eV. The determined parameter values aret050.622 eV, l
51.38 eV/Å, and 2JHSc52.47 eV. The fitted band structur
is shown in Fig. 1.

III. OPTICAL CONDUCTIVITY

A. A-type antiferromagnetic phase at TÄ0 K

Optical conductivity per volume,s, can be found from
the eigenstates and energy levels found above. Using
standard linear response theory,4 optical conductivity is
given by

sp
ln52

1

ivNMna0
3 (

n

^0uJpl
† un&^nuJpnu0&

\v2~En2E0!1 i e
. ~4!

a0 is the average Mn–Mn distance,e is an infinitesimal, and
Jp is given by Ĵp52( iea0/2\)( i,d,a,b,atd

abd(diaa
† di1dba

2H.c.). Details of the calculations will be published els
where.

From crystallography studies in Ref. 5,w̄50.488 Å and
v̄50.174 Å atT50 K. Figures 2~a!, 2~c!, and 2~e! show the
T50 K optical conductivitiessxx and szz calculated for
three sets of the coupling constantl andJHSc , with t0 ob-
tained in Sec. II. Figure 2~a! showssxx andszz for the case
2lAv̄21w̄2,2JHSc . For sxx ~solid line!, we see a large
peak at the Jahn–Teller splitting, corresponding to mot
within one plane. Note the jump in absorption at the g
edge, characteristic two-dimensional feature, a weak fea
at 2JHSc and at the sum of the Jahn–Teller and Hun
splitting, corresponding to electron trajectories which ov
lap from one plane to the next. Forszz ~dotted line!, alter-
nating core spin direction alongẑ direction results in the
peaks at Hund energy and Hund1JT energy. Figure 2~c!

FIG. 1. Fitted eg band structure of LaMnO3 :t050.622 eV, 2JHSc

52.47 eV,l51.38 eV/Å, andm50.4 eV. ~p,0,0!, ~0,0,0!, (p/2,p/2,p/2),
and (p,0,p/2) points correspond toM, G, R, andA points in Ref. 2, respec-
tively.
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shows the case of the Jahn–Teller coupling greater t
Hund’s coupling. In this case the Hund’s feature appe
strongly for bothsxx andszz, whereas the Jahn–Teller fea
ture is now almost completely absent inszz. Figure 2 ~e!
show the results for a higher value ofJHSc , which show the
shift of the Hund’s peak inszz.

B. Paramagnetic phase at TÄ300 K

SinceTN5140 K for LaMnO3, by room temperature it is
reasonable to assume that the core spins are completely
ordered. To describe the system atTN!T!Tstructure

(5800 K), we develop the effective Hamiltonian in the fo
lowing way. Instead of choosing spin basis along a fix
direction independent of sites, we choose⇑ on site i as the
direction ofeg electron parallel to the core spin on sitei, and
⇓ as its opposite direction. Therefore, the Hund coupling
ergy is HHund52JHSc( i,adi,a,⇓

† di,a,⇓ . Hm and HJT do not
change their forms by the change of spin basis. If we de
the angle between the core spin directions on sitei and on
site i1d as u i,i¿d , the hopping amplitude is modified by
factor cos(ui,i¿d/2). Sinceu i,i¿d will be completely random
at T@TN , by taking averagêcos(ui,i¿d/2)&52/3, we obtain

HKE
eff 52

1

3 (
i,d,a,b

td
ab~dia⇑

† di1db⇑1dia⇓
† di1db⇓1dia⇑

† di1db⇓

1dia⇓
† di1db⇑1H.c.!. ~5!

To incorporate the level broadening due to spin fluctuati
we introduce a phenomenological broadeningG
'toA^cos2(u/2)&2^cos(u/2)&2'3to /&.

The general features ofsxx andszz at T@TN are these:
Because we have random spin directions along bothx andz
directions, bothsxx andszz show JT, Hund, and JT1Hund
peaks. Due to the anisotropy of the lattice distortion, we s
expect anisotropy in the peak intensity. The broadening
to random spin directions makes the peaks smoother than
T50 K case. Optical conductivities calculated for room te
perature are shown in Figs. 2~b!, 2~d!, and 2~f!, consistent
with above explanation. For this calculation, we use the sa
l, to , andJHSc as in Figs. 2~a!, 2~c!, and 2~e!, but we use

FIG. 2. Optical conductivitiessxx ~solid lines! and szz ~dotted lines! for
t050.622 eV without Coulomb repulsion (U50).
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the room temperature lattice parameters, which dif
slightly from the 0 K lattice parameters. We obtainw̄
50.417 Å andv̄50.155 Å from Ref. 5. The upturn of the
optical conductivity at around zero frequency is an artifact
the crude consideration of the fluctuation in our model.

Recently, room temperature optical reflectivity spec
using a cleaved single crystal surface of La12xSrxMnO3 have
been measured by Takenakaet al.6 Although it is referred to
as a single crystal, we believe that the sample of LaMnO3 is
microtwined, and the measured quantity issav52sxx/3
1szz/3. In their results, the Jahn–Teller peak appears
around 2.5 eV. Similar results were obtained by Okimo
et al.7 From Fig. 2~b!, one sees that the observed lattice d
tortions would lead to the JT peak insav at 1.2 eV~lower
than the experiment results!, with spectral weight abou
twice the experiment results. We believe that the differen
are mainly due to the Coulomb interaction whose effects
study in the next section.

IV. COULOMB INTERACTION

We now add an on-site Hubbard-type Coulomb rep
sion to our Hamiltonian:

HCoulomb5(
i

(
aÞb

(
aÞb

Un̂i,a,an̂ib,b , ~6!

in which n̂ is the density operator anda, b, a, andb repre-
sent the indices of the orbital basis picked out by the
served lattice distortion and the spin basis picked out by
magnetic ordering. We study this Hamiltonian in th
Hartree–Fock approximation. We useto , l, and JHSc ob-
tained previously and determine the values ofU by calculat-
ing optical conductivity atT5300 K and comparing with
experimental JT peak position. For the JT peak at 2.5 eV
Takenakaet al.’s results, we obtainU51.6 eV. The room
temperature results are shown in Figs. 3~b! and 3~d!, which
shows that the calculated spectral weight is close to the
served spectral weight. With these determined values oU,
we calculateT50 K results shown in Figs. 3~a! and 3~c!,
which shows enhanced anisotropy and spectral weight.

V. COMPARISON WITH LSDA CALCULATION OF
OPTICAL CONDUCTIVITY

Terakuraet al. have calculated theT50 K optical con-
ductivity using optical matrix elements and energies obtai

FIG. 3. Optical conductivities fort050.622 eV, 2JHSc52.47 eV, l
51.38 eV/Å, andU51.59 eV.
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from their LSDA band calculation.8 Their conductivity is
strikingly different from ours in two respects. First, the for
is different: the sharp peaks we find are absent in their
culation. We suspect that the difference is due in large pa
the 0.01Ry'0.14 eV level broadening employed in Ref.
and other bands we neglected in our model. A far more
rious discrepancy is the difference in spectral weights. T
area under the lowest conductivity peak in Ref. 8 is abou
factor of 4 smaller than in our calculation. This differen
seems not to be caused by a trivial error: in our calculati
the kinetic energies obtained from the direct integration ofs,
agree with the results obtained from the Hellman–Feynm
theorem.

We have examined the size of the possible error due
the following two approximations we have made: First, w
have assumed that the hopping between Mn ions, wh
originates from Mn–O hopping, can be effectively repr
sented without explicit consideration of O band. Second,
have used tight binding approximation. To study the fi
approximation, we consider a simple model of a 1-d tight
binding Mn–O chain, with O level explicitly considered. T
estimate the error of the second approximation we consid
modified Kronig–Penney model, and find exact wave fun
tion and calculate optical conductivity. For both cases, we
the band structure into Mn only tight binding model, an
estimate the error. It indicates that when band fitting h
about 5% error of total band width~similar to our case!, the
calculated spectral weight is reliable within 20% erro
Therefore, within 20% error, we believe our calculated sp
tral weight is reliable.

VI. CONCLUSION

First, the crucial prediction of the present model is t
dramatic change in optical absorption with temperature. T
change is a robust feature of the model, and comes fro
dramatic shift in spectral weight caused by magnetic ord
ing. Second, we observe that the electron–lattice interac
by itself does not account for the magnitude of the gap or
spectral weight in the absorption spectrum. A Coulomb
teractionU'1.6 eV is also required. Finally, we note that
troubling discrepancy with the LDA optical conductivity ca
culation exists.
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