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Effects of magnetic ordering on the anisotropy and temperature dependence
of the optical conductivity in LaMnO j: A tight-binding approach
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A tight-binding parametrization of the band structure, along with a mean-field treatment of the Hund,
electron-electron, and electron-lattice couplings, is used to obtain the full optical conductivity tensor of
LaMnGO; as a function of temperature. We predict striking changes with temperature in the functional form and
magnitude of the optical absorption. Comparison of our results with existing data makes it possible to deter-
mine the electron-lattice and electron-electron couplings. The effective “Hulibaid found to be~1.6 eV,
rather less than the full bandwidth3.6 eV, putting the material in the weak-intermediate coupling regime.

[. INTRODUCTION the material, the Hamiltonian, the approximation, and the

formalism used to compute the conductivity. Section Il pre-

In this paper we present calculations of the temperaturesents our results. Section IV compares our results to avail-
dependent optical conductivity of LaMaOOur work has able data. Section V discusses the theoretical status of our
two motivations. One is to help clarify the physics of anresults, considers the magnitude of errors introduced by the
important class of materials. LaMnQs the “parent com- @pproximations we have made, and notes a troubling discrep-

pound” of the “colossal” magnetoresistance compounds,2NCY between our results and those obtained by a different

5.6 : : :
which are currently the subject of intense theoretical, experiMethod-” Section VI is a conclusion.

mental, and applied intereStOur results suggest that the
optical conductivity of the parent compound exhibits charac- Il. MATERIAL, MODEL, AND METHODS
teristic structures, frequency scales, and temperature depen- OF CALCULATION
dences, from which the important interactions and energy
scales may be deduced, and the consistency of the theory and
data may be verified. In particular, we show how estimates of LaMnO; exists in a distorted form of th&BO; perov-
the Hund’s coupling and the effective Coulomb repulsionskite structure. The important ions in LaMp@re the Mn
may be obtained. The values of both of these parameteigns, with nominal valence Mif, corresponding to four 3d
have been the subject of controversy in literafiite. electrons. The actual states are linear combinations mainly of
Our second motivation concerns the theory of optical conMn e orbitals and O P orbitals, but this will not play any
ductivity of “correlated electron” systems. Most theoretical role in our subsequent considerations and we will hereafter
studies of optical conductivity of correlated electron materi-refer to the states ag, levels. A strong Hund’s coupling
als (including the one presented hemake a fundamental makes all four electrons’ spins parallel with each other. An
approximation: The underlying band structure is represente@pproximately cubic crystal field due to the oxygen octahe-
by a tight-binding model and the optical matrix elements aredron around the Mn ion splits the Mn 3d levels into
computed via the “Peierls phase” method. The approximatzg (Xy,yzzX) andey (x°—y?3z°~r?) levels. Three elec-
tion is made because correlation effects may be studied mudhons occupy the,, core levels, and one electron occupies a
more conveniently and in much more detail in a nearestlinear combination of the twey levels. In the ideal perov-
neighbor tight-binding mode(such as the Hubbard moglel skite structure the twce, levels are degenerate, but in
than in a full band-structure calculation. However, few de-LaMnO; belowT=800 K a cooperative Jahn-TellglT) dis-
tailed quantitative comparisons between the results fountbrtion occurs, which essentially preserves the unit-cell vol-
from simple tight-binding-based calculations and the resultsime and bond angle, but makes some Mn-O bonds shorter
from experimental data or the results found via other theothan average and some longer. The structural change consists
retical techniques have appeared, and therefore the limitapf two components: a uniforr@5-type tetragonal distortion,
tions of the simple tight-binding-plus-interactions approachwhich shortens one lattice constalalong z direction and
are not clear. The work presented here is a step towards sutdngthens the other twéalong x andy directiong, and a
a comparison. In addition to relating the results of our cal-Q,-type (7, ,0) staggered distortion, which introduces al-
culations to available data and to other calculations, we internating Mn-O bond lengths in they plane. In addition to
troduce a general framework, emphasizing robust features dhese distortions, small bucklings of oxygen octahedrons ex-
the conductivity, in terms of which comparisons should beist. However, we believe these bucklings have little effect on
made. We also argue that particular features of the LaMnQoptical conductivity, as we explain in more detail in the next
family of materials(especially the “tunable” kinetic energy section. AsT is decreased through 140 K, a magnetic tran-
explained in more detail belowmake them ideal materials sition to an A-type antiferromagnet, with ferromagnetic or-
on which to test a general theory of conductivity of corre-dering in thexy plane and antiferromagnetic ordering along
lated materials. the z direction, occurs. This magnetic ordering produces a
The paper is organized as follows. Section Il introducegmarked temperature-dependent anisotropy.

A. Overview
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B. Model Hamiltonian Herei represents the coordinates of the Mn sites, which in
1. Choice of orbitals the ideal structure are arranged in a simple cubic latece,
) o andb represent the two degenerate Mporbitals on a site,
In this paper, we focus on low-energy excitations4 s (=+x,y,z) labels the nearest neighbors of a Mn siie,

eV) that contribute to optical conductivity. According t0 yenotes the spin state, anf‘gf’ is the hopping amplitude be-
band-theory calculatiors;"* the Mn e;-symmetricd levels

are near the Fermi energy and well separated from oth e o RN : ;
bands except for those derived from the g orbitals. We Yn)=[32"~1%) f"md|'/’2>_ |_X —y%) as the two Ilqaet?rly In-
believe that thet,, band is not important for the optical dependene, orbitals on a site. The hopping mattiy” has a
conductivity we study. Our reasons are as follows: First, theSPecial form: For hopping along tiedirection, it connects
band theory and the magnetic measurements agree that &Y the two[3z°—r¥) states, thus

t,4 electrons have parallel spins and form a filled shell that is 1 0
expected to be electrically inert. Indeed, thg band has a t,=t_,=tp 0 0
narrow bandwidti{about one-third of they band, implying
a small hopping amplitude. The band structure also show$he hopping matrices in the other bond directions are ob-
that thet,, to t,4 transition requires energy more than abouttained by the appropriate rotations and are

een orbitala on sitei and b on sitei + 5. We choose

. (2

3 eV, and the Coulomb interaction will increase this. There-

fore, thet,q to t,4 excitations require higher energies and f=t =t ( 14 _\/§/4) 3)
have a smaller optical spectral weight than gjeto ey ex- R N LY/ R V7

citations. Second, the mixing between tgandt,, levels is

small. In a simple nearest-neighbor tight-binding model for a 14 \3/4

perovskite structure with 180° Mn-O-Mn bonds, due to the ty=t_y=1to 314 34 4)

symmetry about the Mn-O-Mn axis, the Mgy orbitals hy- ) o o )
bridize only with O 2pa orbitals, whereas the Me, orbit- There is substantial high-energy photoemission evidence for
als hybridize only with O 2pr orbitals, which forbids the, the strong on-site Coulomb interactioridf,~8 eV) in the

and t,, mixing. Even after further neighbor hoppings and {nan%arﬂtes,twhif:h 1[_3rl]aces| them inf {Ee t():lasdstr(])f “charlge-
bond bucklings are included, the admixture betwegrand ranster- materials. {he relevance of the band-theory calcu-

. S lation may therefore be questioned. We argue, however, that
bnd Structure for the system that daes not have bucking 1S ETECt ofthe interactions at the lovi <4 ev) ener
y 9 ies of interest may be determined by comparing the predic-

oxygen octahedrons was calcul_ated In Ref. 9, which show ons of the band-theory calculation to data; the results we
that theey andt,4 bands cross Wlth a tiny gap Igss than 0.02present will allow this comparison to be made.

eV (0.6% of the totale; bandwidth. The buckling of the The highT, superconductors provide an instructive ex-
oxygen octahedrons increases the mixing as shown betwegnple. These are also charge-transfer insulators with a very
I' andT points in Fig. Za) in Ref. 8. Thee; | band and the  |arge high-energy on-site repulsityy, (Refs. 11 and 12

t,g T band mix and open a gap0.26 eV(about 7% of the  The low-energy excitations are complicated objects called
ey 1 bandwidth, which is still small. Therefore, we believe the Zhang-Rice singlets, but it has been established that the
that the low-energy excitations can be well described by theffective interaction relevant to the low-energy theory is

Mn g4 band only. much less tharJyg,, and that band theorfalbeit with a
renormalized hopping describes the electron dispersion
2. Model Hamiltonian for T=0 K well. We therefore suggest that band theory is an appropriate

We find that the band structure appropriate to the ideaft@rting point in the manganite case as well.

cubic ABO; perovskite structure may be well represented by W€ now tumn to the electron-lattice coupling. Below 800
the following tight-binding model: K, LaMnQ; exists in a distorted form of th&BO; perov-

skite structure. The important distortion is a Jahn-Teller dis-
tortion, which lifts the degeneracy of tieg levels on a site.

HetH,=—5 > t2°d] dii et H.Co

2: 4 iaa To represent this, we define’ (7=x,y,z) as they direc-
S tion displacement of an oxygen ion located between Mn ions
—u S dl di. () atiandi+7z, and we definev?=u’-u ;. The Jahn-
ia,a Teller distortion term may then be written as

|
T T
dii g i%— %(v?-l— v%) z (UF—U?) (dl,f,a) (5)
) I R U VAT I

Z,f,a
which defines the Jahn-Teller coupling constanh our model. The experimentally observed distortion has two components:
a Q,-type staggered distortion with wave vectotr,r,0), and aQs-type uniform distortion. This distortion leads to a
Jahn-Teller term of the form

HJT: _}\Z

ia
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dI,F,a ! _U_ (_1)iX+in dl,f,a
HJT:_AZ( ) (— 1) vw v v(dz,i‘ﬂ)’ ©

+
ia d2,r,a

Wherev—v andv_are the amp”tudes of the Staggeré@lzl and levels below the chemical pOtentiﬂl, which is determined

the uniform Q) distortions, respectively. to give the correct number of electrons per unit cell. We
We next consider the Hund’'s coupling. This leads to adenote the energy levels kﬁ/j(IZ) with j=1,2,...,8 in the
term order of the increasing energy. Our tight-binding band struc-
ture is shown in Fig. 1 for the parameters which provide the
_ J 4 2 4. best fit to the published band calculatich€rudely speak-
HHung ;%a IS A7 o o Tapiag ™ ing, the bands fall into four pairs, which may be understood

- . - ) . by settingt,=0 [as occurs at4/2,7/2,7/2)]. In this case we
whereS; represents the,g core spin andr the Pauli matrix.  have four separate energy levels on each site, which are
At T=0 K, the magnetic structure is of a (0z), antiferro- Erom—\ V2 W2, Ess=\ V2w, Es = 2J1S

magnet, which leads to = =
g —\MVo?+w?, andE; g=2J,S.+ A Vu?+w?. In the (0,07)

ot antiferromagnetic structure at=0 K, the Hund’s coupling
HHund:‘]HScZ {[1=(=D)"]d; . diay suppresses thedirectional hopping; the bands thus become
ha more two-dimensional a3,S, increases.
+[1+(~1)d] , dia )} ®)
o 3. Model Hamiltonian for Ty<<T<€800 K
We now add an on-site Hubbard-type Coulomb repulsion

to our Hamiltonian. Because we have two orbital and tWoyeqerihe | aMnQin the paramagnetic state, in particular at
spin states on each site, we have in principle six d'fferenhroundeisoo KsTy. For T>Ty, it is reasonable to as-
Coulomb repulsion terms, which may be generally written (' sume that the core spins are completely disordered. How-
is the density operatpr ever, because room temperature is much lower than the
structural transition temperature 800 K, we may neglect lat-
HCoqumb:Z > Ulwa). gy aalipp. (9 tice fluct'ua}tlons and assume a static JT distortion with mag-
i (a@)#(B.b) nitude similar to thel = 0 K one.
To describe the system &;,<T<800 K, we use a spa-

In this subsection, we indicate the modifications needed to

The total Hamiltonian is the sum of the terms considered so

far: tially varying spin basis in whiclf on sitei indicates thee,
oK spin parallel to the core spin on siteand | indicates theey

Hiot =Hket H .+ Haort Hpung™ Hcoutomb: (100 spin antiparallel to the core spin. In this basis, the Hund’s

oK coupling energy corresponds to the shift of the spin-down

We study the band structure éf.;i,=Hke+H,+Hjr
+Hpung, the noninteracting part of the Hamiltonian, at
T=0 K. By diagonalizing th& space representation given in
Appendix A, we find the band structure. At=0 K, the unit Hpung= 291Sc.> ditall Fal- (11)
cell is doubled twice, once by spin and once by orbital or- ia
dering. We have two orbital states for each of the two spin ) ) N ]
states, and four Mn sites per unit cell. Due to the symmetryl he hopping amplitudes are modified by spin overlap fac-
between the two spin states, we will have twofold degeniors. To write this, we define the angle between the core spin
eracy for each level. Therefore, we have eight separatdirections on sitd and on sitei + & as 07 i+, so that the
bands. The ground state is obtained by filling the energxkinetic energy is given by

bands:

1 ab Oiivs| + Oiivs) v
HKEZ_EF,EE,;@ t [COS{ 2 A7 0+ 5on + €O 2 Aoy i+ 01

0 R 6.—.‘ =
+sin "'”)ol.I d-‘+gbﬂ+sin(%+§ dl,dis jop+Hec.|. (12)

2 iaff !

At T>Ty, 67 7.5 will be completely random. Therefore, we argue that it is appropriate to average the Hamiltonian by setting
(cos@;i+3/2))=(sin(¢;;.3/2)) =213, which gives the following effective kinetic energy term

1 byt T t t
H30 Kefl— _ 3 E t% [d i sbp+dig die oy + 0 dis oy + diydis sog +H.C. (13
i,d,a,b
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where Uﬂ’+ = Uﬂﬂ+ _<nﬂ_> + UﬂU+ +<nu+> + UTTU+ _<nﬂ_>,
etc.

This equation may be reorganized into a term proportional
to the total e; density operator, which renormalizes the
chemical potential and is of no interest, a term that couples
to the totaley spin operator and changes the Hund’s cou-
pling, and terms that renormalize the local Jahn-Teller split-
ting in a manner that differs for electrons locally parallel and
antiparallel to the core spins. Thereforé] ;++Hyung
+HE ompCan be cast into the following form:

Energy—Ef (eV)

HE 2, 2. o
HJT+HHund+HCoulomb_Zi N Vo +wWa(Nigye —Nip-)

00) (000 rrr r
= : (2 22 ) @l 2)
N I o,
FIG. 1. Fittede, band structure of LaMn@ t,=0.622 eV, FAVo WA (N =Ny )
2J,S.=2.47 eV,\=1.38 eV/A, andu=0.4 eV. (,0,0), (0,0,0,
(m/2,w12,712), and @r,0,m/2) points correspond t™, T', R, andA + ZJﬁSc(ﬁﬂH + ﬁfu—)a (15)

points in Ref. 9, respectively. The dots represent the energy levels
of the LDA calculation in Ref. 9, with which we fitted our model. where

H,, Hyr, andHcgyomp do not change their forms with the
change of the spin basis. THe space representation of Upt —Uq

’
H300 K= 130 Keft H 4+ H 1+ Hyung is shown in Appendix MEAET—, (16)
nonint KE s JT Hund pp 2 1)2+W2
C. Hartree-Fock approximation of the Coulomb interaction U U
N , U+~ Y-
We take the Hartree-Fock approximation of the Coulomb M=+ —/—, (17)
interaction, which we believe is reasonably accurate for the 2Vov2+w?

simple quantitiegpeak position and spectral weigfinpor-

tant for our analysis. Corrections to the Hartree-Fock ap- 1

proximation are due to quantum fluctuations. We have com- 23/,S=23Sc+ = (Uy, +Uy_ —U,, —U; ). (19
pared the Hartree-Fock approximation to the exact results for 2

the case of the strongest fluctuations, namely the one-

dimensional Hubbard model, studied by StaffétdVe use ~We transform the above Hamiltonian intg,)=|3z°—r?)
the Hartree-Fock approximation for one electron per site casand |4,) =|x*—y?) orbital basis, in which the hopping ma-
and obtain the total kinetic energy, which is proportional totrices are defined. The total Hartree-Fock Hamiltonians at
the total spectral weight. The results are shown in Table |, inf=0 K and 300 K are

which we also show the exact results in Ref. 13, and the

high-U limit approxi_mati_on,_ 4_2/U. It shows _that the HYHP=H e+ H,,+Hyr+ Hyyngt HE omp (19
Hartree-Fock approximation is in agreement with the exact

results within 30%.. We believe that. in th(_a case of present 300 KHF_ 11300 Keff HE

interest, the combination of three dimensionality, the large  Hiot =Hie ™+ H A Hort Huuna Hcouoms:

core spins, and the localization due to the electron-phonon (20

interaction renders the Hartree-Fock approximation suffi- . o
ciently accurate. By representing the total Hartree-Fock Hamiltonian kin

In this approximation, one of the two density operators isSPac€, we obtain the results in Appendix C, in which we also
replaced by its expectation value, which is determined selfPrésented the expressions of the number operators.
consistently. The approximation explicitly breaks symmetry
in spin and orbital space, so the issue of basis choice arises. TABLE |. Total spectral weights represented in terms of kinetic
We choose the orbital basis picked out by the observed lagnergies for the one-dimensional Hubbard model witi. andn
tice distortion and the spin basis picked out by the magneticzl'
ordering. We refer to the higher- and the lower-lying orbital

_ . . Exact kinetic Kinetic energy
e e eopecluel e S SN OIOn nieroc Lagelim
e p . ' lf) Ref. 13 approximation 4t3/U
Hamiltonian may then be written as
0 1.27 1.27 Not applicable
HF _ T, T
HCoqumb_Z Uﬂ+di‘ﬂ+diﬂ++uﬂ*dfﬂ_diﬂ* 4 0.97 0.77 1
i 8 0.62 0.46 0.5
o0 0 0 0

T T
+Uu+di‘u+dfu++uﬂ,dm_dfﬂ,, (14
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D. Optical conductivity = ieag
To=— o . 2 8], diise—He), (29

iaa

1.AtT=0K

Optical conductivity per volumey, is obtained using the _ - _ _
standard linear-response theory explained in detail in Ref. 14 is an infinitesimal introduced to make the expression well
and used in Ref. 15. The electromagnetic field couples to th@efined, andy, v=x.y,z. K, is the kinetic energy along
electrons via the Peierls phase factgptgexpae,&-éaolﬁ). n (=X,y,z) direction. a, is the distance between the Mn

- > . oo : ions. By taking the large» limit and using the Kramers-
By expanding(J)=(JH/5A) to linear order inA, we find Kronig relation, we obtain the following sum rule:

_ d
op=05,tah,, (21
eap) 2 1 K _""2 Zrdw R0, (v)] (26)
d _ T 2 77 :
b=l ) 2o 22 ©
0
1 <O|JT In)(n|J,,|0) We have evaluate® and o using the Hamiltonians and
pv

oP =— . 23 approximations listed above. At=0 K, we find
T o 2 o (BB rie (2

where 2
nn_m dk 2 2 cosk B (k)” (27)
™ E(k)<
Ko =N <0| 2 5] 0 et HC)[0), g
I5=i7],a,b,a
(24) and
|
- eay/h)2 sink, B, (K):i/|?
(O'p)m?:__s—Sf 2 (ealh) —— WE )“| , (28)
iwag (2m)°JR  g<uEp@>u fo—Ep(K)+Ej(K) +ie

whereB (k) is a matrix related to the current operator. Explicit expressmrB,?(Qk) for HO K andHS X are given in

Appendlces A and C, respectiveR.is the first Brillouin zone of the band structure of the fully ordered sfaed|’ are the
band indices. The factor of 2 is from the spin degeneracy. Therefore, the real padtd=0 K is

©%, sink.B.(K) 1| < (29
——2SIn Vit = = .
fi T [ho—Ej(K) +E;(K) ]2+ €2

1 N
dk
Reo,,]= 0(277)3f >

Ej(K)<u.Ej(K)>u
2. At Ty<T<800 K

To compute the optical conductivity in the paramagnetic state, we use the effective Hamiltornfan300 K, and use the
same method as thE=0 K case. Because 8tTy, the core spin directions are fluctuating in time and space, the energy
levels are broadened. To incorporate this physics, we introduce a phenomenological broadening pErafmedeh energy
level, leading to the following expression of the optical conductivity:

e 2T'|(eay/#)2 sink, B’ (K);; |2
Rda,,]= gk 3 | 7 “lz, (30)
wad (2m)° Ej(0<wEp(®)>p [Ro—Ej(K)+Ej(k)]7+(2I)
|
whereSis the first Brillouin zone for the paramagnetic state. E. Determination of the parameters
The explicit expressions d/(K) for H3on and H3 *HF

. . ) We first determinegty, \, and J,S; by fitting the band
are given in Appendices B and C, respectivdlymay be gy o ofH® K . to the LDA band structurg,and deter-

estimated from the root-mean-square fluctuation in the hopz,io the coulomb interaction by comparing the Jahn-Teller
ping amplitude; we find

peak position in the optical conductivity ¢439° “HF with
experlmental data. From crystallographlc studies in Ref. 7,
) we obtainw=0.488 A andv=0.174 A atT=0 K. For our
T ~ty\(co2(012)) — (cod 0/2))°~ 0 (37 fitting, we use the LDA b%nd calculation for the JT distorted
32 LaMnG; by Satpathyet al” at high symmetry points in re-
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ciprocal space, %,0,0), (0,0,0, (#/2,7/2,7/2), and 4000
(7,0,7/2). The standard deviation #80.2 eV, and the maxi- 3000 ] @ + ®) 4
mal error of 0.4 eV occurs at(/2,7/2,m/2) for the lower JT 2000 [ | }‘ﬂf’g;\/m " A-1.38 VIR
level of the upper Hund stat€&s . The determined param- 1000 N AR

eter values are¢,=0.622 eV,\=1.38 eV/A , and 2,S. - 0p S LA R
=2.47 eV. The fitted band structure is shown in Fig. 1. The 5 3000 o T @, 1
dots represent the energy levels from the LDA band calcula- IO} 2000 1 T 7”=T2='3280?<WA'.
tion in Ref. 9, which we used to fit our model. These param- — 1000 ¢ A ]
eters fit the LDA band calculations for the JT distorted and © 3008 Fo N '(f)' 1
buckled_ actugl _LaM_n@ structure published by Satpathy 2000 [ 21 222,90 ViR ]
et al® with a similar size of error. The above valuestgaind 1000 L T=300K

JuS; are similar to the values obtained by Mryaseivall® o Lt re A A ]
from an LDA calculation for the ideal cubic structure. 0123456012345867

The parameteh may be independently determined by Photon energy (eV)

fitting the observed lattice distortiohto a simple model of _ - o

localized electrons that are Jahn-Teller-coupled to a har- F'G- 2. Optical conductivitiesr,, (Solid lines and o, (dotted

monic lattice as explained in Ref. 17. This reference showrgelj)lsﬁz;]t;’;nifgz S\i g;‘d 24Sc=2.47 eV without the Coulomb

that the amplitudes of the observed distortions fix the param- P R

etern/(Kiap), whereK is the force constant for compres- _ N .

sion of the Mn-O bond, and, is the average Mn-O distance. andJyS; obtained from the band fitting, and determine the

After correcting a factor of 2 error in E@10) of Ref. 17, we  value ofU by calculating optical conductivity and fitting the

obtain peak position to the experimental peak position. We use the
JT peak for this fitting, since this peak is most prominent.

N \/
Kiag €

2 2u 2 We obtainU=1.6 eV. Details of the optical conductivity
+ ay) (32)  results will be explained in the next section.
0
whereK, is an extra parameter related to the elastic modulus
C11—C1o, €7 (7=X,Y,2) is the uniform strain, and/ is the

staggered oxygen displacement. From the results of Elle- A. At T=0 K without the Coulomb interaction term
manset al,’ e?=—0.0288,uX=0.141 A , anday,=4.034 A.

For 0<K,/K;=<10, we obtain 0.0428\/(Kid)) g ciivities oy, and o,, calculated for three values of the
=0.0591.K; is estimated from the frequency of the h'gheSt'coupling constank with t, andJ,S, predicted by the band

lying bond-stretching mode measured in this material byh do andw f h I hic d Fi
Jung and NoH® The measured bond-stretching mode has gneory andv andw from the crystallographic data. Figure

peak at 70.3 meV. From the relatiortid)?=2K,(my}  2(@ showso,, and o, for the case & Vv?+w?<2J,S;.
+mgY), we obtainK,=7.36 eV/AZ. Therefore, we obtain FOr oy (solid line), we see a large peak at the Jahn-Teller
A between 1.27 eV/A and 1.76 eV/A, which includes the Splitting, corresponding to motion within one plane. Note the
value obtained above. We can, in fact, determine the lowelMP in absorption at the gap edge—a characteristic two-
bound ofK /K, from the structural transition temperature as dimensional feature. A weak feature is also visible 3%, ;
explained in Ref. 17. In Ref. 17, the mean-field estimation ofthis corresponds to the electron trajectories that overlap from

the structural phase transition temperature was found to b@€ plane to the next. An extremely weak fea’ture is also
TMF=3\2K, /[ 2K, (K, +2K,)]. By comparing TYF with visible at the sum of the Jahn-Teller and Hund'’s splittings
S : S

(JT+Hund). For o, (dotted ling, we see a very weak fea-
{ure at the Jahn-Teller energy, corresponding to a small am-
plitude for an electron to tunnel through an intervening plane
and land on a “correctly oriented” core spin, a large peak at
3 A2K, the Hund’'s energy, and another peak at the sum of the
> KK 12K >65 meV. (33 Hund’s and Jahn-Teller splitting energies. The sharp peak at
1(K1+2K5) \ . - X
the Hund’s energy inr,, originates from the essentially par-

Combining Eqs(32) and(33), we can determine the range allel bands seen in Fig. 1 betweent/@,7/2,7/2) and
of K,/K4. The determined range §,/K,>0.26, and gives (,0,7/2). In the LSDA band calculation in Ref. 9, these
A> 1.36 eV/A, which is remarkably close to the value ob-two bands are not exactly parallel: The mean splitting varies
tained by the band fitting. by ~+0.17 eV, which should induce a comparable broad-

We will use the optical conductivity to estimate the sizeening ofe=0.17 eV. The effect of this broadening is further
of the Coulomb interaction. First, as the simplest case, weliscussed in Sec. V. Figurd@ shows the case of compa-
consider the case wherd, . sn=U, independent of rable Hund’s and Jahn-Teller couplings. We see that the
(a,@) and (B,b). Roughly speaking, the presence of thestructure becomes more complicated as the features overlap,
Coulomb interactiofd shifts all peaks of the optical conduc- and the band structure becomes less two-dimensional. The
tivity upward by ~U, since in the ground state of LaMgO low-energy shoulder starting from 1 eV originates from the
every site has one electron, and any excitation puts two eledransition between the opposite spin directions. Finally, Fig.
trons at the same site. Therefore, we use the valugég, of, 2(e) shows the case of a Jahn-Teller coupling greater than the

L 1+2K, /Ky
2

Ill. RESULTS OF THE CALCULATION

Figures Za), 2(c), and Ze) show theT=0 K optical con-

the observed structural transition temperature 750=65
meV) and considering that mean-field theory overestimate
transition temperature, we obtain
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4000 g corresponds to the nonstaggened-y? type orbital order-
3000 | A @ + ® - ing, then thez-direction conductivity becomes even smaller.
2000  § \} }Vﬂfg;w’* i 7‘=T1'38 eKV’A' For o, asé decreases, the spectral weight has moved close
1000 ) \ . N =800k to the lower edge without appreciable changes in the total
5 0= ENE e spectral weight.
§ 13000 ; ©,+ (d),
T opp0 | A=220eV/A T A=2.20 eV/A ]
e . Tk 1 T=300K ] - i i
Z 1000 | -M-_ B. At T\<T<800 K without the Coulomb interaction term
o) 0 aw SELSAST A i,
3000 | “ () 1 ® The general features of,, and 02z atT>TN are these:
2000 [ || A=290eVAL A=2.90 6V/A ] Because we have random spin directions along Baihd z
1000 L M\ I T=300K ] directions, botho,, and o,, show the JT, Hund, and JT
o LAV, Y N ] +Hund peaks. Due to the anisotropy of the lattice distortion,
01234560123456867 we still expect anisotropy in the peak intensity. The broad-
Photon energy (V) ening due to the random spin directions means that the peaks

become smoother than tie=0 K case.
Optical conductivities calculated for the room temperature
are shown in Figs.(®), 2(d), and Zf). For these calculations,
we use the samg, ty, andJyS; as in Figs. 2a), 2(c), and
Hund's coupling. In this case the Hund's features appeaf® but we use the room-temperature lattice parameters,
strongly for both,, ando,, whereas the Jahn-Teller fea- Which differ slightly from tre 0 K lattice parameters. We
ture is almost absent ib—zz- Figures 33), 3(c), and 3e) obtainw=0.417 A andv=0.155 A from Ref. 7. As ex-
show the results for a lower value df;,S., which show Pected, the peaks are substantially broadened and indeed in
similar features as Figs(&, 2(c), and Ze). The results fora  Figs. 2d) and 2f) only two peaks are visible. The upturn of
larger value of],;S. are shown in Figs. @), 4(c), and 4e). the optical conductivity at around zero frequency is an arti-
We have also studied the change of optical conductivityfact of our choice of the energy-independent level broaden-
caused by the change of the ordered orbital state. The orbitfdd I'. Figures 3b), 3(d), 3(f), 4(b), 4(d), and 4f) show
ordering angled defined in Sec. Il is related to the lattice gi(m)ile;r( r)esz(lt?, Z(bt)ai”eg fz(()r)the paratmetlers used in Figs, 3
- L c), 3(e), 4(a), 4(c), and 4e), respectively.
distortionu andw by We show in Table Il the variation of the spectral weight
— with temperature and parameter values. The results obtained
_ v from Eq. (27) and from direct integration oé [as in Eq.
COS 2= — ———. (34 )
m (26)] are in ag_r_eement. The temperatu.re dependenpe comes
from the familiar double-exchange-driven correlation be-
- = e tween spin order and spin-dependent hopping amplitude. It
For the qbserved a'ndw at TZO Kilve.obtaln0~ 54_ - We is complicated at small;S; by competition between acces-
have varied the ratio betweenandw without changing the  gpility of different orbitals and spin-dependent hopping,
JT splitting 2\\v?+w?. The results are shown in Fig. 5. but at largerJ,S. the expected decrease I, asT is
When 6=30°, the orbital ordering ix?—z?/y?—z? type,  changed from 0 to 300 K, is always seen. Table Il shows that
and whend=60°, 3x?—r?/3y?—r? type. Whend=45°, the atT = 0 K, K,, sensitively decreases asincreases, but is
orbital state is between these two configurations. As the orinsensitive toJ,S;, while K,, decreases as or J4S. in-
dered orbital state changes fromf—z?/y?>—z? to 3x?  creases, which can be understood from the spin and lattice
—r2/3y?>—r?, the total spectral weight of-,, has substan- configuration aff=0 K. On the other hand, & =300 K,
tially decreased. 1P is further varied toward=90°, which  both K,, andK,, have moderate dependence on betand

FIG. 3. Optical conductivitiesr,, (solid lines and o, (dotted
lineg) for t,=0.622 eV and 2,S.=2.10 eV without the Coulomb
repulsion term(i.e., U=0).

TABLE Il. Total spectral weights fot,=0.622 eV without the Coulomb interaction teffire., U=0),
expressed in terms &f, , K,, andK,, for T=0 K and 300 K.

2048 (V) A (eVIA) KO K(ev) KO2K(ev) KOK(ev) K3K(ey) KIK(ey) K3OK(ey)

2.10 1.38 0.295 0.242 0.277 0.290 0.211 0.264
2.10 2.20 0.236 0.226 0.206 0.248 0.179 0.225
2.10 2.90 0.196 0.184 0.192 0.219 0.155 0.198
2.47 1.38 0.294 0.217 0.268 0.277 0.199 0.251
2.47 2.20 0.235 0.185 0.218 0.236 0.167 0.213
2.47 2.90 0.195 0.165 0.185 0.207 0.144 0.186
4.00 1.38 0.289 0.149 0.242 0.249 0.159 0.219
4.00 2.20 0.239 0.129 0.202 0.209 0.139 0.186

4.00 2.90 0.194 0.110 0.166 0.179 0.109 0.156
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JiS.. The spectral weight of each peak depends sensitively 8000
on temperature. Particularly, when the Jahn-Teller splitting is 6000
much less than the Hund's splittings in Figs. 2a) and 4000 |
2(b)], it is possible to identify the lowest-energy feature at 2000 |

both 0 K and 300 K as arising from the transitions between 0

the parallel-spin but different Jahn-Teller states, and to de-

termine the spectral weight in this feature. When we define . sooor
— 4000
2h%a, £ 2000 |

Kn,JT:—zf dwo,,(), (39 - 0

Te JT peak |

G 5000
we find K? 5;=0.271 eV, K3 =0.151 eV for Figs. &) © 4000
and 2Zb), whose ratio is between 1/2 and 2/3, as predicted in 2000 +

Ref. 3. The extralr =0 K JT spectral weight is pulled down 0

from the higher-energy peaks as the spin disorder is de-

creased. It is also noteworthy that the peak shape is more

asymmetric affT=0 K than atT=300 K, due to the two-

dimensional character. 2000 ¢ i
0

6000
4000

0123450867
C. With the Coulomb interaction term Photon Energy(eV)

The experimental results of Ref. 19 show the lowest- g 5. Optical conductivitiesr, (solid lineg and o, (dotted
energy peak at 2.5 eV, which we interpret as the JT peakiney for t,=0.622 eV, 2,,S,=2.47 eV,A=1.38 eV/A, andU
This peak position is about 1.3 eV higher than our results-q with different orbital ordering anglé.
obtained without the Coulomb interaction term. We believe
that the difference comes from the Coulomb interaction. By — — —
fitting the calculated peak position to the experimental pealsite are —M\/szrWZ, e vP+w?, 2J[S— )\ﬁ\/vz+W2,
position we estimate the size of the Coulomb interaction. Weyq 20/,Sct )| [o2+w2. Even though the finite hopping
obtainU=1.6 eV. This value ol is close to the difference giyes dispersion to these energy levels, the peak positions are
of the experimental peak position and the calculated peaglose to the energy differences between different levels.

position for theU = 0 case. The room-temperature results G N e )
are shown in Figs.®) and &d). As we increase the value of Therefore, the JT peak position is close p2/v"+ w”, the

U, the peak position shifts upwards byU, and the peak Hund peak position is close toJ2Sc+ (A j—N\{) Vo +w?,
intensity decreases. With this determined valu&Jpive cal- and the JFHund peak position is close t0J2S:+ (M
culate theT=0 K results shown in Figs.() and 6¢). It +)/)\u2+w?. To see the effects of the different types of
shows that a3 is changed from 300 K 'to 0 K, the anisotropy the Coulomb interaction, we use different values.of J;,S,
is enhanced and the spectral weight of the JT peakyfis  for the same value of;, and calculate the optical conduc-

increast;d. E;Fproxim.ately ;Wice. | . hi htivities. We found that the JT peak position and spectral
We briefly mention the more general case In which, aiant do not change very much. Therefore, even if we use a
U(a,a),(8,b) dEPeNds on the indices, i.e., the Coulomb repul-more general Coulomb interaction with, s (5.5 depen-

sion depends on precisely which spin and orbital states argent on the indices, as far as we fix the JT peak position by
occupied. In the no-hopping case, the energy levels on eaq ing \/ , its spectral weight does not change very much.

For the above model, we also calculate the variation of

4000

2000 | M@= =~ '(b)' ] the level occupancies as a functionlf The results for the
2000 | |!-38eVIAL A-138 oV/R ] lowest-lying orbital(n, ) are shown in Fig. 7 foT=0 K
1000 | | T=0K _Moox ] andT=300 K, which shows that dd increases, the, elec-
5 e 4
e 0 Pt ) ey
'S 3000 [A-220eVA (o) I (@, 1 4000 ———————
o 2000 ook T A=2.20 eV/A 3000 | @ 1 (b)
= 1000 [ -,\\ I A T=300K -~ 2000 Tk 1 GxxT=300K_
o e v - S y 5 1000 | -+ £ Cyy 1
3000 [ A=2.90eV/A () 1 (f)o__ ‘TC} 0 ey R e S
2000 | bk T A=2.90 eV/A 2 8000 [ o, © 1 o, d -
1000 [ 1!“‘ I . T=300K ] b 2000 |- T=0K T T=300K ]
oL Lo . e 1000 | + .
0123456012345867 0 . —
Photon energy (eV) 0123456012345¢67

Photon energy (eV)
FIG. 4. Optical conductivitiesr,, (solid lines and o, (dotted

lineg) for t,=0.622 eV and 2,S,=4.0 eV without the Coulomb FIG. 6. Optical conductivities fot,=0.622 eV, 2,S,=2.47
repulsion term(i.e., U=0). eV, =1.38 eV/A, andU=1.59 eV.
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1.00 two main structures; a lower peak centered at 1.9 eV with

maximum intensity 42d) " *cm™! and integrated intensity
corresponding t&,, ;7= 2K, 51/3+ K, 51/3~0.115 eV, and a
peak centered at around 4.5 eV with a much larger intensity.
The authors of Ref. 20 attribute the 4.5 eV feature to the

0.90
AI ey—0 2p transitions beyond the scope of our model and as-
. sign the peak at 1.9 eV to the JT-spéf-e, transitions
< within the parallel-spin manifold. In this interpretation, the
c " :
v transitions to the reversed spin states are obscured by the

0.80 Mn-O transitions. Recently, room-temperature optical reflec-

tivity spectra using a cleaved single-crystal surface of
La, _,Sr,MnO; have been measured by Takenakal° Al-
though it is referred to as a single crystal, we believe that the

0.70 T S S S sample of LaMn@ is microtwinned. In Ref. 19, the Jahn-
0.0 20 4.0 6.0 8.0 10.0 Teller peak appears at around 2.5 eV with maximum inten-
U (eV) sity ~600 Q~*cm ! and width~1.5 eV corresponding to

FIG. 7. Occupancies of the lowest-lying orbital verdusfor K""V'J.T%O'lél eVZ and the ME]_lo p??k appears at 5 ev with
t,=0.622 eV, J,S.=2.47 eV, anch=1.38 eV/A atT=0 K and  maximum |nten§|th80029 cm™ =, Similar results were
300 K. (R,_) for T=300 K is smaller than that foF =0 K due to obtained by Okimotaet al= The results of Takenakat al.
the reduced kinetic energy in the paramagnetic state as mentiones@qw a weak Sh(_)ulder at 1.9 _eV that our model _Cannot ex-
in Sec. Il B. For examplek?,K=0.268 eV,Kk3% K=0.251 eV for plain. The two different experiments therefore disagree by
U=0 eV, K% K=0.207 eV,K3%® K=0.149 eV foru=2 eV, and 30% in peak position and 20% in spectral weight. Further,
K2, K=0.087 eV,K3% ¥=0.050 eV forU=10 eV. the experiment reporting the lower gap value has a lower

spectral weight, a trend opposite to that found in any reason-
trons are more likely to have spins parallel to the core spingble model. We therefore regard the experimental situation
and stay in the ground state of the local lattice distortion. Theas uncertain.

curves, however, show that the valuelbfequired to fit the From Fig. &a), it is plain that if the Jahn-Teller interac-
data of Ref. 19 does not change the ground-state occupantipn were the only important one, the observed lattice distor-
much. tions would lead to a peak ior,, at 1.2 eV with maximum
intensity ~1200 Q" tcm™?!, width ~1.0 eV, andK,, jr
V. COMPARISON WITH EXPERIMENTS ~0.223 eV. The maximum intensity or spectral weight is

much larger than the observed values in either experiment,
We now compare our results to data. This comparison ignd the peak position is lower. From FigcB we see that

preliminary because the available data disagree. Optical corthe data of Ref. 19 may be approximately modeled by use of
ductivity for polycrystalline LaMnQ was measured at room a stronger electron lattice coupling or a nonzero Coulomb
temperature by Jungt al?® Because the crystal directions interaction, which moves the peak to higher energy and re-
are random in polycrystalline samples, the observed quantitgiuces its spectral weight. For the data in Ref. 20, one cannot
is 0,=20/3+ 0,73, provided that the crystallite size is simultaneously fit the peak amplitude and the peak position
large. We have also plotted our calculaieg, for H3% Kin  as can be seen from Fig(l8: Choosing interaction param-
Fig. 8. Figure ) shows the results for the parameter valueseters to fit the peak position leads to an amplitude that is too
determined from the band fitting. The data in Ref. 20 exhibitarge. The combination of peak energy and amplitude could

only be explained if the actual hopping were significantly

4000 —————————— smaller than the band-theory valdsay ty~0.4 eV rather

3000 | @ than 0.6 eV.

2000 | A=1.38 eV/A ] Further optical data would be very desiralispecially

1000 U\‘ﬂi y measurements at lowdr). For the present we assume the
R 0 —————ry data of Ref. 19 are correct, and consider their interpretation
'S 3000 | (b) ] in more detail. We believe that the combination of the band
T, 2000 | A=220 oV/A | calculation and the estimates from the crystallographic data
1000 § T-300K 1 adequately fix the magnitude of the Jahn-Teller splitting. We

H 0 =" therefore believe that the differences between the data of

©" 3000 | © 4 Ref. 19 and Fig. &) are mainly due to the Coulomb inter-

2000 | A-2.80 eV/A ] action whose effects we have studied in Sec. Il C. Bor

1000 T=300K 1 =1.6 eV, the calculated maximum peak intensity is 730

Q tem ™!, the width is 1.2 eV, anK3{~0.145 eV,
which is close to the observed spectral weight in Ref. 19.
Because our choice of the parameters reproduces both the
FIG. 8. Average optical conductivities,, for t,=0.622 eV and  peak position and the spectral weight, we believe our model
2J,S,=2.47 eV atT=300 K without the Coulomb repulsion term is in reasonable agreement with the experimeit-aB00 K.
(i.e.,U=0). We emphasize, however, that the true test of our results is

0 L L
01234567
Photon energy (eV)
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4000 in our calculation than in Ref.)6Regarding the oversimplic-
3000 ity of our model, our nearest-neighbor tight-binding fit pre-
2000 | dicts that certain bands are parallel, while in the actual band
1000 | structure a certain curvature is present due to small second-
or neighbor hoppings, as noted in Sec. lllA. This effect will
3000 ¢ 1 give an additional broadening0.2 eV to the Hund’s peak in
2000 A £ =010V o,,. Therefore, the total broadening for the Hund’s peak in
~ oo ;1/-" e 0,,in Ref. 6 relative to our result will be~0.3 eV, which
IE 3008 | explain; the difference iq line shape, which is not of funda-
S 00l mental importance for thls paper. _ _
N 1000 A fa_r more serious discrepancy is the dlffere_n(_:e in spec-
- ol tral weight. The area under the lowest conductivity peak in
© 5000 | Ref. 6 is about a factor of 4 smaller than in our calculation,
2000 | and as noted one expects the tight-binding model to under-
1000 estimate the spectral weight. This difference seems not to be
ol caused by trivial errors in our calculation. In Sec. 11l B, direct
3000 | integration ofo [Eq. (26)] and thef-sum rule expressiofEq.
2000 (27)] were shown to agree. We may verify our results also in
1000 | a different way. According to the Hellman-Feynman theo-
0 rem,K=K,,+K,,+K,, can be found from the ground-state
0123 456 7
Photon energy (eV) energyEo/Nyn by
FIG. 9. Optical conductivitiesr,, (solid lineg and o, (dotted d(Eg/Npn)
lines for ty=0.622 eV, 2,,S,=2.47 eV, \=1.38 eV/A, andU K=—to—g .~ (36)

=0 with different broadening.
wheret, is the hopping parameter defined in Sec. IIB 2. At
the predicted strong temperature dependence, which has nbt=0 K, we have calculate®, /Ny, as the sum of energies

yet been observed. of the filled bands,
V. UNCERTAINTIES Eo 2 > S S
' N = | GKE(k)+Ex(K)] (37)
Nvn  (2m)%)r

In this section we present a detailed discussion of possible

errors in our results. There are two motivations: First, tight-5,4 evaluated using Eq.(36). The result obtained in this
binding-based many-body calculations are widely used tQ/vay is in agreement with the results in Table II.

understand experimental data, so a discussion of their cor- \ye next examine the size of the possible error due to the

rectness 6i251 needed. Secondg(w,T=0 K) was  foliowing two approximations we have made: First, we have
calculated®*! for LaMnO, using band-theory-based meth- 555 med that the hopping between Mn ions, which originates
ods involving explicit construction of wave functions and f,om the Mn-O hopping, can be effectively represented with-

evaluation of matrix elements. These works disagree witht explicit consideration of the O band. Second, we have
each other, most notably in the spectral weight in the peakgeq the tight-binding approximation.

we have identified as the JT feature: The spectral weight in 1 study the effects of the Mn-O hybridization on the

the Jahn-Teller peak at 2 eV shown in Fig. 1 of Ref. 21 isgonqyctivity in the dominantly Mn bands, we consider a
twice that in Fig. 8 of Ref. 5. Our average spectral Welghtsimme model of a one-dimensional Mn-O chain along xhe
calculated folU =0 and\ =1.38 eV/A, is close to the results girection. Each unit cell contains one Mn ion at position
in Ref. 21 and is about twice as large as that found in Ref. 5R-M”=n-ao with a d orbital represented bgt", and one oxy-
The difference is particularly troubling, because the tight-g'en ior; at positiorRO= (n; + 1/2)a, with aIF; orbital repre-
binding Peierls phase formalism omits further-neighbor hop-Sented bvo! . We C(I)nsidel,-r a Mn-O hoopind of madnitude
ping and on-site transitions betwesandp symmetry orbit- YPi - ppIng 9

als, and therefore might be expected to underestimate thté"“'O and choose the sign to reflect the symmetry of the O

spectral weight, not to overestimate. orbital (the sign can be removed by changeko$pace ori-

We compare our results in more detail to those of Ref 6gin). In addition, to model the Jahn-Teller distortion, we con-

which disagree with ours in two respects. First, the form iss'der alternating periodic potentidl on the Mn site. We

different: The sharp peaks we find are absent in their calc represent the energy of thielevel relative to thep level by

lation. We suspect that the difference is due in part to the : For simplicity we assume spinl_ess _electrons. This can be
0.01 Ry~0.14 eV level broadening employed in Ref. 6 and represented by the following Hamiltonian:

in part to the oversimplicity of our tight-binding model. Fig-

ure 9.shows the eﬁeqts of introducing an artificial broadgn- H=— tvno E (diTpi_ pdei+1_diT+1pi+ pi’rdi+ H.c.)

ing e into our calculation; the result is to be compared with 2 9

Fig. 2@). This figure shows that as the artificial broadening

is increased, the peaks diminish in amplitude and become +2

—1)'d/d,—Vp/p;. 38
more symmetricalalthough there is always more asymmetry i (—Lydidi—Vpip 38)

N | B>
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40000 "
SR @[] b
- {2
<4 3 \\\‘ -
1 20000 @ ©
— L
T L
s § A
@ -
= IN e’
5 ° Z 0 To °
& o) k 2 Photon energy
7 10000 FIG. 11. Band structurega)] and optical conductivitie$(b)]
for the exact Kronig-Penney modgEq. (41)] with V,=—4, V,
=-—5 (solid lineg and for the best tight-binding fit with
=1.33, A.4=0.6 (dotted lines. The inset shows the integrated
spectral weight represented in terms of kinetic engilgy versus
0 photon energyP.E).

HY
k 2 Photon energy (eV)

grated spectral weighK (% w) = (2%%aq/7e?) [0 (w)dw.

FIG. 10. Mnd-band structuref(a), (b)] and optical conductivi- In this calculation, we assumed the Mn-Mn distances
ties[(c), (d)] of the Mn-O chain in the model explicitly considering =4.034 A, and the cross-sectional area perpendicular to the
the Op level (solid lineg and in the best-fit effective Mn-Mn chain direction of the chain igg_ ForV=10 eV, the two calcula-
model(dotted lines. The used parameter values &ig.0=2.0 eV,  tions give almost identical results. Fur=1.0 eV, the tight-
A=1.0eV,v=1.0eV,t;=0.88 eV, and\=0.59 eV for(@ and  pinding fit has about 25% larger spectral weight. We there-
(©), andtyn0=2.0 8V,A=1.0 eV,V=10 eV,t=0.35 eV, and  fore expect our Mn-only approximation yields erres25%.
A#=0.93 eV for(b) and(d). The insets show the integrated spec- Next, to estimate the error of the tight-binding approxi-
tral weight represented in terms of kinetic ene(ly versus photon mation (i.e., of the Peierls approximation to the optical ma-
energy(P.E). trix element$, we consider the following Kronig-Penney

. : .. (KP) model:
We obtain the exact band structure and optical conductivit )
for the above Hamiltonian, and compare these to the band 1 d2 o v
structure and conductivity obtained from the nearest- |3|=———2jL Z —15(x—2n—1)+—25(x—2n) ,
neighbor tight-binding fit to the two uppermogMn- 2dx2 n==e | 2 2
dominanj bands. The difference turns out to be small. The (42)
effective tight-binding Hamiltonian is whereVy, V,<0, A=m,=e=1, and spinless electrons are
‘ assumed for simplicity. Once the values ¢f andV, are
__ eff iven, find the eigenstatgg(x), the band structure,
He= — — dfd,,,+d'd,_;+H.c. given, we can 9
eff 2 2 (01t didiy ) and the optical conductivity, and compare these to the Peierls
approximation. The band structure has two bandsyat
+ E ﬁ( _ 1)idi’rdi _ (39) =1/2, one is fille(_j and the othe_r is _empty. Therefore, we can
T2 calculate the optical conductivity via

\Y

By transforming intok space, we can find the band structure 1 1 (=R [(2k|d/dx|1k)|?e
for HandH .. The band structure df . is simply given by = —j

== 2
7T w2m —af2 [w—Ey(K)+Eq(k) ]2+ €’ 42

[ 5 Aiﬁ where 1 and 2 are the band indices. Mgr=—4, V,=—5,
E=+ /4tgq cos k+T- (40 we calculate the exact band structure, shown as solid lines in
Fig. 11(a) along with the best tight-binding fit from E¢39)
For giventy,o, A, andV, we can fit the band structure of (t.4=1.33, A= 0.6) shown as solid lines. It shows that the
Hf to that of H to determinet g4 and A . error is about 7% of the total bandwidth. Figurellshows
For tyn.o=2.0 eV andA=1.0 eV, we studWw=1.0 eV the calculated optical conductivities for the exact KP model
and 10 eV cases. The obtainddands are shown in Figs. and the tight-binding fit. The spectral weight of the tight-
10(a) and 1@b) (V=1.0 eV and 10 eV, respectivglas solid  binding fit is about 20% larger than that of the exact result,
lines, along with the best Mn-band tight-binding fit as dottedas shown in the inset.
lines. The fitted parameter values arg=0.88 eV, Ay For LaMnQ;, our band fitting has an error of about 0.2
=0.59 eV forV=1.0 eV, andt;=0.35 eV,A=0.93 eV eV, which corresponds to about 5% of the total My T
for V=10 eV. It shows that wheN=1.0 eV, the fitting has bandwidth. So, we expect our approximation to have a simi-
an error of 10% of the-band width(comparable to the error lar size error in spectral weight as the two cases considered
in the fits used in Secs. II-IV but whenV=10 eV, the above. Thus, we expect that our calculated optical conduc-
fitting has negligible error. For these two cases, we assumivity may have overestimated spectral weight by about 20%.
half filling, and calculate optical conductivities which are Therefore, we believe that within this error our approxima-
shown in Figs. 1) and 1@d). The insets show the inte- tions are valid.
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The relation between the kinetic energy and the opticaby the experimentalists themselves, because the manganites
spectral weight follows from the two assumptions of gaugeare charge-transfer rather than the Mott-Hubbard materials
invariance and reasonably localizeeelectron wave func- (as are the higf=. superconductojghe U measured in pho-
tions. The success of the tight-binding fit confirms this local-toemission is not directly relevant to the lowt <4 eV)
ized character. A tight-binding parametrization of the bandenergy physics of interest here.
structure has been used to studyw) in other correlated Our data analysis focuses on robust featupEsak posi-
electron context$??? and seems to work well for high;  tions and spectral weightsand is insensitiveat the 20%
superconductors. The apparent discrepancy between thevel) to the approximations we made. Uncertainties in the
LDA and the tight-binding methods and between the differ-tight-binding parametrization of the band structure lead to an
ent LDA calculations found for manganites is thus an impor-error~0.2 eV in peak position, which is not important here;

tant issue for future research. the consistency of the peak position and spectral weight
leads us to believe that the band-theory estimatety, afre
VI. CONCLUSION reasonably accurate. Uncertainties in the estimates of the

. . electron-phonon coupling. could change our estimated
We have calculated the optical conductivity of LaMnO coylomb repulsion by around 0.2 eV, which is also insignifi-

and have shown that the available data are consistent withynt We note, however, that we have not included any ex-
the band-theory estimate for the hopping paramejeand  cjtonic effects arising from the first-neighbor interactions
the lattice-distortion-inducede,-level splitting. Our main  g,ch as those proposed by Maekawa and co-wofkefs.
prediction that the functional form and magnitude @f T—q K, the two-dimensional character and general flatness

change asT is decreased belowy is contained in Fig. 6. of the bands suggest that these might be important and inter-
The experimental determination of the Hund'’s coupling asesting to look for.

well as the final validation of our model must await defini-  The crucial prediction of the present model is the dra-

tive measurements of the magnitude and temperature depefrtic change in the optical absorption with temperature. This
dence ofo(w). o change is a robust feature of the model, and comes from a
In conclusion, we comment on the implications of our gramatic shift in spectral weight caused by the ferromagnetic
results. First, we note that the estimate of the electron-latticpin ordering, along with a very nearly two-dimensional
coupling derived from band theory is in good agreement withcharacter of the bands dt—0 K caused by the between-
fchat derived directly from the crystallographic data as showrb|ane antiferromagnetism. Early dat@ported only a weak
in Sec. IlE, and the room-temperature spectral weights sugGemperature dependence of the optical absorption; if these
gest that the band-theory estimate of the hopping parametefata are reproduced, then our fundamental picture of the
is not far off, implying the relevance of a bandlike deSC”p‘manganites based om, electron with electron-lattice and
tion. Second, we observe that the electron-lattice interactiog|ectron-electron interactions must be modified.
by itself does not account for the magnitude of the gap or the  Einally, we note that a troubling discrepancy with LDA
spectral weight in the absorption spectrum. A Coulomb inand-theory calculations of the optical conductivity exists.
teraction U~1.6 eV is also required. This value puts Fyrther work is needed to find the origin of the difference.

LaMnQ; in the weak-intermediate coupling range: The Cou-  Note added in proofOrbital angled in Sec. Il A is de-
lomb interaction is approximately 40% of the full bandwidth fined by 10 = cosd| 322r2)+sind| y>—x3).

6ty~3.6 eV. In the simple one-band Hubbard model, a Cou-
lomb interaction of this sizérelative to the bandwidihdoes
not significantly affect propertiessuch as optical spectral
weight9 at reasonable dopings of order 0.2 or larger. The
effects of this moderate Coulomb coupling on properties of We thank L. Benedict, H. Drew, S. Louie, O. Mryasov,
models of doped manganites deserve further attention. Mangnd M. Quijada for helpful discussions. This work was sup-
authors have argued on the basis of photoemissiof®that  ported by Grant No. NSF-DMR-9705182 and the University
the Coulomb repulsion is largé—10 eV}; however, as noted of Maryland MRSEC.
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APPENDIX A: HAMILTONIAN IN  k SPACE AT T=0 K

Without considering the Coulomb repulsion, the total Hamiltoniaiia0 K is given by the following expression:

T —
Hgolrfint: Ea da,RH go‘f\inta( k)da,lz ) (A1)
a=1,],keR
where
T T T T T T T T T
da,lz_(dl,lz,a’dZ,IZ,a’dl,ler(ﬂ',ﬂ',O),a’d2,l2+(ﬂn',ﬂ',0),a’dl,|2+(0,0m'),a’d2,|2+(0,0,7'r),a’dl,ler(vT,ﬂ',ﬂ'),a’d2,l2+(71',ﬂ',7r),a)' (A2)
M;+G+V w G, 0
0K (p W M,+G+V 0 G, 3
HO K = A
noninta(K) G, 0 M3+G+V w ’ (A3)

0 G, w M+ G+V
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to 0
- E(coskx+ cosky +4 cosk,) T(coskx— cosky)
M= , Ad
1 Bty 3t, (Ad)
5 (cosk,— cosky) 5 (cosk,+cosky)
t 3t
fo(cosk)d— cosk,—4 cosk,) - %(coskx— cosky)
M,= , A5
2 Bty t (A5)
i (cosk,—cosk,) > (cosk,+ cosk,)
to 0
- E(coskx+ cosky,—4 cosk,) T(coskx— cosky)
Mj;= , A6
3 Bt 3t, (A6)
5 (cosk,—cosky) -5 (cosk,+ cosky)
t 3t
Eo(coskx+ cosk,+4 cosk,) — %(coskx— cosky)
My= , A7
4 Bty t (A7)
- (cosk,—cosk,) > (cosk,+ cosk,)
|
JuS: O A8 tk 0 0 O
L0 35S (A8) . 0 -t, 0 O a5
Gi=—G (A9) “lo 0 t o]
0 0 0 -t
G =G, A10
! (A10 t, 0 0
oo 0 0 -t, O 3
V= o 3" (A11) =0 y ol (A16)
0 0 0 -t
0 —\W
W=( N oj' (A12) t, 0 0 O
— AW
0t, 0 O
. T,= , Al7
R={Rllk{+Ik,<m and [k<m/2}. (A13) =0 0 -1, 0 (AL7)
0O 0 0 -t

B,,(IZ), which is used to calculate optical conductivity, is
given by

where D(K) is the matrix diagonalizingH%X,(k) given
. . above.t,, t,, andt, are the 2<2 matrices defined in Sec.
D(k)'T,D(Kk), (A14) 1B2.

APPENDIX B: HAMILTONIAN IN

B, (k)=
k SPACE AT T=300 K

Without considering the Coulomb repulsion, the effective total Hamiltoniam-aB00 K is given by the following
expression:

300 K 300 K
Hnonlnt E d Hnomnt d (Bl)
keS
where
L L T T L T T L
d|2_ (dl,k,ﬂ ’d2,k,ﬂ ’dl,k+(11',77,0),ﬂ ’d2,k+(w,w,0),ﬂ ’dl,k,u ’dz,k,u ’dl,k+(q-r,11-,0),ﬂ 'd2,k+(7r,77,0),ﬂ)’ (BZ)



13558 K. H. AHN AND A. J. MILLIS PRB 61
M +V w M, 0
) w ZM,+V 0 M,
Hoonn K=, , , (B3)
0 M, w EM,+V+2G
S=1{K||ky+|ky| <7 and |k, <}. (B4)
|
M1, M5, V, W, and G are defined in Appendix AB/(k), 0 0 &V, oW,
which is used to calculate optical conductivity, is given by — —
0 K,HF | 0 0 W, 0V,
. X P adda (K)=| — — , (CH
B,(k)=D'(k)'T,D’'(k), (B9 “ oV, 6w, O 0
t, 0 t O We oV, 0 0
20 —t, 0 —t ,
To=3 ) . (86) o _ [P O
3|ty, 0 t, O oV,= —, (C6)
0 -\l
0 —t, 0 —t,
_ 0 — O\ W
2[00y ®7) Snw 0
y"3lt, 0 t, 0|
Y Y SN[ =0\, (C9
0 -t 0 —t
SN[ =—0ON\". C9
t, 0 t, O 1 €9
, 20t 0t Similarly, for T=300 K the total Hartree-Fock Hamil-
T,=% : (B8)  tonian with the Coulomb interaction,
3{t, 0 t, O
0 t, 0t
) ) Hi? <M= 3 diHi? *Mkodg, (C10
andD’ (k) is the matrix diagonalizingd 392 K(k). kes
consists of two terms: One has the same fornH3¥, " in
APPENDIX C: HAMILTONIAN IN  k SPACE Appendix B withJ,S.— J[,S; and\— N\, , while the other
WITH THE COULOMB INTERACTION additional term is
We definex/, andS\' by
H300 KHF_ Z d 300 KHF(k)d , (Cll)
N =ML+ O, (C1) e “
h
Nj =MLy~ ON'. (co Vhere
At T=0 K, the total Hartree-Fock Hamiltonian with the oV oW 0 0
Coulomb interaction, ) SW &/ O 0
Haaa k)= =
0 0 —-6v -—-sw
HR M= X dl Hel M odag, (€3 -
a=1,],keR 0 0 —5W =8V
. . (C12
consists of two terms: One has the same fornH3g: . in
Appendix A with J4S.—J/,S. and\—\},, while the other ,
iy . — [ 6N\v 0
additional term is _ - (€13
0 —-56\"v
Hos" = X d) HaS (Rdag, (€4
a=1,l,KeR _ 0 —S\'w
SW= . (C14)
where —\'w 0
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With these Hamiltonians for givel , 4 (s.0), We can W

repeatedly calculatéﬁﬁ,b) until its value converges. AT a = , (C22
=0 K, (n,..) is given by the following expression: \/2(1;_2+W2)12u_\/uz+v_v2
. 1 R R R B _
<na,a>=—3J dk_E [PT(k)TQTaaPT(k)]jj vF Vol+w?
(2m)°JrR j=12 —
B+= , (C23
+IP(K)'Qp0aP (K); (C19 Vot wt) w20 ot rwe
where andP (k) is the matrix diagonalizingd 5,/ (k).
At T=300 K,
QTﬂ,i :Qw,i =Q1+, (ClG)
. 1o L
Qup==Qp==Qae I LN LIS
A. B. A. B. (C24)
B. A. B. A. where
Q== , (C18 A. B. 0 O
Ar B: As B , B. A. 0 0
B. A. B. A, Q==2l 6 o o ol (C25
A B _A. -B 0 0O 0 O
B. A. -B. —A. 00 0 O
Q==| . 5 4 s |0 €19 |00 0 0 )
+ + + + Qu:= 0 A B.| (C26
“B. “AL B Al 0 0 B. A.
A a’/2 0 (€20 and P’EIZ) is the matrix diagonalizingd3%° “HF(K).
- 0 ,82i/2 ’ B,(k) and B’,,(k) for the optical conductivity with the
Coulomb interaction term are obtained by usiﬁ(ﬁ) and
B — 0 a:B/2 (c21) P’(k) instead of D(k) and D’(K), respectively, in Egs.
“ \a.BLl? o J (A14) and (B5).
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