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Optical and magnetic property of LaMnO  ,
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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 LaMnQ@ 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 Physids$S0021-897800)53708-4

I. INTRODUCTION represent the two degenerate ®jnorbitals on a site,

During the last several years, a lot of attention has beef( = =X:¥.2) labels the nearest neighbors of a Mn site,
focused on the colossal magnetoresistance manganedgnotes the spin state, anﬁ) is the hopping amplitude be-
perovskites. The low energy £ w<4 eV) physics of these tween orbitala on sitei and b on sitei+ . We choose
materials is believed to be governed by &jnelectrons, [¢1)=[32"~r?) and|y,)=|x*~y?) as the two linearly in-
which are coupled by a strong Hund’s coupling,, to  dependeng, orbitals on a site. The hopping matni§<b has a
Mnt,, symmetry “core spins” and also interact with each special form: for hopping along thedirection, it connects
other and with lattice distortions. In this work, we show howonly the two |3z2—r?) states, thug2’=t,=t, for a=b
the magnetic phase transition can change the magnitude arfell, and zero otherwise. The hopping matrices in the other
anisotropy of the optical conductivity of the manganites’ in-bond directions are obtained by appropriate rotations.
sulating “parent compound” LaMn@ We obtain an effec- We now turn to the electron-lattice coupling. Below 800
tive Hamiltonian for the low energy degrees of freedom byK, LaMnO; exists in a distorted form of the AB{Operov-
fitting band theory calculations to a tight binding model andskite structure. The important distortion is a Jahn—Teller dis-
adding Coulomb interaction terms. We then determine itgortion, which lifts the degeneracy of tleg levels on a site.
optical conductivity and show how the different features inTo represent this we defing as the displacement along the
the spectrum may be used to determine the interaction pa direction of an oxygen ion located between Mn iond at
rameters. The material is@, 0, m) antiferromagnet at low andi+&, and we define;?=u?—uia_é. The experimentally
temperatures, while a paramagnet at room temperature. Tladserved distortion has two component§ atype staggered
Hund'’s coupling therefore leads to a peak structure with alistortion with wave vectoft, m, 0), and aQ3 type uniform
pronounced and strongly temperature-dependent anisotropylistortion. This distortion leads to a Jahn—Teller term of the

form
II. TIGHT BINDING MODEL AND BAND STRUCTURE df T -7 (— 1)ix+iyw
1j,a

AT T=0K Hy=—A2> ( . ) iy iy —

o \d2jq) \(=1)x"hw v

According to band theory calculatidiisthe conduction

band is derived mainly from Mz symmetryd orbitals and X(dl,i,a @)
is well separated from other bands. We find that the band dyj o)’

structure appropriate to the ideal cubic AB@erovskite . )

structure may be well represented by the following tightWherew andv are the amplitudes of the staggerégyj and

binding model: uniform (Qs) distortion, respectively, defined by=v?_,
—(visotviZo)/2, W=V3(vi_g—v!_()/2. We next consider

1 , ' - ; .
the Hund'’s coupling. AT =0 K, the magnetic structure is of
HketH.=—35 > t3°d! di sa+ H.C. pling g

2isaba a (0, 0, m) antiferromagnet, leading to
12 Aot @ Hiund=InSe {[1=(—1)7)d], di o +[1
a,a r'a »a,
Herei represents the coordinates of the Mn sitehich in +(_1)iz]diTaldi all @)

the ideal structure are arranged in a simple cubic I3t
The total Hamiltonian is so far the sum of the terms consid-

30n leave from Department of Physics and Astronomy, The Johns Hopkin§r€d- BY diagonalizing this matrix ikspace, we can find the
University, Baltimore, MD 21218. energy levels and eigenstates.
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FIG. 1. Fitted e, band structure of LaMn@t,=0.622eV, 2,S; 0 AN \ 7% [ A,
=2.47eV,\=1.38eV/A, andu=0.4eV.(7,0,0, (0,0,0, (w/2,7/2,7/2), 012345601 2345¢©67
and (7,0,7/2) points correspond tbl, I', R, andA points in Ref. 2, respec- Photon energy (eV)

tively.
y FIG. 2. Optical conductivitiesr,, (solid lineg and o, (dotted lineg for

to=0.622 eV without Coulomb repulsiord(=0).
Crudely speaking, the bands fall into four pairs, which

may be understood by settingp=0 [as occurs at

(m/2,m12,m/2)]; in this case we have four separate energyshows the case of thg Jahn—Teller coupling greater than
levels on each site, which arg; ,= —\\o2+W2, Eas, Hund’s coupling. In this case the Hund’'s feature appears

= NOZH WS, Egg= 2JHSC—)\\/72TW:2, and E, g=2J,S, stron_gly for botho,, ando,,, whereas the Jah_n—TeIIer fea-
+\\o2+ W2 To find the three parameter values of ourUre iS now almost completely absentdn,. Figure 2(e)
model Hamiltonian, i.e.fy, \, andJ,S,, we fit our band shpw the results for a h|gher value &S;, which show the
structure calculation to the LDA band calculation for the JTShift of the Hund's peak i,

distorted LaMnQ by Satpathyet al? at high symmetry

points in reciprocal space. The standard deviation-i§.2  B. Paramagnetic phase at T=300K

eV. The determined parameter values gye0.622eV, \ SinceTy= 140K for LaMnO, by room temperature it is
=1.38eV/A, and 2,;S,=2.47 eV. The fitted band structure reasonable to assume that the core spins are completely dis-
is shown in Fig. 1. ordered. To describe the system &ty <T<Tgyueture

(=800K), we develop the effective Hamiltonian in the fol-
lowing way. Instead of choosing spin basis along a fixed
A. A-type antiferromagnetic phase at T=0K direction independent of sites, we chodsen sitei as the
direction ofey electron parallel to the core spin on sifend

Optical conductivity per volumeg, can be found from . N .
the eigenstates and energy levels found above. Using thuéas |t_s opposite direction. Therefore, the Hund coupling en-

— T
standard linear response the8ngptical conductivity is 97 'S Hiund= 204Sc%i a0 2,y diay - Hu and Hyr do not o
given by change their forms by the change of spin basis. If we define

the angle between the core spin directions on isé@d on
. 1 (0[3}\In)(n[3,,/0)

IIl. OPTICAL CONDUCTIVITY

sitei+ o as 6;;+5, the hopping amplitude is modified by a
P inMnag ~ hw—(E,—Eg) +ie’ ( factor cos@, i+ #2). Sinceg;;;s will be completely random
atT>Ty, by taking averagécos(,+42))=2/3, we obtain

o

a, is the average Mn—Mn distancejs an infinitesimal, and

. . N . 1
J, is given by J,=—(ieay/2%)3; sap L328dT dis 5 HET=— 2 D' t3bdl d. T d T d.

p p i,6a,b,ats iaaYi+doa t5°(di,d +d.,,d +d;,,d
—H.c.). Details of the calculations will be published else- = 3idap @l 07 Taltie bl T Har e o
where. +

From crystallography studies in Ref. 5=0.488 A and iy i oy + H.C). ®

v=0.174 A atT=0 K. Figures 2a), 2(c), and Ze) show the  To incorporate the level broadening due to spin fluctuation,
T=0K optical conductivitieso,, and o,, calculated for we introduce a phenomenological broadenindg
three sets of the coupling constanaind J;; S, with to ob-  ~t,\(cos(8/2)) — (cos@l2))>~3t,/V2.

tained in Sec. Il. Figure (@) showsa,, ando,, for the case The general features of,, ando,, at T>Ty are these:
202+ W< 2J,S;. For o,y (solid line), we see a large Because we have random spin directions along kaihdz
peak at the Jahn—Teller splitting, corresponding to motiordirections, bothoy, ando,, show JT, Hund, and J¥fHund
within one plane. Note the jump in absorption at the gappeaks. Due to the anisotropy of the lattice distortion, we still
edge, characteristic two-dimensional feature, a weak featurexpect anisotropy in the peak intensity. The broadening due
at 2J4S. and at the sum of the Jahn—Teller and Hund’sto random spin directions makes the peaks smoother than the
splitting, corresponding to electron trajectories which over-T=0 K case. Optical conductivities calculated for room tem-
lap from one plane to the next. Faor,, (dotted ling, alter-  perature are shown in Figs(i, 2(d), and Zf), consistent
nating core spin direction along direction results in the with above explanation. For this calculation, we use the same
peaks at Hund energy and HuhdT energy. Figure @) N\, t,, andJ4S. as in Figs. 2a), 2(c), and Ze), but we use
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4000 —— T from their LSDA band calculatiof. Their conductivity is
3000 | Ox (a) ] T_g%%K- strikingly different from ours in two respects. First, the form
< 2000 ;TR = is different: the sharp peaks we find are absent in their cal-
v_é 1000 | /1"\\ ] culation. We suspect that the difference is due in large part to
o 0 [ —, the 0.01Ry=0.14 eV level broadening employed in Ref. 8,
— 3000 [ o, (© 1 av ] and other bands we neglected in our model. A far more se-
T=0K T=300K . . . ) : .
b 2000 [ T ] rious discrepancy is the difference in spectral weights. The
1000 JV\/\ T 1 area under the lowest conductivity peak in Ref. 8 is about a
0 0 1 2 3 4 ‘5"“6 0 1 2 3 "1 565 7 factor of 4 smaller than in our _cz_;\IcuIation_. This differen_ce
Photon energy (eV) seems n_ot to be_caused_by a trivial error: in our cal_culatlon,
FIG. 3. Optical conductivities fort,=0.622eV, 2,S,=2.47eV, A the klnet_lc energies obtame_d from the direct integrationr,of
=1.38eV/A, andUu=1.59 eV. agree with the results obtained from the Hellman—Feynman
theorem.

We have examined the size of the possible error due to
the room temperature lattice parameters, which diffefthe following two approximations we have made: First, we
slightly from the O K lattice parameters. We obtalm  have assumed that the hopping between Mn ions, which
:0417A andv= 0155/& from Ref. 5. The Upturn of the originates from Mn-0O hopping, can be effective|y repre-
optical conductivity at around zero frequency is an artifact ofsented without explicit consideration of O band. Second, we
the crude consideration of the fluctuation in our model. have used t|ght b|nd|ng approximation_ To Study the first

Recently, room temperature optical reflectivity spectragpproximation, we consider a simple model of a ttight
using a cleaved single crystal surface of LgSr,MnOs have  pinding Mn—O chain, with O level explicitly considered. To
been measured by Takenadtaal® Although it is referred to  estimate the error of the second approximation we consider a
as a single crystal, we believe that the sample of LaMisO  modified Kronig—Penney model, and find exact wave func-
microtwined, and the measured quantity d$,=204/3  tion and calculate optical conductivity. For both cases, we fit
+0,43. In their results, the Jahn—Teller peak appears aghe band structure into Mn only tight binding model, and
around 2.5 eV. Similar results were obtained by Okimotoestimate the error. It indicates that when band fitting has
et al” From Fig. Zb), one sees that the observed lattice dis-ahout 5% error of total band widtisimilar to our case the
tortions would lead to the JT peak i, at 1.2 eV(lower  calculated spectral weight is reliable within 20% error.

than the experiment resultswith spectral weight about Therefore, within 20% error, we believe our calculated spec-
twice the experiment results. We believe that the differencegal weight is reliable.

are mainly due to the Coulomb interaction whose effects we
study in the next section. VI. CONCLUSION

First, the crucial prediction of the present model is the
IV. COULOMB INTERACTION dramatic change in optical absorption with temperature. This
We now add an on-site Hubbard-type Coulomb repul-change is a robust feature of the model, and comes from a

sion to our Hamiltonian: dramatic shift in spectral weight caused by magnetic order-
ing. Second, we observe that the electron—lattice interaction

Heouom= 2 2 2 Ui 4afign, (6) by itself does not account for the magnitude of the gap or the

i a*zb a#p spectral weight in the absorption spectrum. A Coulomb in-

in which f is the density operator aral b, @, and 3 repre- teract?onU_~1.6 eVis al_so required. Fi_nally, we no_te_ that a
sent the indices of the orbital basis picked out by the oblroubling discrepancy with the LDA optical conductivity cal-

served lattice distortion and the spin basis picked out by th&ulation exists.

magnetic ordering. We study this Hamiltonian in the

Hartree—Fock approximation. We usg, \, andJ,S; ob- ACKNOWLEDGMENTS
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