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Self-Trapped Exciton and Franck-Condon Spectra Predicted in LaMnO3
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Because the ground state has cooperative Jahn-Teller order, electronic excitations in;LafnO
predicted to self-trap by local rearrangement of the lattice. The optical spectrum should show a Franck-
Condon series, that is, a Gaussian envelope of vibrational sidebands. Existing data are reinterpreted in
this way. The Raman spectrum is predicted to have strong multiphonon features.

PACS numbers: 71.35.Aa, 71.38.+i, 75.30.Vn, 78.20.Bh

In small molecules, excited electronic states generallyur model, but have not previously been recognized as
have altered atomic coordinates, which leads to Franckelevant.
Condon multiphonon sidebands in electronic spectra [1]. We make the strong-coupling approximatiéh— o
In solids, electronic excited states are often delocalizedyy considering only states with no double occupancy of
eliminating such effects [2]. However, if excited statese, orbitals; this suppresses hopping and leaves only two
self-localize [3,4] then Franck-Condon effects should reapterms in the Hamiltonian. Vibrational degrees of freedom
pear in the form of Gaussian broadening of the pure elecare modeled by allowing each oxygen to move along the
tronic transition [5]. Here we argue that such effects arenearest-neighbor Mn-O-Mn axis,
crucial to a correct interpretation of LaMpQthe parent
compound of the “colossal magnetoresistance” materials. Hp = Z (P?,/2M + Kul,)2). (1)

LaMnGO; has a cubic to orthorhombic cooperative Jahn- ’ ’
Teller (JT) distortion [6] at 800 K which corresponds to
wave vectorQ = (m, ,0). This drives orbital order [7]: Here,u, is the displacement from cubic perovskite po-
x- andy-orientede, orbitals alternate in the-y plane, in  sition of the nearest oxygen in thedirection to the Mn
a layer structure shown schematically in Fig. 1. A “mini- atom at{. The Jahn-Teller energy is modeled by a lin-
mal” model has two Mn/ orbitals ¢, statesy,._,. and ear reduction of energy of an occupigd® — r* orbital if
3;2—,2), HubbardU, Hund energy to align thee, spin the corresponding two oxygens in thet direction expand
with the S = 3/2 spin of the threer,, electrons, a hop- outwards, and similarly fof andz oxygens if3y* — r?
ping term permitting band formation, and very important,or 3z* — r? orbitals are occupied:
electron-phonon coupling which allows local distortions of
the oxygen environment_to split the ener_gies of the singly Hir = —¢g Zﬁm(um — Ui—q). (2)
occupiede, levels and drive the JT transition. ta

The highly doped phases of LaMa®Ghow a remarkable
interplay of charge, orbital, and spin order [8]. The relativeHere, 7. is the occupation number of théx* — r
importance of Coulomb, electron-phonon, and other effect8rbital, andu - . is the displacement of the oxygen nearest
is controversial. For light doping, however, charge order ighe Mn atom at’ in the —x direction. Since no hopping
not an issue and the problem simplifies. With no “empty”occurs in this model, the type and degree of magnetic
(Mn**) sites for ane, electron to hop into, the large
size of U suppresses hopping. The electron-phonon term

a=x,y,z

2

becomes the dominant part of the remaining Hamiltonian,a | .-~ | / b e |
and is simple enough that low-temperature properties can | @@ * e e % R
be solved. We have already reported [9] properties of the | " | 77 | .~
self-trapped hole (“anti-Jahn-Teller” small polaron) which | @~ | .~ | /@
forms at low doping. Its sensitivity to spin order influences | * ‘.’% L * % s %
the magnetic states seen at low doping. We also gave a | . o AP B B
preliminary treatment of electronic excitations [10]. Here |, .| /@ |~ 4 -
we give a more complete solution for the lowest electronic .'.* ... ‘ ...* ...

excitation, finding a self-trapped exciton, insensitive to - -
spin order, whose Franck-Condon effect should dominatg,5 1 (a) Schematic of Jahn-Teller distorted LaMnO; x-y

o(w) and the resonant Raman spectrum, and might alsgane with orbitals ordered. (b) The lowest electronic excita-
appear in luminescence. These results follow cleanly frontion with an orbital rotated and the lattice relaxed.
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order isirrelevant, and no change occurs in the electronic
spectrum as T is increased through the Néel temperature
Ty = 140 K.

The adiabatic parameter is @ = hwy/A, where wg =
VK/M = 75 meV isthe oxygen vibration frequency [11],
and2A = 1.9 eV isthe Jahn-Teller gap (explained below).
Since « issmall, we solve the Hamiltonian in adiabatic ap-
proximation, then add quantized lattice vibrations. There
is an infinite set of equally good distorted ground states
[12] whose degeneracy is broken by anharmonic terms
left out of the minimal H = H, + Hyr. We sm-
ply adopt the distortion seen experimentally and shown
inFig. 1. The A sublattice is defined to be Mn sites where
exp(ié - ) is 1, and the B sublattice to be sites where it
is —1. The resulting ground state electronic wave func-
tion[9] is

A B
0y = [Tk [T et tob, ©)
€ €

where |{0}) refersto the latti ce state with oxygens displaced
by *uy = 2¢g/K asshowninFig. 1andintheir vibrational
ground states. The orbitals ¢y and «y which are occupied
on the A and B sublattices are orthogonal x- and y-
directed states iy y = (—¢32—2 * h2_2)/+/2. InState
(3) each occupied Mn orbital has its energy lowered by
A = 8g?/K, and each unoccupied orbital has its energy
raised by A. This costs elastic energy Kuj = A/2 per
Mn atom (two of the three oxygen atoms per Mn site are
displaced) giving atotal condensation energy of —A /2 per
Mn. Our picture is substantially the same as the earlier
theory by Millis[12].

If oxygen atoms were frozen in these optima posi-
tions, the lowest electronic excitation (an “orbital de-
fect,” Fig. 1b) would cost 2A = 1.9 eV, the JT gap. This
would form a narrow “orbiton” band [10] because terms
of order t>/U (neglected here) allow the orbital defect
to exchange sites, lowering the energy by >/U. How-
ever, there is a much greater energy lowering if instead
the lattice locally undistorts, pinning the orbital excitation
on a single site as shown in Fig. 1b. This reduces the
energy of the orbital defect from 2A to A. Thus, the low-
est electronic excitation is a strongly self-trapped exciton,
somewhat similar to the Frenkel exciton seen in molecular
crystals [2].

If this excitation is excited optically, the Franck-Condon
principle applies, and a sequence of vibrational sidebands
of the localized exciton will appear in the spectrum. The

optical conductivity is
e —Bn;hw

Z

7Nelw

Q
X 8(A + (ny — nj)hwy — hw),

0
(fn'le - Flin)l?

>

n,n'

olw) =

(4)

where () is the volume of the crystal, and the number of
cells N appears because the localized excitation can be
created on any Mn atom. The partition function Z is
[1 — exp(Bhwy)] ® because six oscillators couple to
each electronic transition. The required dipole matrix
element is

(Flle - Flin) = [dﬁRfﬁXn,(R ~R))

X y(F,R)&L - Fipx(F,R)xn(R — R;).
)

The crystal starts in state |in) with an electron at site
0 in the electronic ground state |i) = |X) with equilib-
rium coordinates R; and vibrational quanta of the six sur-
rounding oxygensdenoted by {n} = (n1, ny, n3, n4, ns, ng).
It ends up at the same site in fina state | fn') with the
electron in state | f) = |Y) of energy A with new equi-
librium positions Ry and new vibrational quanta {n'} =
(n}, nb, nk, ny,ns, ng). The notation n; denotes the total
initial vibrational level n; + --- + ng, and ny is the total
final vibrational level. The electronic part of the matrix
element isad to d transition which is forbidden when the
surroundings are symmetric (as in the starting coordinates
R; or the final coordinates Ry if n; = ny = 0). The ori-
gin of the observed optical transitions has been discussed
by various authors [13—15]. In our localized picture with
lattice displacements as primary factors, it is natural to rec-
ognizethat any asymmetric oxygen breathing displacement
will cause the Mn e, orbitals to acquire an admixture of
4p character. A typical mixing coefficient is

y= [t v - ). ©
us

where ¢, is an orbital of p character, partly Mn 4p,

and partly oxygen 2p; aV /dus is the perturbation caused

by a displacement of oxygen 5 in the Z direction. The

corresponding allowed optical matrix element is

d= fd; Y322z . (7

| The resulting matrix element, Eq. (5), is

O yd
(fn'lé - Flin) = T(n{nénénf‘ngngl[(ul + up)ey + (us + us)ey, — 2(us + ug)e.||lninanznansne).

The genera term (8) is complicated; we have evaluated
only when the initial state has n; = 0 or 1 quanta of
vibration. Two or more quanta occur at <6% probability
at 300 K. Our approximate optical conductivity is then

(8)

I

o(w) = %[a’o(a)) + e Blogi(w) +..]. (9
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The vibrational overlap integrals needed for o are

o \""? (—up)™ wold
m10) = <Mzh0> ( nol)! © <_M412 0)’ (10)
(nylup10) = (% - M’zifuo)(m 10, (11)

and similar for states 2, 3, 4 except that, for states 2 and
4, —uyg is replaced by +ug; this changes the sign of the
prefactor of Eqg. (11). We find that, for both oy and o7,
O = 0y = 0 /4. Theanswer for oy is

27 N o 5 (A hwy)"
M Q w5 n!

X exp(—%)b‘(% + (n + Doy — w).
12)

UO,zz(a)) = (yd)

The formula for oy is more complicated and will not be
given here.

Our theory compares reasonably well with experiment.
o (w) has been measured by reflectivity on polycrystalline
samples at room temperature [13,16], single crystals at low
T [17], and cleaved single crystals at room temperature
[18], all with consistent results. Jung et al. [16] have
expressed their o(w) as a sum of Lorentzian peaks. The
lowest peak is centered around 1.9 eV with a width of
1 eV. Figure 2 shows their Lorentzian fit, and compares
with our theory, with 2A = 1.9 €V and amplitude chosen
to agree with experiment.

The intensity seen experimentally [16] corresponds to
f = 0.16 oscillators per Mn atom in the lowest peak,
where [dw o(w) is defined as (7Ne?/2mQ)f, with m
the electron mass. Our theory gives f = 2(yd)*(m/M) X
(2A/Fwy + 1) and has the value 0.18(yd)> X 1072. To
agree with experiment, yd must be 10. Thisis reasonable

o(w)

Photon Energy (eV)

FIG. 2. Optica conductivity of LaMnO;. The points are the
lowest Lorentzian oscillator fit by Jung et al. [16] to their data.
The dashed curve is a T = 0 sum of convolved Lorentzians
centered at the vibrational replicas shown as vertical bars; the
solid curvesare T = 0 (lower) and T = 300 K (upper) sums of
convolved Gaussians, also shown in the inset on a logarithmic
scale. Tick marks in the inset denote decades.
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since the electron-phonon mixing coefficient may be afew
per A oxygen displacement, while the dipole matrix ele-
ment islikely to be afew A. Most authors[13—17] agree
in assigning the 2 eV structure to e, to e, transitions ac-
tivated by mixing of p character, usually from surround-
ing oxygens. However, the origin of the mixing is usually
taken as the dispersive broadening of the e, bands; in our
strong-coupling picture, these effects enter at order ¢/U
and are neglected, but might be comparable to the phonon
effects which we calculate explicitly.

The delta function peaks of our model theory should be
replaced by local densities of vibrational states on oxygen
atoms. If this is mimicked by using a sequence of con-
volved Lorentzians(L, L * L,...), theresult agreesclosely
with experiment. A sequence of convolved Gaussians may
be more redlistic, and is shown in Fig. 2 as a dashed line
and enlarged on a logarithmic scale. Our theory is not the
only candidate; band theory [19] yields reasonable agree-
ment at 7 = 0. However, our theory makes definite pre-
dictions which differ from those of band theory. We find
the onset of absorption at 7 = 0 to be the one-phonon
structure a A + wpn =~ 1 €V, weaker by 10* than the
2A = 1.9 eV peak absorption. The fine structure of sub-
sequent phonon peaks will be harder to resolve because of
increasing multiplicity of vibrational quanta available for
multiphonon absorption. Anocther definite prediction con-
cernstemperature dependence. Contrary to approaches us-
ing dispersive bands [15,19], o (w) in our approach is not
affected by the loss of magnetic order as temperature in-
creases. Contrary to band theory, we predict very weak
temperature effects near the absorption peak at 2A, con-
sistent with experiment [17,18]. By contrast, we predict
big changes of intensity in the weak featuresnear = A,
including new weak peaksat A — nw,, forn =0,1,...
activated by temperature, and shown in the inset of Fig. 2.
These effectsaretoo small to be seenin existing reflectivity
data, but should be measurable by absorption in very clean
thin films. If electronic excitations survive long enough
to relax by luminescence, then a very large Stokes shift is
predicted.

Another manifestation of the Franck-Condon effect
should appear in the Raman spectrum [20], particularly if
the laser frequency is near the 2A = 1.9 eV Jahn-Teller
gap edge. Multiphonon Raman features should appear
with intensity similar to the one-phonon spectrum. The
incident photon creates (among various other virtual
excitations) a self-trapped exciton in a superposition of
multiphonon states (as in the left inset of Fig. 2). The
virtual exciton can reemit a photon, returning either to the
ground state or (with nearly equal amplitude) to various
one-phonon or multiphonon excited states. The theory
was given by Shorygin [21]. A particularly clear solid-
state example is Martin’s [22] observation of multiples of
the localized phonons of the MnOj~ impurity complex
in Csl. Multiples of the Jahn-Teller related vibrations
should appear in the Raman spectrum of LaMnO;, but
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less distinct than in Martin’s work since the local phonon
density of Jahn-Teller vibrations will be less localized and
correspondingly less well-structured. Published Raman
measurements [11] on undoped LaMnO; do not extend
to the multiphonon region. An unpublished two-phonon
replica of the Jahn-Teller phonon in LaSr,Mn,O; is seen
by Romero et al. [23], and similar features are seen in
unpublished [24] work on LaMnO;. These are probably
the effect we are predicting.
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