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Multiphonon resonant Raman scattering predicted in LaMnOg; from the Franck-Condon process
via self-trapped excitons
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Resonant behavior of the Raman process is predicted when the laser frequency is close to the orbital
excitation energy of LaMn@at 2 eV. The incident photon creates a vibrationally excited self-trapped “orbi-
ton” state from the orbitally ordered Jahn-TellgT) ground state. Trapping occurs by local oxygen rearrange-
ment. Then the Franck-Condon mechanism activates multiphonon Raman scattering. The amplitude of the
n-phonon process is first order in the electron-phonon cougifithe resonance occuvéa a dipole forbidden
d to d transition. We previously suggested that this transitaso seen in optical reflectivitjpecomes allowed
because of asymmetric oxygen fluctuations. Here we calculate the magnitude of the corresponding matrix
element using local spin-density functional theory. This calculation agrees to better than a factor of two with
our previous value extracted from experiment. This allows us to calculate the absolute value of the Raman
tensor for multiphonon scattering. Observation of this effect would be a direct confirmation of the importance
of the JT electron-phonon term and the presence of self-trapped orbital excitons, or “orbitons.”

DOI: 10.1103/PhysRevB.64.085118 PACS nunfder78.30.Hv, 75.30.Vn, 71.35.Aa

[. INTRODUCTION tional Raman scattering is activated by a Franck-Condon

(FC) two-step mechanism. Our Hamiltonian for LaMfO
Manganese oxide materials attract attention because &ith U—c, leads to a picture where the ground state and
the “colossal magnetoresistancéCMR) phenomenof,and  10W-lying excited states are simple products of localized or-

because of a very rich phase diagfaofi ground states with  Pitals, one per atom. In the first step of the FC Raman pro-
competing order parameters. The Whnion of the parent cess, the incident photon creates an orbital defect in the or-

. . : dered JT ground stat®ne Mn ion has the upper rather than
4 3 1
LaMnO; compound hasi® (t34,€,) configuration with an o o\wer state of the JT doublet occupiedhis Frenkel

inertt,q core(spin 3/2. The half-filled doubly degenera&  exciton (also called an “orbiton] is self-trappetf by oxy-
orbitals @22, ds;22) are Jahn-Telle(JT) unstable. A gen rearrangement from the JT state. The FC principle has
symmetry-breaking oxygen distortigresulting in the Mn-O  the oxygen positions undistorted during optical excitation,
bond lengths of 1.91, 2.18 and 1.97 (Ref. 3] lowers the  producing a vibrationally excited state of the orbiton. In the
energy of the occupied orbital. The corresponding orbitallysecond step of the Raman process, this virtual excitation de-
ordered state sets in @r=750 K withx- andy-orientede, ~ Cays back to the orbital ground state, but not necessarily the
orbitals in thex-y plane with wave vecto®= (,,0) vibrational ground state. The amplitude for ending in a vi-

. ) . ) ; brationally excited state is determined by displaced-oscillator
The orbital order drives antiferromagnetid-fype) spin

- overlap integrals. This allows-phonon resonant Raman
ordehF bel_ow t’TIe Neel temperfgltufé,\,r: 140 K. ¢ the orbitall scattering with amplitude proportional to the first order of the
There is still controversy about the origin of the orbitally ¢_op interactiort3'# The process is illustrated in Fig. 1. In

ordered state. Strong electron-electron correlations may leafle conventional Raman scattering process, where electroni-
to orbital ordenvia the superexchange interactiamhich lifts  ¢ally excited states do not alter atomic positions, the ampli-
degeneracy of the, states’ In another scenario proposed by tyde of then-phonon peak is proportional to tinh order of
Millis ® the Jahn-Teller electron-phonoe-ph) interactiong®  thee-ph interaction which is smaller by— 1 orders of mag-
causes the orbital order and contributes to CMR. Extensiv@itude. The conventional process can be divided into three
numerical work by Dagottet al'° showed that the two ap- steps.(1) The incident photon creates an electron-hole pair
proaches give qualitatively similar answers. We prefer gor exciton. (2) This electron-hole pair is scattered into an-
model where the JT interactiamplus large Hubbard) and  other state by sequential emissionngbhonons vien powers
Hund energyJy, leads to single occupancy of the Mgy of the e-ph interaction,_,,>g. Higher-order interactions,
levels and a gap to on-siteé to d excitations, rather than such as the electrofiwo phonon interaction also enter, but
assigning the gap purely to Coulomb interactions as in &lo not increase the order of magnitude of the procé3s.
multiorbital Hubbard model. We believe that the importanceThe electron-hole pair recombines, emitting a scattered pho-
of the JT interaction is evident at low hole doping of ton. In this formulation, the intensity of the two-phonon Ra-
La, _,Sr(Ca)MnOs, whose insulating nature is naturally ex- Man process is smalsler than one-phonon by several orders of
plained by formation of the anti-Jahn-Teller polardhs. magnitude 10°-10"", determined by the izth power of

In this paper we present a detailed prediction of resonanff’€ ratio ofe-ph to electronic energies.
multiphonon Raman features, whose observation would be a Il ERANCK-CONDON MECHANISM
direct measure of the importance of the JT electron-phonon
term. When the oscillator potential curves of ground and We use a model Hamiltoniah, the same as used by
excited states are displaced relative to each other, then vibraillis 1> (except that we have) =), with two ey Orbitals
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n=1,2,3... is ¢/ and number operator ig, ,=c!(l)c,(1)] if the two
oxygens in the+ X direction expand outwards. Similar terms
W=, - HOJ/ are included foly andz oxygens ifds,2_,2 or ds,2_2 orbit-
als are occupied. The strengil=1.84 eV/A of the JT cou-
N pling g determines the JT splitting of the orbitalsA2
=1.9 eV, and was chosen to agree with the lowest optical
o conductivity peak®!’ The displacement, , is measured
L from the cubic perovskite position of the nearest oxygen in

|
\C | A the « direction to the Mn atom at The oxygen vibrational
| energy io=hK/M=0.075 eV is taken from a Raman
' experiment® In addition there is an on site Coulomb repul-
GS Orbiton sion U and a large Hund energdy, . In the limit U—c and
Jy—, electronic motion at half-filling is suppressed due to
I W, | single occupancy of the Mn sites; additional orbital splitting
| — | |l=—=1{]| | | caused by superexchange interactions is left out.
| 0g | The HamiltonianH =H 1+ H, gives an orbitally ordered
ground state

FIG. 1. Schematic Franck-Condon mechanism for the mul-
tiphonon Raman process via the orbiton intermediate state. The |0,0>:H CI((')H C$(|/)|{o}>' 2
lowest energy configuration of the orbiton has enefgand large I 1
oxygen distortions from the JT ground st&@&S). The most prob-
able intermediate stafghe strongest resonance of the Raman pro-
ces$ occurs atw; ~2A=~2 eV, rather thanw =A.

where{0} refers to the lattice vibrational ground state with
oxygen atoms in distorted equilibrium positiofdan Vieck
Q,-type distortions Uiex= FUg,Uj+y=FUg,Uj+,=0 if |

per Mn atom, fully respecting the symmetries of the orbitals€ A sublattice exp(Q- |) 1] and opposite sign distortions if
and the crystal. The electron-phonon tettg, stabilizes the | € B sublattice[ exp(Q-)=—1.] The magnitude of the dis-
orbitally ordered ground state via a cooperative JT distortiontortion 2uy= y2A/M w’=0.296 A agrees with neutron dif-
Oxygen displacements along Mn-O-Mn bonds are modeledraction datd within 10—15 %, confirming that the model has
by local Einstein oscillators sufficient resemblance to reality. Operatoifg,Y create elec-
trons with orbitalsWy y=— (da2_ 2 dy2_,2)/ 2 alternat-
ing onA andB sublattices. The lowest- lying electronic exci-
tation of the Hamiltonian(1) is a self-trapped exciton or
orbiton? which gives a broad line in the optical
5 ) conductivity®1” centered at A~2 eV.

HL:% (P{o2M+KuUf ,/2). @ In the n-phonon Raman process, incident light of fre-

' guency w, is scattered with a shifted frequeneys= w,

The interactiorH ;r consists of linear energy reduction of an —nw. The Raman cross-section tensdt can be found as
occupiedds,2_ 2 orbital [the corresponding creation operator follows:*°

HJT: _QZ ﬁ|,a(u|,a_u|,*a)1

J°R" o0 ws (0nle,-pli,m)(i,mles: p[0,0)
&wR&Q m2 w? | {m).i A+N{mlro—fio +iyy

2
+NRT| 8(wr—nw), 3)

whereo=r2 is the Compton cross section,&e?/myc?).  one phonon can be excited on any of the six neighboring
The summation goes over all electronic statemd all the  oxygen atoms; two phonons can be excited in 21 ways; three
corresponding vibrational quantgm}. N{mj=m,+m,  phonons in 56 ways, and so on. The ground state couples to
+m,+m_,+m_y,+m_, is the total number of vibrational excited electronic states by the electron-radiation Hamil-
quanta. The nonresonant terfNRT) is obtained from the tonjan (@-A). In LaMnOs, we consider only the lowest ex-
resonant term by permutin@_ with és and changing- o, cited electronic state with an orbital flig.g.,| X) type to|Y)

to ws. The imaginary frequencyy,, gives a broadening type'). By neglecting coupling to higher electronic states we
which can mimic the effect of phonon dispersion. The finalunderestimatéperhaps by a significant facjathe first order
state|0,n) has an electronic ground state pluyibrational ~Raman peak intensity. For multiphonon Raman scattering, in
guanta. Summation over all the possible states with a totdirst approximation, we assume that only orbiton intermedi-
number ofn vibrations is assumed in E). For example, ate states contribute.
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Ill. LSDA DIPOLE MATRIX ELEMENTS

- AYA
= [ dr _2— il (eq—€y), 4
To evaluate dipole matrix elements in E§) we use the vz f Vaz *ou, Val(&a=ep) @

FC approximation. The wave functior}§,0), |i,m), and

|0,n) are written as products of vibrational wave functionswhere ¢, is an orbital ofp character, and/V/du; is the
x(R) dependent on the oxygen positioRs and electronic ~ perturbation caused by a displacement of oxygerz in z
wave functionsw(F, F§) dependent on both electronicand fjlrectlon. The corresponding allowed optical matrix element
vibrational coordinates. The electronic dipole matrix elementS

is ad to d transition and therefore forbidden when the sur-

roundings are symmetric. Searching for a mechanism to ac- _ [ ar - ©)
tivate this transition, we notice that an asymmetric oxygen P~ Vaz2-r2Pzfz-
displacement will cause Mgy orbitals to acquire an admix-
ture of 4p character. A typical mixing coefficient is The resulting dipole matrix element is
(i vmlgs,L’ f)|0,n>= gy , 'yapaea<mxm—xmym—ymzm—z|(Ua+ u—a)lnxn—xnyn—ynzn—z>- (6)
a=X,y,

If the ground state is described by E@), then from  mula unit. The lattice constant 3.936 A gives the same cell
symmetry one can show thagp,= yypy,=—v,p,/2. In our  volume as observed for LaMnOThe magnitude of the in-
previous work? a phenomenological parameteyd  plane oxygen distortions along the Mn-O-Mn bondsujs
~—y,p,(hl2m,A) was introduced to account for the ob- =0.14 A . The self-consistent charge density was calculated
served spectral weight of the optical conductivity peak due td!Sing six speciak points in the irreducible wedge of the
the self-trapped exciton. The oscillator stren§ittefined as  Brillouin zone. First, thek points were chosen on the undis-
Jdwo(w)=(7Ne?2m0)f is equal in our model td,, torted cubic structure Brillouin zone. Then they were
=2[(y,p,) /MM 0?]/(2A/hw+1), and frx= fyy="f244. mapped into the' tetragon@z-type JT distoryed Brillouin
Here N/Q is the Mn atom concentration. The measuredzone. The resulting-point sampling would give the cubic
spectral weight 540 ~'cm™! eV of the lowest broad line Symmetry charge density for the undistorted cubic LaMnO3
centered at 2 eMRef. 16 corresponds tdf ¢,,—0.113 or calculated in the tetragoné&oubled unit cell. The symme-
¥2P,= 1.7(MM ?) 12 (the spectral weight try broken charge density is obtained because of the the oxy-

7400~ *cm™! eV under a Lorentzian fit corresponds to 9en distortions not because of tkepoints sampling? Then
fexp=0.16). Here we use density functional the¢BFT) to t_he self-consiste_nt potential was used to calculate wavefunc-
calculate an induced dipole matrix elements to test whethgfons at thel” point. _
our choice of the parameter,p, from the optical data was A Symmetry analysis of the pseudo wave functionskor
justified. =(0,0,0) and plots of|? around the Mn site allow us to
LaMnO, has been extensively studied by first-principlesdistinguish Mne, states from other states. Tlg (X- and
approached including the local-spin-density approximation Y-type) orbitals form states o,y andB;4 symmetries. Two
(LSDA) of DFT, LDA+U, and Hartree-Fock methods. Infor- Of the four Mne, states are shown on Fig. 2. By introducing
mation about electronic and magnetic structure, and abowt small displacement of all the apical oxygenstiz direc-
electron-phonon and Coulomb interactions has been oltion along the Mn-O-Mn bonds, one inducespa dipole
tained. Here we use LSDA to calculate the dipole matrixmatrix element A4 to A;4 andBy4 to Byg). Similarly, in-

element ford to d transitions as it is induced by asymmetric plane oxygen displacement in thex direction induces @,
oxygen distortions. Rather than calculatiig/du, and do-  matrix element. In Table | we present LSDA results for these
ing perturbation theory as in Eq8),(5), we directly calcu-  matrices. The imposed displacement has loweredDie
late (i|e-p|0) in the presence of an imposed asymmetricsymmetry of the supercell, permitting transitions between
oxygen distortion. states below and above the Fermi level which were previ-
To solve the LSDA equations we use the plane-waveously labeled a#\;y and B;4. The energies of the Mey
pseudopotential methdt?2with a spin-dependent exchange- states do not alter muditess than 0.04 eMfor small distor-
correlation potentid? and a supercell approach. Calculationstions (0.016 A and the induced dipole matrix elements are
were done for a 10-atom perovskite supercell with onlylinear with oxygen distortion.
Q,-type JT oxygen distortionsthe rotation of the Mn@ It is convenient to measure the induced dipoles in units of
octahedra is omitteflThe point group symmetry of the cell (m,Mw?)?=0.472/(ag)?, wherem, and M are electron
is thusD . For convenience, the magnetic order is taken tcand oxygen masses ang is the Bohr radius. The calculated
be ferromagnetic with 4.Q0z spin magnetization per for- dipoles (yp),=2.33 and ¢p),,=1.55 give the oscillator
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region?® The introduced error depends on the cutoff radius
used for the construction of pseudopoteffiaind gives 5%

discrepancy for the radial part of tipeoperator using pseudo
and real wave functions of an isolated Mn atom. Souf@ges
and (3) will causes errors of similar size as sourdg, we
believe. The biggest uncertainty is sour@. In transition
metals, the energy levels of the localizédtates are signifi-
cantly altered if one includes explicit additional Coulomb
repulsion of localized states as in the LBAJ approact®
Wave functions and matrix elements could also change per-
haps by as much as a factor of 2. However, this would not
change our qualitative conclusion. This calculation gives us
extra confidence that phonon-activation is strong enough to
account for the observation dfto d (orbiton transitions in
optical reflectivity, as we assumed in our previous work, and
as we now use to predict Raman spectra.

IV. THE RAMAN TENSOR

The absolute cross sections for the Raman procesgEq.
1\ can be evaluated using expressiéi

. 2pn 2
FIG. 2. The LSDA wave function®(r) atk=(0,0,0) point for J Ra,B _ s 2 B B

the Mn e, statesB, 4 (occupied andA, (empty. Arrows indicate g () ~00 wz(yapayﬁpﬁ) S(wr nw)% a(n—N{f})

the direction of theQ,-type oxygen displacements in thg plane. L

Negative(dashegland positive(solid) contour values are in units of * howA,z(m{f}) 2
0.1e"¥(a. u.y? X B — +

e"(a. uy mz:o Ad+mho—fho +iyy, NRT) . ™
strengthsf,,=0.41 andf,, ,)=0.18. These answers are

somewhat larger than experiment, but well within the ex-

pected accuracy of our model. This accuracy is limited by A p(m,{f})= > s(m— N{m’'}H{flu,+u_,/m")

four factors:(1) convergence of the LSDA resul2) neglect {m'}

of rotational distortions(3) simplifica?ion gf magnetic struc- x(m'|ug+u_40), (8)
ture to ferromagnetic; and4) applicability of LSDA to

strongly correlated electrons. We tested the first by varying ) . ) )

the number of plane waves used in the pseudopotential exvhere the induced dipole matrix elements and displace-

pansion. The answers reported here used a plane-wave cut§fentsu are measured in units ofrtM »?)'? and VAi/Mw,
Epw=135 Ry. The value ofy,p, increases by 9% &, respectively. In order to evaluate V|b.rat|onal overlap |.ntegrals
=120 Ry and decreases by 13%E&j,=100 Ry, so the Aa,@(m,{f}) one needs the expressions for overlap integrals
convergence error is estimated at 10%. To calculate dipol€f displaced harmonic oscillatdrs

matrix elements we used pseudowave functions, which are
different from the physical wave functions in the core

(nylny)=(—=1)"""2yn;Inyle” K212, Ny =1,

TABLE |. The absolute values of the induced dipole matrix 2 12K
elementsp, (left) and p, (right) per unit oxygen displacements in X E (— l)kkl o ey
units of (MM w?) ¥ between the LSDA wave functions of tiég, k=0 H(nz—k)! (N =N+ k)!
andB;, symmetry before an additional asymmetric oxygen distor- it ny=n,, (9)

tion. The resulting oscillator strengths for the transition between the
occupied(oco and empty(em) states aref,,=0.41 andf,, .y

=0.18, which corresponds toyp),=2.33 and p),,=1.55. N
-

Ny
2 )(”ﬂnz), (10

K

(nefulnz)= 5

1+

occ em occ em occ em occ em
Alg Ay Big Big Aig Ay Big Big

AXC 0 329 0 0 0 133 132 0.69

ASM 329 0 0 0 133 0 1.39 0.06 Wherex is related to the Jahn-Teller gap As-4«*4w. The
B¢ 0 0 016 132 139 0 0.78 overlap{n,|n,) for n,<n, has the same expression as Eq.
BE™ 0 0 016 0 069 0.06 078 0 (9) with n; andn, interchanged and the sign of the displace-
mentuy= 2« changed k— — ). When using expressions
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20— ] to the dipole matrix element effect, namef,;>°=R ;>
=R 7716, R%%yz=R%3=4R%?®. The anisotropy of the op-
tical conductivity oy, /0, is quadratic and Raman intensity
Ryx!R,, fourth power in the dipole matrix-element anisot-
ropy yxpx/7v.P,. Actual occupiede, orbitals may be rota-
tions of our idealized state Eq2) in the ey space. Even
small deviations from Eq(2) might cause a noticeable
change of the ratia/,p,/v,p, from the value 0.5. Therefore
the predicted anisotropies of 4 and 16 for optical and Raman
spectra are not necessarily robust, but the relaRQp/R,,
= (04! 05,)? should hold.
Published Raman measureméfitsn undoped LaMng@
do not extend to the multiphonon region and resonant behav-
ior has not been tested experimentally. Most experiments use
FIG. 3. The absolute value of the multiphonon Raman crosghe Ar' laser, for which frequency, =2.41 eV, we predict
section per solid angle versus incident photon energy. Resonatihe  multiphonon  cross  sections szz 0.514,’R§’Z
behavior is predicted fow, close to orbiton energy2=1.9 eV. :o_243R§Z:0_056R§Z: 0.025 in units ofoy srl Re-
The damping constant ig,=120 cm ', the ind_uced dipolgs are  cently some features in Raman spectra on Laia@und
—7d.=29,0,=1.7 (MM ®)'% cross section unit isoo 1100 it were reported by several groupfs2° These are
= (&7/mec)". probably the effect we are predicting.

Cross section (o)
=) o

o
o

Laser Frequency w,_(eV)

(9),(10), the signs of thd +X,I —y oxygens displacements

are positive and—>A<A,I+§/ are negative, ifl eA (reverse V. CONCLUSION
signs ifl e B) andl =z oxygens are undisplaced. Evaluation _ )
of the overlap integral#\,z(m,{f}) is straightforward. For We advocate a picture of thg orblta-lly.ordered state of
example, for the first order Raman peak, only four oneLaMnOs where electron-phonon interactio(is a context of
phonon final states will contribute: large Hund and Hubbard energidsave a major influence.
Our picture is disputed by other theoritsTherefore we
e *A™ m attempt here to provide predictions which can qualitatively

Agp(mif=1---4)=4 Zog (A+1-m)

“B  ml distinguish our model from others. In our model, the lowest

(11 electronic excitation is the 1.9 eV transition across the Jahn-
with no contribution to the nondiagonal part of the tensorTe"er gap, modified by self-trapping to give a minimum gap

a+# . For second- and third-order Raman scattering, foul’@/f as large. This has successfully described the

17 H
and eight final states contribute to the nondiagonal part of th@bserved® optical gap as a Franck-Condon broadened self-
trapped exciton. The present paper uses density-functional

tensor: theory to eliminate the need for a phenomenological cou-
e AA™ m pling yp to account for this transition.
Ayyzag(Mifi=1---4)== ml 2A° As a more stringent test, we here predict a new feature
unique to the FC physics of the self-trapped exciton, namely,
—AAM .m a sequence of resonant multiphonon Raman peaks. We pre-
Agyzz(MAifi=1---8)==* ey W(AJrl—m). dict the absolute values of the multiphonon Raman cross
(12) section tensors.

A hot luminescence process can also give rise to a mul-
The formulas for the diagonal parts of the higher-order Ratiphonon peaks. Incident light can excite an orbiton with a
man tensors are more complicated and will not be giverlong lifetime which can recombine after vibrational energy
here. Nw being lost in the intermediate state through anharmonic

To model the damping term,,, of vibrational levelm, we interaction. The question whether the Raman or hot lumines-
use expressiony,=1vyoym+1, as in a sequence of con- cence mechanisms dominate the scattering intensity has an
volved Gaussians, intended to mimic the local densities obld history®! In the Raman case the intensity of the higher
phonon states on oxygen atoms. The vajye=120 cm ? order peaks should decrease and the width of the peak rep-
was taken. The Raman cross section shown on Fig. 3 hasrasenting a convolved density of local phonon modes should
pronounced resonant behavior when the laser frequency increase. In the hot luminescence the intensities of the higher
approaches the orbiton energy 2The first-order cross sec- order peaks are of the same order and the width of the lines
tion as seen in Fig. 3 is underestimated, because we neéecrease with increasing order. In addition a strong emission
glected coupling to higher electronic levels in Ed), whose peak can be observed at the exciton absorption edge. Raman
contribution to multiphonon peaks is probably negligible.techniques can serve as a direct probe of the orbiton excita-
The polarization dependence of the cross section is only dugon in LaMnQ;,. A recent Raman experiméfton LaMnO;
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