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We present a theory of the Raman scattering from the orbital wave excitations in manganese oxides. Two
excitation processes of the Raman scattering are proposed. The Raman scattering cross sections are formulated
by using the pseudospin operator for orbital degree of freedom in a Mn ion. The Raman spectra from the
orbital wave excitations are calculated and their implications in the recent experimental results reported in
LaMnO; are discussed.
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[. INTRODUCTION following advantages: its energy resolution is of the order of
1 cm ! which is higher than that of the resonant x-ray scat-
Since the discovery of the colossal magnetoresistancéering (order of 1000 cm?) and’ and the different modes of
much attention has been attracted to manganese oxides withe excitations are distinguished by the polarization analyses
perovskite structur&>® A variety of anomalous phenomena of the incident and scattered photons. Recently, the Raman
including gigantic decrease of the resistivity are observed ifscattering experiment in the single crystal of LaMn®@as
the vicinity of the phase transition from the charge and orcarried out and peak structures were found around 150
bital ordered state to the ferromagnetic metallic one in théN€V:™ These spectra can be attributed to neither the mul-

oxides. One of the key factors to bring about the phenomengphonon nor the magnon excitations by the detailed analyses
is the orbital degree of freedom in a Mn irDue to the of the polarization dependence and temperature dependence

strong Hund coupling and crystalline field, tvey orbitals of t_he Raman-shift energy. Thus, a theory of the Raman scat-
are degenerate and one of the,3 > and Ao 2 orbitals tering from the remaining degree of freedom, i.e., the orbital
is occupied by an electron in ag’mjhr on Xy excitation, is required to be developed.

Extensi tudi fth bital orderina h b q In this paper, we present a detailed theoretical framework
[=xtensive studies ot the orbital ordering have been don€ys ye paman scattering from the OW excitations in orbital
It is well known that orbital ordering associated with the

- - . - ordered manganites. We propose two excitation processes.
Jahn-Teller(JT) type lattice distortion plays an important one of them is analogous to that in the two-magnon Raman
role to stabilize the layered antiferromagneti-AF) order-  scattering in antiferromagnets. In contrast to the magnon Ra-
ing in LaMnGQ,;, where spins align parall¢antiparalle] in - man scattering, the intensities of the Raman spectra from
thexy plane(along thez axis). >~*' It has been reported that one- and two-orbiton excitations are of the same order of
the observed orbital ordering is cooperatively stabilized bymagnitudes in this process. In another scattering process,
the superexchangdSE)-type electronic interaction, JT, photon induces transfer of electrons between éjrand O
higher-order JT and electron-strain couplifg# variety of  2p orbitals, and one-orbiton excitation is brought about. We
magnetic structures with the orbital orderings are also obformulate the scattering cross sections by using the pseu-
served in the doped manganites. On the other hand, the dgospin operator for the orbital degree of freedom in a Mn ion
namics of orbital still remains to be clarified. In the orbital and calculate the Raman spectra from the OW excitations. It
ordered state, the collective electron excitations from occuis shown that the recent Raman scattering experiments in
pied orbital to unoccupied one have been theoretically aMnO; are well explained by the OW excitations.
predicted:>*®~?* This excitation is termed orbital wave  In Sec. II, the model Hamiltonian is introduced and dis-
(OW) and its quantized particle is called orbiton. The OW ispersion relation of the OW is investigated. In Sec. Il and
expected to affect various low-energy properties, such aSec. IV, the excitation processes for the Raman scattering are
magnoR? and phonof? dispersions, and transp&tt How- proposed and the cross sections are formulated, respectively.
ever, the OW excitations have not been observed because tNeimerical results are presented in Sec. V, where comparison
experimental technique was limited. To clarify the dynamicsbetween theory and experiment is shown. The last section is
of the orbital degree of freedom and its effects on the physidevoted to the summary and discussion.
cal properties in manganese oxides, it is indispensable to
establish a method to observe the OW. Il. ORBITAL WAVE

As a probe to observe the OW, Ishihatal. proposed
the resonant inelastic x-ray scattering by which dispersion Let us set up the model Hamiltonian describing the elec-
relation of the OW can be detect&One of the other pos- tronic state of manganese oxides. We consider the tight-
sible methods to detect the orbital excitations is the Ramahinding Hamiltonian in the cubic lattice consisting of Mn
scattering?® Although only the excitations with the total mo- ions. At each site, tweey orbitals are introduced anthy

mentumk,,,=0 are detected, the Raman scattering has thelectrons are treated as a localized spﬁgzgo with S[zg
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FIG. 1. (8 A unit cell of the orthorhombic structuréstraight ! 133g
lines). Open and filled circles represent Mn and O ions, respec-
tively. Broken lines show a unit cell of the cubic perovskite struc- 0 . . . . .
ture. Arrows indicate the displacements of O ions in the orthorhom- Z r X M r R
bic structures whereS; is an amplitude of the displacemertb)
Alternate rotations of Mn@octahedra arounxl’ axis. 8 is an angle 3 ) i ) ) )
of the rotation. 9/_1& ]
=3/2. We introduce three kinds of intrasite Coulomb inter- s '*--.]3.23, -7 R \_
actions forey electrons, i.e., the intrad() and inter-(U’) [ --" ‘]'3’1 e -:k-._._.--<‘ S S
orbital Coulomb interactions and the exchange interaction 3. g//' "~ /.’ -
(1), and the energy splitting between twg orbitals due to ol e Pl Nt
the distortion of a Mn@ octahedron. We also introduce the ~< B3g
Hund coupling §,) betweene, andt,y spins and the anti- 2r —u=C+H
ferromagnetic SE interaction J{g) between nearest- S u==-
neighboring(NN) t,4 spins. Among these energy parameters, L ---u=G++
the intrasite Coulomb interactions are the largédthus, by ———=(+)
excluding the doubly occupied states in tgorbitals, the I 1
following effective Hamiltonian for the low-energy elec- 0 . s . . .
tronic state is derived? Z r X M r R
FIG. 2. Dispersion relations of OW i@ paramagnetic antb)
H=H;+Hy+ Hap+ HjT. (1) A-AF phases. The Brillouin zone for the tetragonal lattice is

adopted. Parameter values are chosen toJpel;=0.35, R
The first term represents the SE interactions betweerefN\N =1.07, g;7Q/J;=0.7, and@y]=2m/3. Orbital state for the para-

electrons given by magnetic A-AF) phase is denoted byoki (), O1(2)) = (0a,— On)
with 6,=0.527(0.477). An asterisk in(b) shows the mode which
3 1 becomes Raman active when the monoclinic lattice distortion is
Hy=—23, >, 7 +S J) (Z — 7 Tﬂ) introduced(see Fig. 7.

(1)

1.3 \/'Ji(z)/\]}'é): JJZAF/JX&’:té/t.é'y= R. tf is the transfer inten-

_ZJZE 4_1_5i 'S Z+ nrtntrnl, (2 sity between NNd3,2 2 orbitals along thep axis. The last
(i)

term in Eq.(1) is given by

whereJ; andJ, indicate the SE interactior§.S is the spin
operator of the e, electron with S=1/2. 7
=cog(2n/3)m]T;,—sin (27/3)m] T, with (m,,m,,m,) . . . .
~(1.~10).I dentes adrecio ofabondcomnecrgrd 17 8 2509 o Sesken s soveltg s, Te
] sites.T‘i is the pseudospin operator for the orbital degree 01n d _ 07T si GJT% The lattice d
freedom®! (T;,)=+(—)1/2 corresponds to the state where expressed axl;, Qi) = Q(cos6; ",sind7"). The lattice de-

the d (d ) orbital is occupied by an electron. The gree of freedom is assumed to be frozen in this paper, since
3z2-r2 \Hx2-y2 . pied by : the electronic process that we are interested in here has much
second and third terms in E{L) are given by

higher energy than the phonon energy which is, at most, 75
meV in LaMnQ;,.3233
3) We investigate the orbital states at the paramagnetic and
A-AF phases by applying the mean-field approximatibA.
unit cell with four Mn sites termed,, A,, By, andB, are
Here, the anisotropy of the SE interactions originating fromadopted(see Fig. 1L A(B) and 12) classify the orbital and
the tetragonalD ;) lattice distortion is taken into account as spin sublattices, respectively. The following spin order pa-

Hyr= _gJT“:EZX QiTi s (4)

ol

HutHar= _JHEi éi'étzgi"_'JAF(iEj) étzgi : ét2
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rameters are introducedS;,) and (Stzgiz)(=3(5iz)) with
(---) representing the thermal average. For the JT distortior(a)

s
of MnOg octahedra,C-type ordering with 03] ,), 051 2) S T,'T;
=(27/3,—27/3) is adopted by considering the observed lat- o, V\A{]\
tice distortion in LaMnQ. Even in the paramagnetic phase, % / :
due to the introduced JT coupling, ti@=type orbital order .
realizes'’ For the orbital degree of freedom, we introduce 0%
the rotating frame and adopt the order parameteﬁag \
=c0sh (T,)+sinOXT,). 6 | describes the orbital state at site i-site J-site T
i as |6 y=cos 01/2)3Z2—r?)+sin(@/2)x*—y?). By mini- &

,

mizing the energy with respect td6'}, we obtain initial -k
(0a1(2): 051(2)) = (6, — 04) in both the paramagnetic and final
A-AF phases. (b)

The collective orbital excitations in the orbital ordered
state are studied by applying the Holstein-Primakoff trans- ; ®

formation to the pseudospin operatofig,= 1/2— a;rai and

0
~ T
TiX:1/2(aiT+ a;) with a; being the bosonic operator. Here, g — —> g !
spins are assumed to be frozen. In Fig&) &and Zb), the ?

dispersion relations of the OW in the paramagnetic Ak

states, respectively, are shown. Parameter values are chos: Ops Mn €e

to beJ,/J;=0.35, R=1.07, anngTQ{J1=O:7. Jq is'esti— initial final

mated to be about 50 meV from the dispersion relation of the o .
spin wave, the Nel temperature foA-AF and the orbital FIG. 3. (8 d-d and (b) d-p excitation processes. Wavy lines

ordering temperatur¥. It is shown that the orbital excitation rePresentthe incident and scattered photons with energndw ,
has a gap in both cases. However, we note the origins JFSPectively.i andj in (a) represent NN Mn sites. @, in (b)
these gaps are different as follows: The gaps in paramagnetlEPreSents one of the six oxygpp orbitals surrounding a Mn ion.
and A-AF phases are given b>{(\/§/2)gJTQ[(9/2)\J1
—(1/2)J5+ (/3/2)g57Q1} % and {[3J; + (+/3/2)957Q) (3
+J,+ (\/§/2)gJTQ]}1’Z, respectively, wher#, is chosen to It has been reported that the electronic energy bands in the
be 7/2. While the gap in the paramagnetic phase decreasasgion of 0-3 eV below the Fermi level in LaMg@onsist
with decreasingg;;Q, the gap in theA-AF phase remains ©of Mn ey and O 2 orbitals?® It is expected that both the Mn
finite. This is because the latter originates from the anisoey and O 2 orbitals play important roles in the excitation
tropic magnetic structur¥. = (a,b) with a=+ andb= processes of the Raman scattering when the visible light is
+ in Fig. 2 denotes the mode of the OW, wher¢b) rep-  used. Considering these facts, we propose the following two
resents the relative phase of the Holstein-Primakoff bosongxcitation processes.
in the xy plane (along thez axis). Among four modes, the ~ One of the processes is analogous to that in the two-
energy of the mode- +) is the highest and its eigenopera- magnon Raman scattering in antiferromagnets. eylrorbit-
tor includes the following linear combination of the pseu-als are considered and (prbitals are integrated out. The
dospin operators: schematic picture of this process is presented in K. Bn
electron at a Mrey orbital is excited to one of NN, orbitals
through the interaction with an incident photon with energy

IIl. SCATTERING PROCESSES

_ N # w;, momenturrk; and polarization\; . By emitting a pho-
CH_ [Ty (=) 4+ sinhe(—*) b L !
%k=0 N Z COSO,t (coshe +sinho ) ton with 2w;, ki, and Xy, one of the two electrons at a
doubly occupied Mn site returns to the empty site. When the
X (Tarmyxt TerayxT Tazayxt Te2q)x) orbital states at one of the two or both the sites are excited,

one- or two-orbiton excitations are brought about, respec-
tively. This process is termed tlted process. It is stressed
(5)  that the scattering intensities from one- and two-orbiton ex-
citations are of the same order of magnitudes due to the
transfer intensity between the different orbitals. This is in
where the prime indicates summation over unit cellscontrast with the magnon Raman scattering in
coshé™ ™) and sinbg™ ™) are the coefficients of the Bogoliu- antiferromagnet$>~>’
bov transformationN,, is the number of sites in the unit cell. Orbital excitation is also brought about through the trans-
The symmetry properties of the each mode of the OW ander of electrons between Mgy and O 2 orbitals. A sche-
their selection rule in the Raman scattering are presented imatic picture of this process is presented in Fi¢h) 3By
the Appendix. absorbing an incident photon, an electron in ap Qorbital

+i (COShH(_ ") —sinhg(~ +))(TA1(|)y_T31(|)y

+ Tazayy~ Te20)y)
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is excited to the neighboring Me, orbital. p, represents the  yith &, being the unit vector along the polarizatian j ;"

O 2p orbital mixing with the Mne one through ther bond.  represents the electronic current betweenrbital ati site
One of the two electrons in this Mn site returns to the emptyynq y' orbitalj site given by

O site by emitting a photon. When the occupied orbital in the
Mn site in the final state is different from that in the initial i
state, one-orbiton excitation is brought about. This process is W = %FijtﬁjVE diTdey,J+ H.c., (12
termed thed-p process. In contrast to the-d process and o

the magnon Raman scattering in antiferromagnets, one orbi-

ton is excited in thel-p process. with rij=r;—rj.
Being based on the Hamiltonidi,_ 4, the scattering ma-
IV. RAMAN SCATTERING CROSS SECTION trix is calculated. The initial and final states of the scattering

are described by the eigen statesHofand the intermediate
Sstate is described by those &2~ ¢. The scattering matrix in
thed-d process is obtained as

In this section, we present the formulation for the cros
sections in thed-d andd-p processes.

A. d-d process . > -
] o ) d—d 47Ci N rij ~ rij
The cross sectiofCS) from the OW excitations is calcu- Si =y OB EDX | e T e
lated in the system where tteg electrons and photons are ek dd dd
coupled. We adopt the following model Hamiltonian: x{23,(2 +§i,§j)(% — T})
Haa=H3 S+ H{ O+ Hop+HI 5 (6)

+23,(: =S SHG +rmtatnh (13
The first and the second terms represent the intrasite
electron-electron interactions and the intersite electron transwith C:Wezl(ﬁz,/wg_wgf). Ei(ry represents the energy of

fer, respectively. These are given by the initial (final) state. J; and J, are defined asJ;

=15dte/ (U =1 +fiwg ) H5de/ (U — 1 —fiwg)  and T,
=134te/(U+23y+hog ) +155/(U+2)y—hag), respec-
tively, wherelyq is the distance between NN Mn sites. We
+1 E di‘ryadrfyodiy(r’di*ynv 7) rewrite_ the.pseudospin operators in. E@3) by using the

iyoo!' Holstein-Primakoff bosons, and obtain the CS. The CS from
the one-orbiton excitation is given by

d—d_
He —HH+Ui2 ninniyl‘FU/ E niwni_wr
Y

iyoo'

HI= > (1l ,dj, .+ H.C). ®) - N
o) iq OCN 4 C e
= e N2, | 2, (Enp) (& p)KT, V. (0)
di, is the annihilation operator &, electron at sité with M ey
spin o and orbital y. Its energy level is chosen to be zero. 2
tﬁ”' is the transfer intensity betweenorbital at sitei andy’ +W,,(0)}] {NuoS(AE+ e ,0)

orbital at sitej, and is obtained by the second-order pertur-
bation with respect to the electron tran§fer between éyn +(1+n,0) (AE—g,0)}, (14
and O 2 orbitals. The explicit form ot]” is given by the A o
Slater-Koster formulaZ The third term represents the pho- Wherep=X,y, z. K?, is given by
ton system as

K}, =313 +8,)8C}, —Ja(3 —8,)(S|Cl, +8)),

Hon= 2, bl b+ 1), 9) (15)
kN

. _ = = R A t
whereby, is the annihilation operator of photon with energy With $,=(S-Si+;),  S=sio,+(2n/3)m,], and CJ

o B : . . i

#wi, momenturrk and polarization\. The electron-photon  =¢€036,+(27/3)m,]. V,,(k) and W, (k) are the coeffi-

interaction is described by the fourth term in E6) as cients of the Bogoliubov transformation connecting the bo-
son operator for theith ion to that for theuth eigenmode

with the energye i as

-

r+r;
2

_ e - >0
HY Sh=—— Z A ST (10)
o ry 2,i= V(K e+ W, (Ka! . (16)
Here,A(r) is the vector potential given by

n,k is the Bose distribution function amzl&E(:f'uul;i
,&(F)= i z 2mhc éx(bt e’”ZFJr bIZ)\e”ZF) (11) —ﬁwgf) represents the Raman-shift energy. The CS from the
WK wg K ' two-orbiton excitation is given by

014435-4
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_ wa N 4 ~ RN -
I R e N, | 2, (B p)(Enip)
Mikpp' | prv’

X[L?, Vo (KW, (—K)+ M (K) 8, 4 fV,u(K)

2
AW, (K HV, 0 (—K) + W, (—K)}]

X(1+n,Q)(1+n, )(AE—€,k—&, ),

(17
with

L?,,=31(3 +5,)CICY, —J(4 —S,)(CICh, +2CF),
(18

M?,,(K)=2{33(3 +S,)—TJp(} —S,)}SS., cosk, .
(19

PHYSICAL REVIEW B 66, 014435 (2002

_ e = - o
Hefh=—¢ 2 AT Jiys. (23
fi s 1S the current operator representing the transition be-
tween Mny orbital atr; and Op,, orbital atr;+1,4; given
by

i
]iy&zglpdb‘ityﬁz diTyapi(s(rJF H.c. (24)

The scattering matrix is obtained by the second-order per-
turbation with respect tdb{g:gh and is given by

d-p 47Ci N e e~
Si P=—y BB (& p)(en-p)Int, (29
P
wherep;=x;.y;,z andJ=3124t3,50{3(U' —1-3/4J4—A

+7Q) "= (U+5/434—A+hQ) "1} with Q=i , — ;. It

In Eq. (17), the anti-Stokes parts are neglected for simplicity.ijs worth to mention thaB! P includes the linear term of;

The interaction between two orbitons in the final state isbecause the orbital excitation is brought about in a MnO

neglected. This interaction is expected to shift the tWo-,ctanedron. Therefore, one-orbiton excitation contributes to

orbiton Raman spectrum to the Iqwe}:—energy region as thgye Raman scattering. Finally, we rewrite the pseudospin op-
magnon-magnon interaction does in the two-magnon Ramaga¢ors in Eq(25) by using the Holstein-Primakoff bosons,

: 6
scattering’ and obtain the CS in thd-p process as follows:

wfC?N _ 4 >

B. d-p process
T
h(2mc?)* Ny, “Z

d=r= 2 (é)\f'/;V)

pv

To calculate the CS, let us start with the following model

Hamiltonian where Mne; and O p, orbitals and the
electron-photon coupling are taken into account,

Ha-p=He P+H{ P+ Hpn+Ha by (20)

The first and second terms describe the intrasite electron-

electron interactions and electron hoppingraé P=7#4"¢
+3i50AP] 5, Pisr and

H?‘p:%g (tys0l,Pi 5o+ H.C), (21)
respectively, wherd is the energy level of @, orbital, and
Piso is the annihilation operator of thg, electron witho
spin atr;+1,44; . | g is the distance between NN Mn and O
sites.éi is the unit vector along the locat x(y,z) direction
reflecting the rotation of Mn@ t. s represents the transfer
intensity between NN My and Op,, orbitals and is given
by

11
e
2 2
ty=tod| 3 |3 ol (22)
2 2

v

for 6=x,y,z andt ;= —t, ;. t,q is the transfer intensity
between Mnds,2_,2 orbital atr; and O p, orbital atr,

2
X (& p) SV, (0)+W,,(0)}

X{N,00(AE+e€,0)+(1+n,0) (AE—&,0)}.
(26)

V. NUMERICAL RESULTS

In this section, we present the numerical results for the
Raman spectra.

A. d-d process

Numerical results for the Raman spectra given by the
summation ofl {4 and19~ ¢ are presented in Fig. 4. Figures
4(a), 4(b) and 4c), 4(d) are the results in the paramagnetic
and A-AF phases, respectively.g_d is defined aslg_d
= w?C?N/[#(27)?]32 and is assumed to be independent of
w;j and w¢, for simplicity. Parameter value is chosen to be

J,/3,=0.35. Other parameter values are the same as those in
Fig. 2. Sharp spectra in the region 3.AE/J;<3.6 (3.5
<AE/J;<4.5) and broad ones in the region 2AQE/J,;
<7.0 (5.0<AE/J;<9.0) in the paramagnetid®A¢AF) phase
originate from one- and two-orbiton excitations, respectively.
In the (x,y) and (z,x) polarizations, the one- and two-
orbiton excitations are not brought about. In these configu-
rations, polarization of the scattered photon is perpendicular
to that of the incident photon and both the polarizations are

+Ipd2i. The electron-photon interaction is represented byparallel to the bonds between NN Mn sites. Therefore, ma-

the fourth term in Eq(20),

trix elementS{, ¢ in Eq.(13) vanishes and orbital excitations

014435-5
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0@ By, A, [© A

0123 45678 23456780910 : - .
AE T, AE ], w'p o G i
0° --"7 . E
FIG. 4. Raman scattering spectra from the orbital waves in the 2 A3E /j‘ 3
d-d process.(a),(b) paramagnetic phase ar{d),(d) A-AF phase. 1
Parameter value is chosen to bg/J; =0.35. Other parameter val-  F|G. 5. Raman scattering spectra from the orbital waves in the
ues are the same as those in Fig. 2. d-p process(a) The paramagnetic phase afij—(d) A-AF phase.

] The displacement of the O ions and the rotation of MmOtahedra
are prohibited. We notice the following relations of the rela-are chosen to bé, /1 ,4=0.04 andg=m/18. Other parameter val-

tive intensity in the two-orbiton Raman spectrb(x,x) ues are the same as those in Fig. 2.
~I(x",x")>1(z,2)>1(x",y"). These relations reflect the

C-type orbital ordering withd, =0.5077(0.4817) in the  mode increases its intensity in tep process. On the other
paramagnetic A-AF) phase. In these orbital orderings, SE hand, in thed-d process, orbital excitation is dominated by
interaction between NN, electrons in thexy plane is much  the process where the two electrons in the NN Mn sites are
stronger than that along tizeaxis. Therefore, the intensity in  exchanged with each other. This reflects the AF-type orbital
the (z,2) polarization is smaller than those in the,X) and  ordering in the ground state. A minus sign in the scattering
(x',x") polarizations. Small intensity in thex(,y") configu-  matrix arises from the exchange of electrons and the inter-
ration is attributed to the interference effect between the orference effects are reduced.

bitons with the different symmetry. In the spectra from two-
orbiton excitations, several peaks and edges are shown. As
the two-magnon Raman spectra reflect the density of states
(DOS) of the magnon, the two-orbiton Raman spectra reflect It has been reported that the lattice structure of LaMisO
the DOS of the orbiton. Position of the each peak corre©f the monoclinic when the oxygen partial pressure during

sponds to the van Hove singularity of the DOS of the orbi-the synthesis is low? A sample used in the recent Raman
ton. scattering experiments shows the monoclinic structtiwe

examine the effect of the monoclinic distortion on the Raman
spectra for the detailed comparison between the theory and
the experiments.

In Figures 5, numerical results of the Raman spectra in We adopt a model of the monoclinic structure shown in
the d-p process are shown. Figuresaband §b)-5(d) are  Fig. 6. Displacements of the O ions indicated by arrows are
the results in the paramagnetic aAdAF phases, respec- considered up to the order Gf(5;/1,4). The transfer inten-
tively. 197 is defined add P=w?C2N/[#(27)?]3? and is  sity between NN Mre, orbitals in thexy plane is given by
assumed to be independentaf;, for simplicity. Parameter  t5'(8)=to(0)(1+ &/lpq) (1~ 6/lpq) >° and does not
values are chosen to I /I ,4=0.04 and8= 7/18. Changes change in the order 0©(5;/1,q4). I «(t5*)?] does not
in the distance and transfer intensity between Mn and O ionshange, either. On the contrary,y changes ast,q(5)
are taken into account as a prefactorpgfin Eq. (26) up to  =t,4(0)(1+3.56/1,4). This indicates the Raman spectra in
the order ofO(5,/1,4). Other parameter values are the samethed-p process are sensitive to the the oxygen displacement.
as those in Fig. 2. We find that the relative intensity of theWe concentrate on thaé-p process, below.
two spectra from theédy and B;; modes in the X,x) con- In Fig. 7, the numerical results with the monoclinic dis-
figuration in thed-p process is different from that in trled  tortion are shown. Here, the dispersion relation of the OW is
process, i.e., in thd-p process, the spectrum of thg mode  calculated in the unit cell which includes eight Mn sites with
becomes larger than that of tlg, mode. As shown in Eq. the A-AF ordering. Parameter values are chosen to be
(5), in the A mode, the orbital excitation at each site occurs(d;,d,,83,64)/1,4=(0.03,0.11,0.07,0.15) = /18 andR
in-phase. Therefore, the interference effect in the in-plAgse =1.15. Other parameters are the same as those in Fig. 2. We

C. Effect of the lattice distortion

B. d-p process
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RN o
¢ 42,
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C2"'§_54.__1_¢’. ’52 0.4 :
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0.3 .
FIG. 6. A unit cell of the monoclinic structurestraight lines. N
Open and filled circles represent Mn and O ions, respectively. Bro- ‘Noo.z 1
ken lines show a unit cell of the cubic perovskite structure. The ~
arrows indicate the displacement of O ions in the monoclinic struc- ~ 0.1 4
ture whereg; is the amplitude of the oxygen displacement. Alter-
nate rotations of Mn@octahedra aroun®’ axis are shown in Fig. 0.0 |
1(b).

0.4

show new spectra marked . Intensities of the new spec-

tra are small compared with others reflecting the small 0.3
monoclinic distortion. The new peaks at 316 and 4.4J;
originate from the breaking of the mirror symmetry perpen-
dicular to thez axis in the monoclinic structur@®2,/c.®
There also appear new peaks at 3;1 The peak position 0.1r \

=0.21120 140 160

AE (meV)

' E

corresponds to the energy of the OW at ¥i@oint marked
by an asterisk in Fig. ®). This mode becomes zone center 00k _—=
mode and Raman active in the monoclinic structure. 2 3

Now, let us compare our theoretical results with the recent AE /Jl
experimental ones reported in a single crystal of LaMAD . .
In addition to the phonon Raman spectra below 100 FIG. 7. Raman scattering spectra from the OW in dke pro- -
meV3233the sharp spectra are observed at 120—170(ses/ cess. TheA-AF c_)rderlng and the mor_locllnlc lattice dls_tortlon is
the insets of Fig. ¥ The OW is considered as an origin of assumed. The displacement of the O ions and the rotation of{MnO
the new spectra. In the Raman scattering experiment, t %Ctahedra are Chosef 0 be 01(8,05,04)/lpg
514.5 nm(2.4 eV) line of an Ar" laser was used. The energy —(0.03,0.11,0.07,0.15) anﬂ: m/18. The anisotropy in the trans-
of the incident photon is expected to be almost the same fer intensity is chosen to lR=1.15. Other parameter values are the

the electron excitation energy from @20 Mn e, .*! In this me as those in Fig. 2. Orbital state is given by
9y @ 94 (On1(2),981(2) 1 0c1(2):Op1(2) =(On, = On,0n,— 04)  With O

d—p : —=d 42

caselg " 1S strongly enhanced compared Wiﬂ‘ “Thus, ~ =0.47m. Insets show the experimental Raman spectra in LajinO
the experimental results are compared with our theoreticadt 9 K in Ref. 28. Vertical axes of the experimental data are arbi-
ones with the monoclinic distortion in thé-p process. As trary.

shown in Fig. 7, the characteristic features of polarization

dependence and relative intensity of the experimental Ramaglectrons between Mgy and O 2 orbitals, and one-orbiton
spectra in the region of 120—-170 meV are well reproducedXxcitations are brought about. Because LaMiiga charge-

by our theoretical ones. Thus, the Raman spectra observed ifansfer type insulator where the optical gap is about 1 eV,
the region of 120—-170 meV in LaMngare attributed to the the d-p process is expected to dominate the Raman scatter-

4 5

OW excitations. ing using the visible light. It was shown that the theoretical
results of the Raman spectra from the one-orbiton excitations
VI. SUMMARY AND DISCUSSION \Il_ve'I\LI ec))<3plain the experimental Raman spectra observed in
aMnQ;.

In this study, we have theoretically investigated the Ra- As mentioned in Sec. Il, the OW in th®AF phase has a
man scattering as a probe to detect the OW excitation igap originating from the anisotropic spin structure. We ex-
manganites. We proposed two excitation processes for thegect that the gap is suppressed by applying a magnetic field.
Raman scattering, i.e., thlbd andd-p processes. Thd-d This change will be detected as a shift of the peak positions
process is analogous to the two-magnon Raman scatterirgf the spectra. The gap-less OW may also be observed in the
process in antiferromagnets. However, scattering intensitferromagnetic-insulating manganites such as
from one- and two-orbiton excitations are of the same ordeLa, geSry 1MnO5, where the orbital ordering is experimen-
of magnitude. In thel-p process, photon induces transfer of tally confirmed®® In Sec. V, we compared the theoretical
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results in thed-p process with the experimeftdy consid- Raman scattering. It is shown that the irreducible represen-
ering the incident photon energy. It is expected that the spedations of the modes«+), (——), (++), and (+—) at
tral intensities in thel-d process are enhanced with increas-k=0 are identified ag\y, Byy, Big, andBgg in the Dy,
ing the incident photon energy and resonating with thegroup, respectively. From the irreducible representations, the
electron excitation between the lower and the upper Hubbardllowed-mode symmetries of the orbital waves in several po-
bands. When the Raman scattering experiment using suchlarization configurations are assigned. In this paper, polariza-
high-energy photon is carried out in LaMpOthe Raman  tion configuration of incident and scattered photons is de-
spectra from the two-orbiton excitations will be observednoted by ¢,7) with /,7=x,y,z,x",y’. Here,x, y, andz
around 200—350 meV and much information of the OW will axes are taken to be the directions of the bonds connecting
be obtained. NN Mn sites andx’ =x+y(y’'=—x+y). x’, z and -y’
axes correspond ta, b, and ¢ axes inPnma structure,
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APPENDIX: SYMMETRY PROPERTY OF ORBITAL WAVE (x' ,X')—>Ag,

We present in this appendix the symmetry properties of
OW introduced in Sec. Il and their selection rules in the (X",y")—Byg.
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