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Theory of orbital excitation and resonant inelastic x-ray scattering in manganites
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We study theoretically the collective orbital excitation called the orbital wave in the orbital ordered man-
ganites. The dispersion relation of the orbital wave is strongly correlated with the static spin structure through
the coupling between spin and orbital degrees of freedom. As a probe to detect the dispersion relation of the
orbital wave, we propose possible excitation processes in the resonant inelastic x-ray scattering. The scattering
cross section due to the orbital wave is calculated in several types of the orbital and spin structures.

[. INTRODUCTION the subject is that the wavelength of the x ray is comparable
to the lattice constant and the dispersion relation of the or-
It is widely accepted that one of the important ingredientsbital wave is detectable. We propose the excitation processes
for the colossal magnetoresistaﬁ‘cfe(CMR) and various of the orbital wave by RIXS and formulate the cross section
complex phenomena observed in manganites is the orbit&f the scattering.
degree of freedom. Although the long range orbital order and In Sec. ll, the dispersion relation of the orbital wave is
its implications in the magnetic interaction were discussed galculated in the several spin structures. In Sec. lll, the ex-
long time ago,~’ it has been recognized as a hidden degreeitation processes of the orbital wave by RIXS are proposed
of freedom, because the observation technique has beéd the characteristic properties of the cross section are dis-
limited® Recently, resonant x-ray scattering sheds light orcussed. Section IV is devoted to summary and discussion.
the subject, that is, by using this method the orbital order in
Le'10,5Sr1_5MnO4 was Qirectly observe%i.‘l’he alternate orbitall Il. ORBITAL WAVE
alignment was confirmed by observation of the superlattice
reflection induced by the anisotropy of the atomic scattering In order to calculate the collective excitations in an orbital
factor. This experimental technique was recognized as ardered insulator, we start with the Hamiltonian describing
powerful probe to detect the orbital order through intensivethe low energy electronic structure in perovskite manganites.
experimental and theoretical studf@s* The cubic lattice consisting of Mn ions is considered and two
On the other hand, the dynamics of the orbital degree ogy orbitals and at,y localized spin are introduced in each
freedom is still far from our understanding. In orbital orderedsite. The Coulomb interactions betweeg, electrons
insulators, the collective excitation for the orbital degree of(U,U’,J) and the Hund couplingJy) betweeney andtg
freedom was first investigated by Cyrot and Lyon-Caen inspins are considered. Because the Coulomb interactions give
the model where the orbital space was assumed to bihe largest energy among the relevant parameters, the Hamil-
isotropic’® It was termedorbital wavein analogy with spin  tonian is derived by excluding the doubly occupiggstates
wave. For actual compounds, the present authors calculated follows,
the dispersion relation of the orbital wave in the
(3d3xz,r_z,3d3yz,rz) -type orbital ordered state \_/vimx)layer— Flag=Heo+Hog+He. 1)
type antiferromagnetic structure in LaMg@ It is supposed
that the orbital excitation affects the thermodynamic, transThe detailed derivation is presented in Ref.16. The first term

port, and optic.al propertiésas well as the dispersion rela- describes the interaction between nearest neighbghing
tions of the spin wav& and phonon. As a probe to observe spins and orbitals i, orbitals

the orbital excitation, Inouet al. theoretically examined Ra-
man scatterinty where the excitation process is analogous to
that in the magnon Raman scattering. In this method, the H__=-23,>

3 1
Z‘l'ssl Z_\I’iTij\Pj

information of the orbital wave at thié point and its density (5

of states are obtained. 1 3
In this paper, we study theoretically the orbital wave in —2] 2 (__3.5. IR /) DR / SN 2)
. R K . _ 2 4 4 1\ a4 [ I | 1]

orbital ordered manganites. We calculate the dispersion rela (5

tion of the orbital wave in several spin structures where spins

are assumed to be frozen. It is shown that the anisotropig/here a relatiol=U’+J is assumed witiJ, U’, andJ
spin structure brings about the gap of the orbital wave. As &eing the intra- and inter-orbital Coulomb interactions and
probe to observe the orbital wave, we study the resonarthe exchange interaction ie, orbitals, respectively.J;
inelastic x-ray scatteringRIXS). RIXS is rapidly developed =t3/(U’—J) andJ,=t3/(U’+J+2J}) with J;>J,. tg is
through the recent progress of the synchrotron radiatiothe hopping integral between the nearest neighboring
sourcé®?! and is applied to several highly correlated elec-3d;,2_,2 orbitals in the z direction. ¥;=[T;,,T;,]' is a
tron system$?2% One of the advantages of this method ondoublet of the orbital pseudospin operatorT,;
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=(12)2,,,d! ,(0),,di,, and S is the spin operator 012 T
with S=1/2 for ane, electron.7;; andA;; are defined by a 1ot
2 27 0.08p
1+cosn|? smm? _ G
1 2 0.0
Ti+1=5 27 2 | 3 _§004
smn,? 1—cosn,? )
0.02
and - :
0.0 08 1.0
A”:\IIITM”nJ‘FHC, (4)

respectively, whereM;; .= (cosn2/3,~ sinn2m/3)' with FIG. 1. The mean field phase diagram at zero temperature. F, A,
(nx,ny,nz)=(1,2,3). The forms of;; andM;; are Obtamgd C, and G imply the ferromagnetic structure and the layer type, rod
by the Slater-Koster formulas for the transfer inten$fﬁ/ type, and NaCl type antiferromagnetic structures, respectively.
between site with orbital y and sitej with y'. It is worth

noting that the orbital part ofl . is represented by, and  Hamiltonian[Eq. (2)] is not written by a simple vector prod-
T, sincetiVjV' is rewritten by the rotation matrix of the Uct. This result originates from the following two conditions:

(T,,T,) plane and the projection operator fod32,2 or- (1) the relation,
bital. The first term in Eq(2) favors the ferromagnetic spin
structure with the antiferromagnetic-type orbital ordered 7 = § ts ®)
state where two kinds of orbital sublattice exist. On the other 1=Xy,2 1722 0%y"
hand, the second one favors the antiferromagnetic structure
with the ferromagnetic-type orbital ordered state where thelue to the cubic symmetry of the lattice af®) the cubic
occupied orbital is the same in all sites. The sum of thesymmetry of the spin structure, that is, spin F and G. Be-
second and third terms in E€L) is given by cause of these two conditions, the orbital partHp. be-
comes diagonal and thd;; term vanishes. On the other
hand, in spin-A and -C phases, the orbital state is uniquely
determined. In the spin-A phase, the orbital structure in the
mean field theory is the orbital-C and -G phases with a
whereSzgi is the spin operator fot,q spin withS=3/2 and (g, 65)=(6,,— 6,)-type orbital ordered state, wheég is
Jar is the antiferromagnetic superexchange interaction bedetermined by the equatiofy=cos {2J,/(5J;—J,)]. It in-
tween NNt,, spins. cludes the [(1/4/2)(3ds,2_r2—3dy2_y2),(1/12)(3d32_2
We first study the spin and orbital ordered structures at-3d,2_,2)]-type orbital ordered state al,=0 and the
zero temperature in the mean field approximation. It is as{3d,>_2,3dy2_,2)-type ordered state al,=J;."?** The
sumed that in each Mn site, one of thgorbitals is occupied (6, ,— 6,)-type ordered state in the spin-A phase is consis-
by an electron. For both spin and orbital structures, we intent with the experimental results of the polarization depen-
troduce four types of the ordered state: ferromagnetic (fpe dence of the resonant x-ray scatterifig® In the spin-C
type) where spins or orbitals in all sites are parallel, and thregphase, the mean field solution is of orbital-G phase
kinds of antiferromagnetic type, that is, layer typk tiype), with  a (Ogr)-type state corresponding to the
rod type(C type), and NaCl type(G type), where two kinds  (3dg,2_,2,3d,2_y2)-type ordered state. In both cases, the spin
of spin or orbital sublattice exist. The rotating frame is intro- structure breaks the cubic symmetry in the system and causes
duced in the orbital space and the orbital state is described lijte anisotropic interaction between NN orbitals. This notice-
an angled in the (T,, T,) plane. In the scheme, the occupied able feature in the interplay between spin and orbital degrees
orbital is represented by|3dy>=cos(0)/2)|3d322,,z> clearly reflects on the dispersion relation of the orbital exci-
—sin(f,/2)|3dy2_,2). As the order parameterss,), <Stzgz>, tation, as will be discussed below.
and(T(6),)=cos&(T,)—sin &T,) with <Slz 2=3(S,) are in- We next study the orbital excitation in the orbital ordered
troduced. 9 states qbtained ir_1 the mean field theory.8 The collgctive exci-
The mean field phase diagram is presented in Fig. 1. Agtions in the orbital cjegree of fregd%"i‘nz are obtained by
sequential change in the spin structure, thatFis; A—C utilizing the conventional Holstein-Primakoff transforma-

— G with increasingJ, and J,¢ is caused by an enhance- tion. The spin structures are assumed to be frozen. The dis-
ment of the antiferromagnetic interactions. As for the orbitalPETSION relation in the.spm-F case is shown in Fig. 2 where
structure in the spin-F and spin-G phases, the orbital-G phagge types of the orbital ordered state are chogen&_@s
With (0,,08)= (6 ,04+ m)-type ordered state for ang, =n/6= 0B—w..The facg—centered cub@cc) lattice is _
and the orbital-C phase with &, 85) = (/2,3/2)-type adopted as a unit ceI_I that |nclludes two Mn ions. The analytic
state are the mean field solutiof&? 9, and 6 are the form of the dispersion relation and the eigenoperator are

angles inA and B orbital sublattices, respectively. In the given by
orbital-G case, especially, the orbital space becomes isotro- (£)
pic in the (T,,T,) plane, although the orbital part in the w = 3VAA(QAEQp), (7)

Het Hu= = In2 S, S+ Iar Sy Syyn (O



2340 SUMIO ISHIHARA AND SADAMICHI MAEKAWA PRB 62

unit cell with four Mn ions is adopted, so that there exist four
modes. Two of them have the dispersion relations
2 . QpitQ
E‘o w(k+_)2: QAxy+ (QAxy+QBxy) + w}y
[
& (13
I ] and the other twow”*) are given by replacing (ay
R W 'K = 1 +Qgyy) N Eq. (13) by (Qaxy— Qayy). Here,
FIG. 2. The dispersion relation of the orbital wave in the spin-F __ § ~ l _
case. The Brillouin zone for the face-centered cubic lattice is Qam==23 4+K'm)(T'm)1l+2J2(4 Kim
adopted. The orbital states for the two orbital sublattices are de- _ _
noted by @,,0,+ 7). u denotes the mode of the orbital wave. X[(1m) 12+ 2(M)1 ], (14)
with and
Q 2J 3+K ZJ(l K ) (15
Qn :_2313| E (7'||+|)111 (8) BIm— 1 Im 2\ 4 im] [ (Yim) 22,
for (Im)=(xy) or (z2. In these formulas, A,
1 - _ ) _~ ~ )
QB=2~J1§ S cogak)(Fi 1)z, ©) (_1/2)En:,,mA,,+n for A=7 andM Whl(ih corresponds to
1=xXy,2 M in the rotating framey,,=(1/2)2,_, m7ii +nCOS@k,) and
and Kim is the spin correlation function given by,
=(1/12)Z,21 m{(S) (Si+n)2)- Among the four modes, the
(++) mode is the lowest one and its eigenoperator is ex-
al™)=coshe{" )7(a(A)+a(B))+sinhaff) pressed as
1 oz(k”)zcoshél(k”)%(a(k’*l)ﬂL a1+ a(Bt+afP?))
xﬁ(a(_’*@*i a®"), (10

1
. H (++) Z/o(AD)T (A2)T (B1)t (B2)t
with 26 =tanh [ = Qg /(20,+Qp)], respect|vely7-IJ cor- Fsinhfi (el ranit Ak Fasc,

responds tor;; in the rotating framea(™ anda(® are the (16)
Fourier transform of the Holstein- Prlmakoff boson for the

two orbital sublattices defined in the rotating frame. The where the superscrip&(B) and 1(2) imply the orbital and
(+) mode is the gapless mode and its eigenoperator includegpin sublattices, respectively. This operator includes the
the component3 o, — Tgy andTa,+ T, . Atthel point, the ~ components Tai,+Tax—Tgix—Teax  @Nd Tary+Tazy

x component of the staggered orbital order parametert Tg1y+ Tgoy and it corresponds tof) mode in the spin-F
((ZicaTix—ZicaTin)?) diverges since the orbital space is case. At thd” point, the energy is obtained as

isotropic. As shown in Fig. 2, the stiffness of the orbital

wave along thd'-X direction becomes weak with increasing olt )

6 and it becomes flat aiy=(47/6)(3dg2_2,3dy2 ). It Pk=T J(ZQAXW QazdA (7
originates from ;1) 2,=0 in Eq. (9), since the electron with

transfer between @2_,2 orbitals along thex direction van-

ishes. The isotropic nature in the orbital space is seen by AGH) [ o) 3 K )
. _ . . . — +
Fourier-transforming the HamiltonidiEq. (2)] as amy =B Zim 1 Im
3 A A A
_ s 1 - -
Heem 2012, 5,2, Tlon(Tillo |, (4 +23, Z—Klm) (i1~ ()22
in the spin-F cas&’ T,(k) is the orbital pseudospin operator 1 5
that diagonalizes the matrix; and +23, Z—K|m)2(M|m)1], (18
;|(k)=2[(cx+ cy+cy) wherez,,=2 andz,,=1. This mode has a gap in contrast

with the spin-F case. The right hand side in ELB) is rep-
resented by a product of the spin correlation function and the
where + and — are for|=z and x, respectively, ant hopping integral, which has an anisotropic character. There-
— cos@k). At theF andR pomts = Tz, so that the orbital fore, the orlgm of the gz.;\p is gttrlbutgd t.o tNhe follgwmg facts:
The orbital excitation in the spin-A case is qualitatively Aj 0, which originates from the anlsotroplc character of
different from that in the spin-F case as shown in Fig. 3. Thahe hopping mtegratW #6,,15. (2) The spin correlation

+(ci+ci+ci—c,cy—cyC,—C,c0 ), (12
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4 bation with respect to the electron-photon interaction. We
- ~. s consider the scattering where the momentum and energy of
at TUeres I e S \_:;\ the incident(scatteregl x ray are represented b, and
PR ¢ / wicry, respectively, and defin&q=k;—k; and wg= oy
= ~—— — ;. The polarization vector of the incidelscatteregl x
3 2 . T ray are denoted bg . The most relevant term of the cross
E —_ section is obtained 452
1 T "
——— dza- _ eZ 2 wg 2 2 2 F,uaG(q) 2
d l d0de; \m) )&, (@al®)e = xE

r X M r R

X[ . S+ ™) (1+nH
FIG. 3. The dispersion relation of the orbital wave in the spin-A [ kit Gra (wn q ) a )

case. The Brillouin zone for the tetragonal lattice is adopted. + 8¢ 4o 6(wfi—w(“))n(”)], (20)
J,13;,=0.5, which corresponds to the orbital statég (— 6,) with fi q a

0a=1.34. 1 denotes the mode of the orbital wave. wheren{#*) is the number of the boson of moge and mo-

L ) . ) mentumq, «=(X,y,z) andG is the reciprocal lattice vector.
function in thexy plane and that in the direction are dif- On resonance, the energy denominald, which indicates
ferent K,,#K;,) in the spin-A case. The excitation with a the difference between the energies for the initial and inter-
gap is also obtained in the spin-C case. It is concluded thahediate states, is assumed to be a constant of the order of a
the anisotropic s_pin structl_Jre breaks the cubic symmetry a”éamping factor of the core hole. In this formula, the gen-
causes the gap in the orbital wave. eralized structure factd¥ ,,(q) is given by

Ill. RESONANT INELASTIC X-RAY SCATTERING

3 )
o | Fruao(@)=5 2 ALTATLIV,,(0)+W,,(q)]e® .

In this section, we theoretically study RIXS as a probe to v
detect the orbital wave. The following two excitation pro- (21
cesgses are considered: the irrrl)cident energy is tun€ #ie

+ +

Il\a/lltrt]er ell_reetde?; :Edéﬁ)g (teh:ng/i-ed g|1< e iggg.s,-rrz(;pfém/eerlyér\]/se cpr_responding to the;zHSd_trans?tion at sité and the x ray
discuss qualitatively the general properties of the scattering!Vided by a factore/ Vm. Itis defined by
due to the orbital wave, such as the excitation process, en-
ergy, and polarization dependences of the scattering cross AI(L) =A, COS(ﬂ-H’]aZ—W), (22)
section. L 2 3

We first focus on thé.-edge case. The excitation process ) ] ] .
is schematically shown in Fig. 4. The incident x ray excitesWhereA, is a constantf, is the angle in the orbital space for
an electron from the Mn 2 orbital to the unoccupied Mn@  Orbital y and (,ny,n;)=(1,2,3).V,,(q) andW,,(q) in
orbital, and then one of thedBelectrons fills the core hole by Ed. (21) are the coefficients in the Bogoliubov transforma-
emitting an x ray. When the occupied orbitals are differenttion, which connects the boson operator for thie ion in the
between the initial and final states, the orbital excitation isunit cell to that for the uth eigenmode asa’

A,(;L is the coupling constant between the electronic current

brought about. This process is denoted by =3, [V, (@) e+ W,,(a) 2.
We numerically calculate the square of the structure fac-
|3d}y>+hv—>|3d1‘,3d%2p>—>|3d%>+hv', (19 tor I =|F,.c(a)|?/(3|A¢|?/2)%. The results in the spin-F

o ) ) case with @a,0g)=(m/2,37/2)-type orbital ordered
whereZ_p implies that one hole occupies the Mp &rbital  gtate and those in the spin-A case Withd,(6g)
and y () indicates the occupietunoccupied Mn 3d or-  =(1.34,—1.34)-type state are presented in Fig&)5and
bital in the initial state. It is noted that since the wavelength5(b), respectively. We note the following characteristics in
of the x ray for theL-edge case+20 A) is larger than the the scattering cross sectioft) The G dependence of the
lattice constant{ 4 A) of the cubic unit cell, observed mo- cross section is dominated by the fac&? "». In the spin-F
mentum of the orbital wave is limited in this case. The scatcase, thet (—) mode of the dispersion relation is observed
tering cross section is calculated by the second order pertuonly for h+k+1=odd (ever. Although this selection rule is

broken in the spin-A case, thé++(—)) and (—+(-))

3d A ~ o— modes are mainly observed for+k=odd, | =odd (even
—O and h+k=even,|=odd(even), respectively2) The q de-
= pendence of the scattering cross section is dominated by the
> -——> factor vV, (q)+W,,(q). In the spin-F case, the scattering
intensity withh+k+1=odd diverges at th& point due to
X —

this factor.(3) The polarization dependence is determined by

(Lyx A (L) . . . .
FIG. 4. The schematic picture of the orbital excitation processedhe factor ALZFAS - which s proportional to  sir,

in the L-edge case. The broken arrows indicate the incident andtn,4=/3). Due to this factor, the scattering cross section for
scattered x-rays. a=2zis larger than that forr=x(y).
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0 S T T T (a)
@i b Q]
(R S S A A P o
o~ 3a oA T
L D R LIT
0a| 1\ —F— hk+l=even il [ . =>
1 i —A-- hkH=odd [\ = 5 el
— 02—— /[i \\_é___i___i_,/ E\\\— IS C _V
0.0 F=——rf——t—t——t——i—
Z T X w K T R
ofb) | At
osf 1 F 4]
ob i i e
osf {1
Ve i
10 - : : : )
L ; ; ; i FIG. 6. The schematic picture of the orbital excitation processes
05 | i | | i s in the K-edge casg.denotes one of the nearest neighboring sites of
o e e i s e b ] i. The broken arrows indicate the incident and scattered x rays.
D S S R T
10 i—— h#f=even| Feven! | (++) orbital by emitting an x ray, one of thed3electrons in thé
i -+ —=- h+k=odd iFeven: ] . o . .
~ 05 L i i ; i i site comes back to thesite. This process is denoted by
7 T X M T R |3di7i3dj7j>+hV—>|3di’yi3di’y(E4pi>
FIG. 5. The square of the structure factor for the orbital wave in H|3(;1i1y,,3(:11,1y,>4_ hy', (24)
/ /

the L-edge case. The polarization is parallel to thdirection. (a)

spin-F case with 4/2,7/2+ 7)-type orbital ordered state. Solid .
and dashed lines show the squares of the structure factdr-fdr where O 2 states are integrated out. Both one- and two-

tl=even and odd, respectively(b) Spin-A case with orbita_ll_wave excitations occur inandj sites. In the several_
(6a,— 6,)-type orbital ordered state with,=1.34 (J,/J,=0.5). transition metal OX|des,_the final state of the x-ray absorptlon
Solid and dashed lines show the squares of the structure factor fGPECtrOSCOPYXAS), which corresponds to the intermediate
h+k=even, | =even, anch+k=odd, | =even, respectively.£)  State of RIXS with the lowest energy, is assigned as the
and (+ =) indicate the modes of the orbital wave. so-called well screened staf8d?4p'ls L), which mixes
with the statg3d%4plis).?3303113Here, L implies that one

In the K-edge case of RIXS, we propose the following hole occupies the NN O 2 orbital. Therefore, both excita-
two excitation processes of the orbital wave. The schematition processes, that i&) and(b), are the main processes of
pictures of the processes are shown in Fig(a@.The inci-  X-ray scattering by the orbital wave in tkeedge case. In the
dent x ray excites an electron from the Ms arbital to the ~ case of the manganites, procebs occurs more easily than
Mn 4p orbital. In the intermediate state, thel @lectron is N cuprates and nickelates, because the effective intrasite
excited from the occupied orbital to the unoccupied oneCoulomb interaction betweend3electrons is smaller in
through the Coulomb interaction betweed a&nd 4p elec- manganites?

trons. Finally, the # electron fills the core hole by emitting ~ The scattering cross section in proceasis given by the
X ray. This process is denoted by same form with Eq(ZO), where the most relevant term of the

form factor is obtained as
|3d7) +hv—|3d}4p*1s)—[3d 4p'Ls)—[3d ) +hv'. _
- _ (23 \yrea

, - | Frac(@=2|ANPY —=—[V,,(q)+W,,(q)]e'*",
The one-orbital wave excitation occurs at the site where the x v
ray is absorbedb) In the intermediate state in the scattering, (25
one hole is created in the Mnslorbital. In order to screen ) ) )
the core hole potential, an electron comes from one of th&hereA™ is the coupling constant between the electronic
NN O 2p orbitals to the Mn site. Due to the hybridization Current corresponding to thes-4p transition and the x ray
between the O g and Mn 3 orbitals, this state strongly divided by a factoe/m.*3v?7** is the off-diagonal matrix
mixes with the state where theg orbitals in one of the NN element of the Coulomb interaction between M @&d 4p
Mn sites ( site) are empty. When theptelectron fillsthe 3  electrons defined by

ya
Ag?
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vree—g? [ drd ¢d;(r1)* ¢d7(r1)¢pa(r2)*¢pa(r2) 3 (a) ‘ —E—lh;‘k+ll=eivenl : ('_) ]
o= anr, =z N\ T s |
—4F(2)' 0+na47r - [y §__
B AR (20 o A N S SR S R vy
o A L52d
wheregg (¢p,) is the atomic wave function of thed3(4p) o[ i jag AN ]
electron with orbitaly («) and F® is the Slater integral = Fx | A 1
between 8 and 4p electronsAe?“ indicates difference be- ok ’ | | : :
tween the energy for the intermediate state with the lowest Z T X WK T R
excitation energy and that for the std@d%pils}. It is 8 '(bl) T : e
clear from Eqgs(21) and(25) that theG and q dependences i ; ! | i )
of the cross section in this case are the same as those in the 4 i i i i .
L-edge case. Although the polarization dependence of the i ? ' ;
scattering factor is provided by the two factorg”“* and g F g
A&?® in Eq. (25), the former is a dominant term and is pro- " P ,’f\l(+—)
portional to sing,+n,4m/3) as well asA(VLy);*A(VLy—)a in Eq. al” N AR
(21). ; N SR AN
On the other hand, the most relevant term of the scattering 0 _ ‘ 5 i ': . —
cross section in procegb) with the one-orbital wave exci- 8r | i | (=)
tation is given by Eq(20) with r : : : :
at i : i ; :
o3 N A N
Frac(@)=2|AN22 €€ 24(S,S, ) 0 S A . PO
! N 8 : h-f}Ik:evenE /=eveni (++)
YY 1YY v [ —i=—- htk=odd :Feven
vv! tvv! 4+ 1 i T |
XY = VoD +W, (@) ] ———+ [V, .(q) = =
a g SelSe . I i !
0 — . . . .
s z T X M r R
+WV’M(Q)]Welq.(r”7r”,) (27) FIG. 7. The square of the structure factor for the orbital wave in

the K-edge cas¢process(b)]. The polarization is parallel to the

wherev andv’ indicate the site where the x ray is absorbeddirection.(a) Spln-F case with ’ﬁ'/z,ﬂ/2+ 7T)-type orbital ordered
and its NN site, respectivelyis 7 is difference between the state. Solid and dashed lines show the squares of the structure factor
’ v

1 ol 1 for h+k+I=even and odd, respectivelyb) Spin-A case with
energy for the well screened Stéﬁﬂwsdw54pm£> and (6a,— 04)-type orbital ordered state with,=1.34 J,/J;=0.5).

that for the poorly screened Odedlj;'y54p:}/a>' The two  Solid and dashed lines show the squares of the structure factor for
terms in the curly bracket in Eq27) correspond to the or- h+k=even,|=even andh+k=odd, | =even, respectively. %)

bital excitations at sites andv’, respectively. and (= +) indicate the modes of the orbital wave.
We present the numerical results of the square
of the structure factor in case (b), Ig

and the dispersion relation of the orbital wave. The gap in

; . the orbital wave is caused by an anisotropic spin structure
where the Spin and orbital states are _chosen to be the SAMWfich as the spin-A structure. On the other hand, the orbital
x::g ttrr:(()asl_e- g:j Fégiégl) avr\}g ﬁgiérterf:?gﬁl(\)/vevli)r/{ n ﬁomp?rl_s?_n wave is gapless in the spin-F and paramagnetic spin struc-

-edg o ving charactensticsy, o5 \here the cubic symmetry is preserved. In the calcula-
(1) Even in the spin-F case, the selection rule between th

. . fion in sec. I, the spin degree of freedom is assumed to be
?eondceesg‘fttr?::rrc?slgals\(,ev;\i/c?naisr@ciuzg) dkir;-(ti)e-l;gf(’]o?ie?’?- frozen. On the contrary, in Refs. 26 and 27, roles of the spin
in Eq. (27) and is more remarkable than that in thesdge fluctuations on the orbital excitation were investigated in the

. . S model Hamiltonian withS=1/2 and no Hund coupling be-
case. In particular, the scattering cross section is zero at tr}

Weene, electrons. It was shown that the spin fluctuation
T'-point in spin-F cas¢Fig. 7(@)]. This is attributed to the originating from the anisotropic exchange interaction breaks

relations of the hopping integralst), st} s=0 and  the cubic symmetry even in the ferromagnetic phase and af-
Sy strY. s=0.(3) The polarization dependence of the in- fects the gap and the dispersion relation of the orbital wave.
tensity is caused bys?* and is weaker than that in the However, in the manganites, the effects of the spin fluctua-

=|F .(a)/AE[?/(2|A®|?tgH?, in Figs. Ta) and 7b),

L-edge case. tion may be neglected, because the magnitude of spin in a
Mn3* jon is S=2 due to the strong Hund coupling, and the
IV. SUMMARY AND DISCUSSION almost full magnetic moment is experimentally confirmed at

low temperatures.
We study the orbital excitation in the orbital ordered man- LaMnO; below the Nel temperature is one of the candi-
ganites and reveal the correlation between the spin structuiates for the system where the excitation with a gap exists.
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The magnitude of the gap in the present mechanism is of thehanged by applying a magnetic field in the spin-A state.
order of zt3/U~0.1 eV, wherez is the number of the NN With increasing field, the gap is gradually reduced and the
Mn ions. The Jahn-Teller type distortion in a Mg©ctahe- excitation becomes gapless at the transition from the canted
dron also contributes to the gap of the orbital excitation.spin-A state to the spin-F one.
Since the gap is larger than the band width of the spin wave The energy resolution of RIXS to detect the dispersion
[~0.04 eV (Refs. 16 and 33 and that of the Jahn-Teller relation of the orbital wave is required to be of the order of
mode of phonor{ ~0.05 eV (Refs. 34 and 3§, the cou- the interaction between the NN orbital pseudospins, which is
plings between the orbital wave and these excitations arestimated aztO/U ~0.1 eV. It will be possible to realize the
weak. In the spin-F case, the orbital excitation becomes gapesolution in the recent RIXS experiments.
less and the low-lying excitation affects the thermodynamic
and electrical transport. The specific heat, being proportional
to T3, is caused by the linear dispersion relation and is dis-
tinguishable from ther®? component caused by the ferro-  The authors would like to thank Y. Endoh, Y. Murakami,
magnetic spin wave. One possible candidate, where the gapnd J. Mizuki for their valuable comments on the experimen-
less excitation is anticipated, is the ferromagnetic insulatindal setup. We are also indebted to M. Kaji and S. Okamoto
phase in lightly doped manganites. InglggSry 1MNnO5, the  for their helpful discussions and calculations. This work was
orbital ordering is confirmed by the resonant x-ray scatteringgupported by Priority Areas Grants from the Ministry of
below Too= 145 K where the static Jahn-Teller distortion is Education, Science and Culture of Japan, CRES3re Re-
almost quenchetf The low-lying excitation is expected to search for Evolutional Science and Technology Corporation
be observed without disturbance of the static lattice distordapan, and NEDO Japan. Part of the numerical calculation
tion. was performed in the HITACS-3800/380 supercomputing
In the spin canted phase, the gap gradually decreases withcilities in Institute for Materials Research, Tohoku
decreasing canting angle. The magnitude of the gap is alsdniversity.
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