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Theory of spin-wave excitation in manganites
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The role of the orbital degrees of freedom is studied theoretically for the spin dynanmits gA,MnO,.
Based on the mean-field solution, a random-phase approximation calculation has been done and it is found that
the d,2_,2-type orbital is essential for the double exchan@) interactions, i.e., the DE is basically a
two-dimensional interaction. Based on this result compared with experiments, we propose that the orbital wave
function isd,2_2-type locally even in the metallic ferromagnetic state, which fluctuates quantum mechani-
cally. Good agreement of the estimation with experiments suggests that the Jahn-Teller phonon has less
importance on the spin dynamics.

Doped manganiteskR;_,A,MnO; (R=La, Pr, Nd, Sm; phase approximatioiiRPA). This reproduces qualitatively
A=Ca, Sr, Ba) have recently attracted considerable intereghe x dependence of the stiffness and the anisotropy due to
due to the colossal magnetoresistaf€#R) observed near the crossover from superexchange interacti® to DE.
the ferromagneti¢spin F-type) transition temperatur&..>=*  Especially for the doped region, only when the orbital con-
It is now recognized that the most fundamental interaction irfiguration becomes,. 2, i.e.,x=0.2, the DE becomes ap-
these materials is the double exchange interactibg), preciable and the in-plane spin stiffness grows rapidly. Ob-
which connects the transport and magnetisfinerefore the served values of the in-plane spin stiffnés$!’ agree
magnetism is a key issue to reveal the mechanism of CMRquantitatively with the estimated value with2_2-orbital
Especially, rich magnetic phase diagrams have been clarifieerdering. This is understood in terms of the orbital liquid
over the wide range of the concentratioand also the band- picturé®?*and implies that the Jahn-Tell&T) phonon has
width. With increasing, the parent insulator with a layered less importance on the spin dynamics.
antiferromagnetisnispin A-type AF) changes into a ferro- We start with the Hamiltonian
magnetic metalFM).® In addition to these well-known mag-
netic phases, spinAtype AF [in La_,SrMnOs,’

Pr,_SrMn0O;,8929Nd, _,Sr,MnO; (Ref. 10] and the rod- H= > ) leo"deO'y’

type antiferromagnetisirspin C-type AF, in Nd, _,Sr,MnO5 ayy'(ii)

(Refs. 10,36] were recently found in the moderately doped .

metallic region (0.5:x<0.8). _‘]HZ Sty Se i+3s>, S[ -5 THonsie (1)
The neutron-scattering experiments have revealed the ! (i o

spin-wave excitation at low temperatures, which depends
sensitively on the doping and the magnetic structut&:t8  Where y[=a(d2-y2),b(ds,2-2)] specifies the orbital and
In the spinA-type AF for smallx, the dispersion is two the other notations are standard. The transfer mt&g{n’/al
dimensional while it becomes isotropic in the FM state. Thedepends on the pair of orbitalsy(y’) and the direction of
spin stiffness, however, stays almost constant upxto the bond (j) 21 The spin operator for they electron is
=0.125 where the phase transition between the insulatingefined ags 22yaﬁdwa aﬁdiyﬁ with the Pauli matrices
and metallic ferromagnetic states occtighis phase tran- - . . . >
sition is accompanied with that of the orbital structtitén while the orbital 'SOSP'“ operator Is dgflned a3
the FM state, the orbital ordering disappears and the spifT ZZyy’o'dlyO' 78y . Iy is the Hund's coupling between
stiffness begins to increase. In the metalitype AF(AFM)  €q andtyy spins, andls is theAF coupling between nearest-
state for higherx, the dispersion becomes again two neighboringt,, spins.H,ysierepresents the on-site Coulomb
dimensional’ In this paper we report the calculation of the interactions betweesy electrons. Coulomb interactions in-
spin-wave dispersion by changimgand taking into account duce both the spin and orbital isospin moments, and actually
the orbital structure. The calculat&alependence of the spin Hon-site CAN be written a8t
stiffness agrees quantitatively with the observed onexfor
=0.2 where the double exchange interaction dominates. This -y~ 2y
x dependence strongly supports the large orbital polarization, Hon-site= 2 (BTZ+ aSei), 2
which is d,2_2 at least locally. Therefore the double ex-
change interaction is basically two dimensional. - . . . .
We previously reported a mean-field thedsFT) for the !vhere tbe coefflc_lents of tzhle~sp|n and isospin opeLators, ie.,
phase diagram of doped manganites in terms of a modet and B, are given b§*** «a=U~-J/2>0 , and B=U
including the strong on-site repulsion, orbital degeneracy,—3J/2>0. The parameters, B,to, used in the numerical
and anisotropic covalend.Based on this MFT, we first calculation are chosen a§~0.72 eV, U=6.3 eV, andJ
present the spin-wave dispersion in terms of the random=1.0 eV, being relevant to the actual mangan‘?f’es.

0163-1829/2000/62)/11894)/$15.00 PRB 61 1189 ©2000 The American Physical Society



1190 RYO MAEZONO AND NAOTO NAGAOSA PRB 61

In the path-integral quantization, we introduce theand roughly reflects the exchange interaction depending on
Stratonovich-Hubbard fieldps and ¢, representing the Where o=1(—1) corresponds to spin ufdown), respec-
spin and orbital fluctuations, respectively. With the large val-tively.
ues of the electron-electron interactions above, hejtand In RPA calculation the SE corresponds to the contribution

¢+ are almost fully polarized The MET corresponds to the from the_mterband tran3|t|0n§, while the DE correspon_ds
. : . > - . from the intraband ones. In this way, the present calculation
saddle-point configuration apg and 1. We consider four

. S . . X describes both SE and DE interactions, and hence their
kinds of spin alignment in the cubic cel, A, C, andG . o S
. : crossover in a unified way. Also the contribution fraig
type. As for the orbital degrees of freedom, we consider tWOshould be considered, the value of which is determined in the
sublatticed andll, on each of which the orbital is specified . o :
by the angles, || a<° following way. We require that the experimentally observed
’ anisotropy ratio of the spin stiffne§&= (Dx,y/DZ)2 is repro-
0, 6 duced when the calculated contributions frag electrons
|9|.||>:COS?|dx2—y2)+3lnT’|d3z2—r2>- (3)  and that fromJg are added. The observed valRe=7.6 for
LaMnO; (Ref. 15 leads to an estimation aslg
We consider four types, i.eF, A, C, andG type also for =0.997 meV. As for AFM atx=0.3, the observed value
the orbital ordering. Henceforth we use a notation such aR=10.4 for Ng 4SlhsMNO; (Ref. 17 gives Jg
spinA, orbital GO( 0,,0,) etc. In MFT, the most stable order- =1.4 meV. These estimations are consistent rather %4th
ing is given by ~0.8 meV estimated from the etemperature of CaMnQ
(Ref. 23 than the earlier mean-field estimationdg

x=0.0 spin A orbital C:(60,~60), ~8 meV?%?*Using these estimationdg~1 meV, we can
x=0.1 spin Forbital C:(80,~80), estimate the spin-wave stiffness for=0 as J%,Sa
x=0.2-0.4 spin A orbital F:(0,0), =1.05 meV, including the contribution frory,, orbital.

The corresponding experimental value i9),,S2.
=3.91 meV in LaMnQ,'® with the reported lattice con-
As for x=0, we further introduced the JT effé®by putting  stants and the magnitude of spin momeSy,= 3/2
the observed distortion of the Mp@ctahedra? +1/2(1-x). The discrepancy may be attributed to the com-
RPA corresponds to the Gaussian fluctuation aroungblex lattice deformations such as the Mn-O bond-ler(dif
MFT, and the contribution to the spin-wave effective actiontype distortion and the Mn-O-Mn bond-angl@rthorhombic
from the ey electronsSgyy is obtained as the expansion distortion observed ax=0,°which can also be an origin of

x=0.5-0.9 spin C orbital F:(180,180.

around the saddle point: the anisotropy>?°
We now turn to the doped case- 0. Figure 1 shows the
Sew= 2> K(q,Q)m(ds+q,Q)- 7(—gs—q,— Q) doping deper_1denc_e of the total stiffness _calculated f(_)r the
q.Q optimized spin/orbital structure at each Firstly the spin

stiffness due to the double exchange interaction scales
+ Ko (q,Q)7(0s+0,Q) - {nXm(—qs—q,—Q)},  roughly withx because the orbital is almost fully polarized,
g0 while in the absence of the orbital polarization it scales with
(4)  the electron density (% x) rather than the hole for smallx.

. . .. The observed stiffness enhancement with increasiegen
whereqs(=—qg) is the wave vector and(|n|=1) is the  in the metallic regioft therefore also supports the large or-
direction of the ordered magnetic moment, anis the fluc-  bital polarization due to the strong Coulomb interactions. As
tuation perpendicular to it. Because the spin wave is the increases, the spin structure changes from gpippe in-
Goldstone boson, the conditiok ,(0,0)=0, K (0,0)=0, sulator atx=0 into the nearly isotropic FM, to the AFM
can be derived. Coefficient of the diagonalized quadratiyith two-dimensionald,z_,2 orbital alignment, and to the
form is obtained a¥;)=K,*iK, zero point of which  spin C metal with ds,2_,2 orbital?® Accordingly, the in-
[Km)(ﬁ,ﬂz —iw)=0] gives the dispersion relation of the plane stiffness shows an increase, moderately at the begin-

excitationw=w(ﬁ). However, in this paper we focus on the ning and then rapidly in the region.of AFM. This reflects the
static spin stiffness rather than tiynamicspin-wave veloc-  fact that the DE is the most effective and prefers dge:

ity because(i) at x=0 the spin stiffness is correctly repro- orbital, i.e., the DE is basicallfwo dimensionalvith the g4
duced to be of the order dfin the RPA while the spin-wave Orbitals. In the spir€ metal forx>0.4, one-dimensional or-
velocity scales with, and (i) for the metallic regionx=0,  bital along(001) direction gives rise to a steep increase of
the Landau damping is not properly treated in our calculatiorihe stiffness in this direction. o _

where the Brillouin zone is discretized and thus the gapless The observed anisotropy of the spin stiffness is deter-
individual excitation is not correctly evaluated. Tistatic ~ Mined by the long-range ordering of the orbitals. Figure 1

spin stiffnessC,, corresponds to the static response function@lSo represents the crossover of the dimensionality which we
for small |a| as proposed in the previous repdft.Yoshizawaet all” ob-

served the re-entrant of such two-dimensional anisotropy of

K.(G.0=0) the stiffness for Ngi.458r0.551\_lln03, be.ing consi;tent wi_th our

T o 2 C,9 (5) result. Quasi-one-dimensional anisotropy is predicted for
P a=xXy,z Nd;_,SrMnO; (x>0.6)1°
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The in-plane spin stiffnesg<¥)s2 , in Fig. 1 could be the FM/AFM transitioi’ cannot be explained unless the

compared with the experiments. In 13Sr,MnO;, Endoh  planer orbitald,>_ 2 realizes in FM phasé (observed slight

et al'® observed the plateau of the velocity in the orbital-  lattice anisotropy cannot stabilize such a planer orbital with-

ordered insulating state up $0~0.12 and then the velocity out the occurrence of the orbital liquid state

increases in the FM phase. Comparing this with the calcula- An important conclusion from the agreement between the

tion above, it seems that the moderate increase up to experiments and RPA calculation of the stiffness constant is

~0.15 in Fig. 1 corresponds to the plateau, while the rapidhat the polaron effect is small in the metallic stétat least

increase fox>0.15 to the increasing velocity observed by on the spin dynamics. Polaron should reduce the DE interac-

Endoh!® Then orbital-ordered FM state in Fig. 1 correspondstion in the doped region via a bandwidth reduction by a

to the insulating spirF phase in experiments. Both the FM factor of (X!X;)=ex—Squg%2] [uq=(0gq/wg)(e'" ™

and AFM phases in experiments, on the other hand, seems toe'd Ri)], whereX; = exf =€ "(gq/wg)(bs—b" )] is a fac-

corresponds to the AFM witld,2_,2 orbital ordering in the tor encountered in the canonical transformation eliminating

calculation. This fits well orbital liquid picture by Ishihara the coupling between electrons and polaronic bosons,

et al?; in a perfectly cubic system the orbital state in FM is 2 o2q9q(bgt bfq)dﬁgdio, with the coupling constang,

described as the resonance amodg .2, dy2_,2, and and phonon frequency,.* On the other hand, fox=0,

d,2_42. In the actual CMR compounds, however, the slightthe SE under the coupling with the polaron is given by

lattice distortiot™'® may breaks the cubic symmetry to sta-

bilize dy2_,2 though it is still accompanied with large fluc- B

tuation around it. J=4|t;|? f d7G3( (X! (DX;(n)X[(0)X(0)), (6)
Now we turn to the absolute value of the spin stiffness in 0

FM phase. With thg repprted Ia;lttlc% constants the eXper'menWhereGo(r)=e‘UT/2 is the Green’s function for localized
tal values of the spin stiffnesg;,; S, @re 11.61 meV for

11 16 electrons. Because we are interested in the latgase, the
Is_agéi\r?égll\ﬂn?ﬁ'es:n:relci)ﬁzi mg;/ dfoar l:lggrsnrg?:\tm\]/gﬁga Sfre_ integral is determined by the smalt region where
1053 mev  estimated by RPA | here " with (X)X (DX](0)X,(0)) =€ (A= gaglug|?). Then the
x=0.3, d,2_2-orbital ordering(a simple tight-binding esti- Polaronic effect is to replace by U+ A in the expression
mation with d,2_2-orbital also gives similar valge This  for J, which is a minor correction whel/>A ** being in
agreement implies the large orbital polarization in FM phasesharp contrast to DE discussed above. Polaronic effect
with d,2_2 at least locally. should therefore correct the RPA estimation of the stiffness
This orbital liquid picture also explains the spin-wave enhancement as increases to be smaller. Agreement be-
softening®*®?°and spin canting observed in this system. tween the observed and estimated stiffness for DE implies
Some theoretical works shows that the orbital fluctuation irtherefore that the spin dynamics is not so affected by the
such an orbital liquid state leads to the softening of the spinpolaron. This is also pointed out by Quijadaal>®
wave dispersion near the zone boundanyith the aniso- In summary, we have studied the role of orbitals in the
tropic featuré® [the softening almost disappears alongspin dynamics oR; ,A,MnO;. Comparing the experiments
(7,7, 7) direction$®?9. As for the spin canting, the ob- with the RPA calculation based on the mean field theory, we
served canting in the metallic region (Ngbr, sMnQO3) with  conclude the following(i) x dependence of the stiffness en-
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