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Spin and orbital excitations in undoped manganites

R.Y. Gu

National Laboratory of Solid State Microstructures, Nanjing University, Nanjing 210093, People’s Republic
of China and Department of Physics, The University of Hong Kong, Pokfulam, Hong Kong, People’s
Republic of China

Shun-Qing Shen and Z. D. Wang®
Department of Physics, The University of Hong Kong, Pokfulam, Hong Kong, People’s Republic of China

D. Y. Xing
National Laboratory of Solid State Microstructures, Nanjing University, Nanjing 210093, People’s Republic
of China and National Center for Theoretical Sciences, P.O. Box 2-131, Taiwan 300

(Received 20 March 2000; accepted for publication 11 August 2000

We develop a theory for spin and orbital excitations in undoped manganites to account for the spin
and orbital orderings observed experimentally. It is found that the anisotropy of the magnetic
structure is closely related to the orbital ordering, and the Jahn-Teller effect stabilizes the orbital
ordering. The phase diagram and the low-energy excitation spectra for both spin and orbital
orderings are obtained. The calculated critical temperatures can be quantitatively comparable to the
experimental data. €000 American Institute of Physids$0021-897@0)04622-3

I. INTRODUCTION found that special properties of the orbital operators can re-
sult in an anisotropy of the magnetic structure and an energy

LaMnQ; is the parent compound of colossal magnetoregap of the orbital excitations. We also estimate the critical
sistance manganites, and has been studied both experime@amperatures for spin and orbital orderings as well as their
tally and theoretically. The compound is an insulator withdependence on the JT coupling. The calculated results are
layered antiferromagneti@A-type AF) spin ordering and an comparable to the experimental measurements.
orbital ordering ofey electrons, accompanied by a Jahn-
Teller (JT) lattice distortiont Murakamiet al? have recently
su_cceeded in detecting the _orbltal or_dermg in Lal\gr_i@_ Il EEFECTIVE HAMILTONIAN
using resonant x-ray scattering techniques with the incident
photon energy tuned near the Mn K-absorption edge. The  The effective spin and orbital interactions are derived by
orbital order parameter decreases above the Neel temperatur projection perturbation method up to the second
Ty~ 140 K and persists untif o~ 780 K. Theoretically, the ordef1112
problem of orbital degeneracy in @electron system was
pioneered by Kugel and Khomskiin the 1970’s and inves- —
tigated extensively in recent yedrs:? Meanwhile, the lattice HE™=0,2 (S-S—SHni+3,2, (S-§—S)nin;*
distortion, from the band structure calculation, is believed to ! !
play an important role in the undoped mangantte¥.

The electron configuration of MA in LaMnO; is
tggeé. The threet,, electrons are localized, while the two-

fold degenerate orbitals of they electron are strongly hy- \yhere S is the spin operator ofS=2. The three
bridized, with its spin aligning parallelly to that of thg;  terms describe three processes with different intermediate
electrons due to the Hund's coupling. The strong on-siteiates, withJ,=t%/[2(U+3J,/2)S?], J,=t%[(U’+3J/2
Coulomb interaction prohibits the double occupancyegf 1 33./2)5(2S+1)], and J;=t2/[(U’—J/2)S(2S+1)].1*
electrons at one site, and leads to an effective low-energieret is the hopping integral) (U’) is the intra-(inter-)
Hamiltonian in which the spin and orbital degrees of free-grpjtal Coulomb interaction) and Jy, are the Hund’s cou-
dom are interrelated. In this article, starting from the effec-pjing petween thee, electrons and between theg and the
tive Hamiltonian of the spin and orbital interactions, as welltzg electrons, respectively. The ternm¢=d] d,, and n¢

as the JT coupling between tleg electrons and the lattice d;r;di;(azx,y,z) are the particle number operatorsayf

distortion, we investigate the interplay among the spin, orbit_ ) i ) -
and the lattice distortion. We present the phase diagram ad€ctron in orbit statef) = cosk./2)|z) +sin(e,/2)|z) and

—JgiZj [S-S+S(S+1)]nn?, 1)

functions of interaction parameters, and obtain the lowqa)=—sin(e./2)[z)+cos,/2)[z), respectively, with or-
energy excitations of the system in different phases. It isital stategz)o(3z°—r?)/\/3 and|z)<x?>—y?. The terme,,
depends on the direction of théj ] bond by ¢,=—27/3,
dAuthor to whom correspondence should be addressed: electronic maifPYZZﬂ'/g' and(PZ:o' resDeCtlvely’ for bOhdI[) par?IIeI to
zwang@hkucc.hku.hk thex, y andz directions. The introduced  ,d, andd;,diy

la?
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. . . +
are operators in the orbital space, witf,|0)=|a), d.-{0) _ . K
_|_ . . ;_ : HO:E Uijmi mJ_ Z hijmi +—2 le
=|a), they should satisfy the constraint +n;*= 1. ) o 2 4

The JT interaction may be expressed®as

1
) K , —gz Qi| mj cos¢;+ ﬁ(miy—mf)sin di|, (6
Hir=—g2 df,T,, Qdi,+5 X QF, v !
vy ' where the effective orbital coupling; depends on the spin

whereT = (T, ,T,) are the Pauli matrices in the orbital space cOnfiguration of the two neighboring sites by

with y (y')=z or z, andg is the coupling between the, Uij=3(J1=Ja+33)(S - S)+3(J3— I3 +J)S*+ 3358

electrons and the local JT lattice distortiorQ; andhij=—1/2J1(S'Sj—Sz). All these coupling parameters

= Q;(sing; ,cosp,). In principle, JT distortions are global as ~ . :
they physically correspond to movement of share oxyger‘?”.’ tij andh”. n Hsar_wdHo_are determined not only_ by th?
pin and orbital configurations of the nearest neighboring

atoms. Here to simplify our calculation we have adopted ar’} " . . N "
independent local distortion approximation. To take partlys'tes' andj, but also by the direction of thj) bond. For

the effect of collective nature of JT distortions into account,Short, we denote them by, , u, andh,, thereafter. If there
as well as that of the local anharmonic oscillation and the2r® two symmetric directions in the system, exgandy
higher order coupling, a preferable directigh of the JT  direction, one has,=J,,u,=u,, andh,=h,.
distortion at each site will be selected according to the ex-
perimental observation, which implies that the lattice distor-
tions at different sites are not really independent. It seem¥!- SPIN AND ORBITAL EXCITATIONS
that the main effect of the coupled distortions renormalized
the model parameters in E().

Experimental measurement on LaMy@dicates that
the critical temperature of the orbital ordering, is much

h|gher' than that.of the magnetic orderingy ' As a result, according to their spin alignments, and performing the well-
the spin and orbital degrees of freedom, which are coupled Rnown Holsten-PrimakoffHP) transformation in the linear

each other in Hamiltonia_(ll), may be separately treat_ed by spin wave theory, up to the quadratic terms, we diagonalize
the Hartree-Fock mean-field approach. The total Hamiltonian

Hs as
is reduced tdHyr=Hgst+Hg+Eq, whereHg andHg are the s
decoupled spin and orbital Hamiltonians, respectively, and
Ey is an energy constant. The spin Hamiltonldg is given

by

The spin HamiltoniarHg is an anisotropic Heisenberg
Hamiltonian with SW2) symmetry. At low temperatures, the
spin configuration along the direction is determined by the
sign ofJ,, . Dividing the system into two sublatticédsandB

Hs=;[wk<¢lwk+xlxk+1)—2s<s+1>WJ. @)

Here ¢y and x, are the quasiparticle operators of the spin
_ wave excitations wittk the wave vectors of one sublattice.
He=2 J;iS-S (3  The quasiparticle spectrum is given byawy
W = J(WTP)2—(P{)%, with P;=2S3,3,cok,0(3,),
with the effective spin coupling depending on the orbitalandW=2Sz|J,|, in which @ is the unit step function.

configuration of the two neighboring sites by From the obtained spin-wave spectrum, the magnitude of
5 the average spin per site in one sublattice at low temperatures
\]”:%\]1<(1+mla)(1+m]a)> is
+1(3,—-3)(1—m*m™ + Jxr, 4 1 d3k [J;+P, 1)
2( 2 3)( n’]I mj> AF ( ) <Ssut>=S__J S 1 k COthlB k_l , (8)
— 2) (2m) o 2

where m*=n®—n® are the orbital operators, and tig, ) _
term comes from the magnetic superexchange between thé1€re/ is the inversed temperature ahds the number of
nearest neighboring local spins. It is worth pointing out here>t€S in one sublattice. .

that the orbital operators introduced above have unusual op- 1€ orbital HamiltoniarH looks quite likeHs, where
erator algebra, being quite different from that of the Spinthe orbital operator may be regarded as an isospin operator.

operators. It can be shown that they satisfy the followingBut the absence of the $2) symmetry inHo and the ab-
normal algebra of orbital operators ESa)—(5¢) make the

relations: X X X :
orbital operators quite different from the spin operators. For
(m®)2=1; (58 example, orbital F-type arrangement is not an eigenstate of
Ho, and E the_case of orbital AF configuration, on orbital
m*+m/+m?=0; (5b) sublattice A or B there are only several preferable orbital
alignments at which the ground-state energy of the system
: . L i .
[me,mY]=[m! ,mZ]=[mZ,m] = @(di;diz—drzd@- reachgs |ts_ minimum, unlike in an AF spin system where all
the spin orientations on a sublattice are energy degenerate. In
(50 . : -
this case, the orbital state at sitean be generally e@ressed
The orbital HamiltoniarH 5 can be written as as|i)=cos(@,/2)|z)+sin(0,/2)|z) with o=+ for i e A and
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— for B, respectively. From the symmetry tf=h, and with N the number of the sit_es. In princ_ip_le?fr _and Q. in
relation m+m;,+m;,=0, the second term on the right- Eg. (11) should be determined by minimizing the total
hand side of Eq(6) can be rewritten in a more intuitive form ground- state energy of the system. In the present case, the
guantum fluctuations itHg and Hg are small, and so the
H=—¢,5 m? 9) ground-state energy can be approximately replaceylt
z e is found that besides the same ground-state engggythere

: . . . L i is the same excitation spectrum for the C- and G-type AF
with e,=h,—h,. This anisotropic Hamiltonian arises from gyt configurations, yielding

anisotropy of electronic hopping integrals in orbital space as
well as unusual algebra of orbital operators. Bothandh,, evo=\ H{P2+P? + o[ (P~ P2)2+ 16P, P_Cf1'3,
are anisotropic and depend on the spin configurations along (13)

tShi(ria %lrticjlo::]asi shcl)\\llvvn n the'irtisXpr\?VSS'r?nj bilow Eer?'d where Cy =X ,2u,sind|sing” cok,. This degeneracy of C-
>C§ flr th2 A-3t S aAFaysir?os nﬁe’ . ?i a >EZ ang and G-type AF orbital configurations agrees with Mizokawa
€z or tne A-lype AR spin contiguration,=u ande; 4 Fuiimori's resull’ Independent of the magnetic struc-

=0 for the C-type AF one; an_dz=ux_and '.EZ:O for the ture, such a degeneracy suggests the possibility of a mixed
ferromagnetic(F) one. The static JT distortiong; are ap- - 5 G-type AF orbital configuration in the system, i.e.

proximately treated as classical variables and assumed to be. - . . . .
different in the two sublattices, i.6Q,=0Q, and ¢;=d neighboring orbital states along thelirection may be either
v LeRi=0, i=9q

. == . . . “parallel” or “antiparallel.” In the absence of the Coulomb
with o=+ (=) fori e A (B). From x-ray diffraction experi-

i ' I~ interactions, a C-type AF orbital structure may have lower
ments, it has been conflr.med' that the Mjn@ctahedron is energy. The energy of the C-type AF orbital ordering can
elongated along the or y direction, and the octahedrons are 555 pe lowered by including an additional hopping term

alternatively aligned in the-y planel® which corresponds to which might be from the tilting of the MnQoctahedrort?

¢+ =2ml3 and$_ = —2m/3 in the present formula. Similar The JT coupling plays an important role in determining

to the treatment of the spin degrees of freedom, we performgye orpital ordering. In the absence of the JT coupling and in
the HP transformation for localized orbital operators byine small limit ofe,, thee, electrons may occupy two anti-

replacing parallel states in the two sublattice§zX*|z))/\2 (6, =
d7'df—al,(1-ala,)* —6_=m/2) for u,<uy; |z) and|z) (6,=0,0_=—) for
) R u,>u, . Such symmetric antiparallel states will be broken by
di'df —(1-aj,a,) %, (100 the uniform crystal field appearing in E(p). Furthermore,

the JT distortions also lead to an effective anisotropic crystal
field acting on the two sublattices. To distinguish it from the

where d’ =COS(0012)d- +Sin(0,j2)d'7 o _ _Sln(t9,/2)d uniform CryStal ﬁeldéz, we call it the JT field. The JT field,
1z C 12 C 1Z . . .

I cos(&a}TZ)di;. To the lowest ordettl c:;\ln be diagonalized whose strength increases with the coupling consjatends

as to align the orbital states in the two sublattices towdrgs
(6. =2m/3) and|x) (6_=—2m/3), respectively.

t 1 The orbital ordering is described by the average value of
HO:kEU €kobkobkot 2 kza (€ks—Po)+Ec. 1D operatorsm”. From the orbital spectrum, it can be shown

that

Here glg and &, are the quasiparticle operators of the or-

T T T T
d’ d’ —aja,, djdi—1-aja,

bital excitations, the second term stands for the quantum (m5) =M, cosf; (14
fluctuation energy, where with o=+ (—) for i EK(@)’ where
3 2
P,=—>, 4u,cos#? cosd® +2e,cosb, M—1-3 J’ d>k 2P, Cy
m o ) (2m)% e [4P,P_C2+(P2—¢ )2
2 2
+ 29 o 05— bs) 2(P%+ €, )
K X ﬁ—’_l—(PU_ eka") . (15)
ePfke’ —1

with 65=6,—¢,, andEc is the classical ground-state en-
ergy. The expression fdE- depends on the orbital configu-

ration. For both G- and C-type AF configurations, it is given
by

The second term on the right-hand side of ELp) comes
from the quantum and thermal fluctuations. To keep a good
approximation, this term must be small at low temperatures.

IV. RESULTS AND DISCUSSIONS
Ec/N=2, u,cosf® cosh®

We now discuss the ground state of the system. First, it
1 K is impossible to realize an isotropic orbital ordering. Since
-3 > | e;cos6,+9Q, cog 8, — ¢,) — EQi m+mY+mf=0, if (mf)=(mY)=(mf), they must be equal
7 to zero and there is not any orbital ordering. From &g, it
(120  then follows that the anisotropy Km;*) will lead to aniso-
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FIG. 1. Phase diagram at zero temperature in the absehesd presence 0.00

(b) of the JT field. The parameters used dge=0.006 and],=4/3 with t 0.03r
the unit of energy. The relatiod =U’+2J has been use@ee Ref. 2land
U =20 fixed in(b). 0.02F™>

0.01

tropic J,,. At zero temperatureyl ,=1 and(mZ)=cos/" if 0.00 . . : . .
the quantum fluctuation in Eq14) is neglected. Taking into MZXATARTMEIMZXATARTMET

account the Symme”Y requ”?mem Gﬁnlx—i_ m}(>: <me FIG. 2. Spin and orbital excitation spectra shown in the left and right col-
+ mjy>’ we get two possible relationd) 6.+ 6_=0 or (ll) umns, respectively, witily=0 (solid line9 andg?/K =0.04 (dashed lines
0,—60_=m. As the quantum fluctuation is taken into ac- HereU'=8, 10, 12 and 14 from top to bottom, corresponding to the F and
count, relation(l) remains unchanged, while relatigh) is A- C-,_G-type AF spin configurations. The other parameters are the same as
satisfied only approximately. In both cases, we hﬁ,\ﬁejy those in Fig. 10).

+J, from Eq. (4), provided the small quantum fluctuations

are n.eglected.. Since the mz.';lgn(itic structure at .zero}empergétisﬁed’ the orbital spectrum has a two-dimensional form:
ture is determmgd by the sign .dg, the same sign ol,, ek,,=6ux\/l+O'(COSkX-i-COSky)/Z. For such a two-
regardless of anisotropic magnitude of them, will lead t0 aryimensional system, quantum and thermal fluctuations, char-
f or G;type AF spin configuration, while different signs of 5terized by the second term bf,, in Eq. (15), will com-

Jx andJ; will result in an A- or C-type spin configuration. pletely destroy long-range orbital ordering at finite
Our calculations show that the ground-state magnetic struqemperatured’ resulting in an orbital-liquid state similar to
ture is very sensitive to the on-site Coulomb interactionsthat obtained by Ishihara, Yamanaka, and Nagtfosae
Even though the magnetic superexchadge is fixed and orbital excitation gap can be widened by the JT field acting
the JT coupling is abseng&0), an evolution of spin con- on the orbital states. It is very similar to an anisotropic mag-
figuration in the order off ~A—C—G can be obtained netic crystal field on the spin states in an AF Heisenberg
with increasing the Coulomb interactions, as shown in FigHamiltonian. Quantum fluctuations are greatly suppressed by
1(a). It is found that spin configurations A and G satisfy this JT field, making the orbital ordering stable. For compari-
relation (1), and spin configuration C satisfies relatidh). son, the spin excitation spectra are also plotted in the left-
Figure Xb) shows that an increasing JT coupling narrowscolumn panels, in which all the spin excitations are gapless
gradually the C-type AF region. This is because the JT coudue to the S(2) symmetry ofHg and the JT coupling has
pling tends to align the orbital states alopg and|y), and little significant effect on them.

so raises the effective ferromagnetic coupling in thg At finite temperaturesSs,y in Eq. (8) andM,, in Eq.
plane and the AF coupling in the direction, making the (14) serve as the spin and orbital order parameters, respec-
C-type AF spin configuration unstable. tively. Both of them decrease with increasing the tempera-

We next discuss the orbital excitation spectra. Owing toture, and({Sy,y (M,) vanishes as the temperature is in-
the absence of S@) symmetry in the orbital Hamiltonian, creased beyond the critical temperatiig (To). One may
an orbital excitation spectrum usually has an energy gap. Aevaluate(S,,y and M, from Egs.(8) and (15). In our cal-
shown in Fig. 2, for A-, C- and G-type AF spin configura- culation, parameter$,, J, andJ; are taken from the Racah
tions, there is always an energy gap in the orbital spectrunparameterd andt=0.41 eV'? The system is found to have
regardless whether or not the JT coupling is taken into acan A-type AF spin configuration at low temperatures. In Fig.
count. However, if the JT coupling is absent, gapless orbitaB we plot the variation ofTy and Tg as functions of the
spectra may appear for the F spin configuration, as shown istrength of the JT coupling. Bothy and T increase with
the right top panel of Fig. 2. Furthermore, if relati@h) is  the JT coupling, but there are different physical origins. The
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1000 170 and in particular the orbital ordering at finite temperatures.
Self-consistent calculations givEy and To quantitatively
1160 comparable to the experimental data.
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