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CMR-Theory and layered Manganites Jeff Byers, Chairman

Jahn-Teller coupling and double exchange in the two-site
Van Vleck—Kanamori model

H. Meskine and S. Satpathy®
Department of Physics & Astronomy, University of Missouri, Columbia, Missouri 65211

The effect of the dynamical Jahn—Teller coupling on the Anderson—Hasegawa double exchange
(DE) in the manganites is studied in a two-site model taking into account the double degeneracy of
the ey orbitals and their coupling to the three Mp®ibrational modes @4, Q,, andQ3). Both

exact diagonalization and the Lang—Firsov approach are used. We find that couplingXpahd

Q3 modes reduces the DE, while tli mode is ineffective. The isotope dependence of the DE
interaction is consistent with recent experiments. 1@99 American Institute of Physics.
[S0021-897€09)48008-9

It is well-known that the lanthanum manganites are0.02 A, respectively, resulting in the three Mn—O bond
mixed valence systems with a mixture of Rfnwhich is a  lengths of 1.91, 2.19, and 1.96%The amplitude of the&Q,
Jahn—TellerJT) ion and Mf* which is not. The electron distortion is zero by definition.
therefore has the tendency of carrying the local JT distortion ~ The Hamiltonian for the coupled system is given by

of the MnQ; octahedron along with it as it moves aboutin = 3y—7/_+ Hont Hyr, (1)
the lattice. The way this coupled motion affects the phenom-
enology of the manganites has been addressed by several Ho= E E tﬁbc;ragcjba+h-c-_JH2 S0, @)
authorst (i,o ab ia

The recent discovery of the isotope effect indicates the 522 K
!nvolvement of the |§1’[th9 in _the magnetl_c propertieshe thzz _ W_2+ EQiza, HJT:E_ )
isotope effect requires for its explanation the quantum- ia dQ; i

mechanical nature of the nuclear wave function. In fact, we, 4
have shown earliéfrom a simple model with nondegenerate
electron states that the double exchaf(I@E) interactiodis h;1=9"Q1l —9(Q27x+ Q37y). 4)
modified in two important ways by coupling to the lattice: Herei is the lattice site index,ij ) denotes nearest neighbors
(1) the magnitude of the DE is reduced sharply from the(NN), thea,b summation is over the twe, orbitals, and the
Anderson—Hasegawaos(@/2) value and?2) the couplingto  « summation is over the three vibrational modes. The spin of
the oxygen motion leads to an oxygen-mass-dependent DEhe electron is denoted by, while the twoey orbitals |22
On the other hand, the double degeneracy ofthelec- ~ —1) and|x*—y?) are described by the pseudospinM is
trons and their characterstic coupling to the JT distortions othe mass of the oxygen atom. Ttyg core spinSis treated as
the MnQ; octahedron has been shown to lead to interestinglassical and we take the Hund'’s enedy to be = as ap-
consequences. In this paper, we include the effects of double
degeneracy and the appropriate JT coupling within a two-site
Van Vleck—Kanamori Hamiltoniaf! which we solve by 5
Lanczos diagonalization. J\
The relevant orbitals for the itinerant electron motion in X y
La, - ,CaMnO; are the Mng,) orbitals, which couple to the 4 e
vibrational mode of the Mn@octahedra via the JT interac-
tion. There are three important vibrational modes as indi-
cated in Fig. 1, viz.:(i) the breathing mod&,, (ii) the
in-plane distortion mod&),, and (iii) the apical stretching 6
modeQ;. Taking the symmetric Mn@octahedron with the Q>0 Q,>0 Q3>0
average Mn—0 bond length as the reference, the amplitudes

of the Q, and theQj distortions in LaMnQ are 0.20 and FIG. 1. The three relevant normal modes of vibration for the NMCta-
hedron with their eigenvector$Q,)=(—X;+X,—Y3+Y,—Zs+ ZG)/\/E,
Qo) =(—X1+Xo+Y3=Y)/2, and |Qz)=(—Xi+X,—Y3+Y,+2Z;
3Electronic mail: satpathys@missouri.edu —274)/\/12, whereX, denotes the coordinate of the first atom, etc.
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FIG. 3. Exact ground-state energies as a function of the JT coupling. Ener-
FIG. 2. Comparison between the exact and the variational Lang—Firso@ies for theQ, andQ; cases are shifted up tiyw for clarity of presentation.
(LF) ground-state energies for the ferromagnéfitl) or antiferromagnetic
(AF) alignment of the Mn core spins. The inset shows the reductialyef

ey e o v o oS o JefMed 25oemEy\—Ey, where By (B, 1 the
ﬁgures areV,,,——0.30 eV andhw for F0-0.1 ev. &round—state energy fc_)r the parall@ntiparalle] alignment
of the two Mn core spins.
Note from the¢’ term in Eq.(6) that the coupling to the
_ ) _ _ Q; mode merely produces a shift in the total energy by the
propriate for the manganites. The hopping matréepends  gmqunt—g'32 KxN, (displaced simple harmonic oscilla-
on the relative positions of the NN. For NN alorgwe have tor), whereN, is the total number of electrons. The energy
-3 Vg shift is independent of the hoppirt® and therefore is the
tab=( XTU cog 6/2), (5) same for both the ferromagnetic and the antiferromagnetic
-3 3 cases. Th€, mode therefore contributes nothingtge and
where cosf/2) is the Anderson—Hasegawa factérpeing is omitted in the rest of the paper. This would not be the case
the angle between the twolassical core spins on the neigh- if the hoppingt depended on the octahedral distortions,
boring sites. The JT coupling terimy, Eq. (4), originally ~ which in turn depended on.
derived by Van Vleckand Kanamofihas been widely used We now restrict our discussion to a two-site model with
for octahedral ligand systems including the mangariitSs.  one electron present in the system in the spirit of the original
We estimate the Hamiltonian parameters as follois: Anderson—Hasegawa treatment of double exchange. Unlike
V44o~—0.3—— 0.4 eV from the calculated bandwidth taking the case of the infinite solid, the two-site problem can be
into account the appropriate orbital orderifig(ii) The accurately solved and it is, at the same time, illustrative of
electron—phonon coupling~3-4 eV/A as estimated from the physics involved. The ground-state energy of the Hamil-
tight-binding fits to the density-functionat, bands with tonian, Eq.(6), is obtained by diagonalization, with the basis
varying octahedral distortion4.(iii ) The stiffness constant is setlia,vq,v,,v3,v4), Wherei,a are the site, orbital indices
then estimated frorerg/«/Q22+ Q32 to be about 15—20 for the electron, and the;s denote the vibrational quantum
eV/A?, whereQ, and Q; are the magnitudes of the distor- numbers of theQ, and theQ; modes at the two sites. We
tions. These values result in a JT energy gainAgf=  'etain a total of 20 phononsy,=3;_,»<20, in cases
—g%/(2 K)=—0.35—0.5 eV, which is in rough agree-
ment with the density-functional result ef0.63 eV® : :
Quantizing the vibrational modes, E@) becomes Anderson-{iasegawa

H= > tab(c;racjb+h.c.)+% fiw(b],bj,+1/2)

(ij).ab
2
+; [£(bl,+bj)n;+ &(b],+bjy) (¢ cip+h.c) @
£
+&(bf3+bjg)(Nj1—Np2)], (6)
Whereb;ra is the creation operator corresponding to @g, 0 i 1
vibrational modepjTa is the same for the orbital at thejth 0 2 4 6

site, nj, is the number operaton;=n;;+n;, is the total X
number of electrons at thigh site, é=gXJA/(2mw), and g(eV/A)

&' is similarly defined. The e!ectron spin is omitted as it iSgg, 4. variation of Jpe with the electron—phonon coupling strenggh
always parallel to the core spid,, beinge. The DE energy obtained from Fig. 3.
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0.15 sults as they should be. The inset of Fig. 2 shows that the DE
interaction is considerably reduced by the lattice coupling,
which is a central point of the paper.

Figure 3 shows the variation of the ground-state energies
with coupling g, obtained from diagonalization of the full
Hamiltonian Eq.(6). When the coupling is zero, the energy
for the AF case is simply the zero-point energy of the normal
modes, while for the FM case, the energy is reduced from the
AF value byVy4, (the Anderson—Hasegawa resulhe cor-
responding energy differencly is plotted in Fig. 4.

The quantum-mechanical treatment of the nuclear mo-
tion leads to an isotope effect since the nuclear wave func-

g(eV/,&) tion is changed with the isotope mass. The isotope exponent

a (TxM™%) is defined from the relation: a=

FIG. 5. Dependence of the isotope exponenbn the electron—phonon  —d |n T,/dIn M=—dIn Joe/d In M, where we have used the

coupling strengtry. relationshipT < Jpe. The variation ofer with the coupling
strengthg is shown in Fig. 5. The calculated is ~0.1, in
rough agreement with the measured valuer6f0.15—0.2 in

where bothQ, andQz; modes were included, and a total of the manganite$.

50 phonons in cases where only Qg or theQ3; mode was In conclusion, we have studied the effect of the dynami-

kept. The resulting Hamiltonian of size up t0°:010° is  cal JT interaction on double exchange, taking into account

diagonalized by the Lanczos method. We have verified thaghe degeneracy of the Me&) electrons and their coupling

our results have converged with respectitg. Thus the  with the MnQ; octahedral modes. A key result was that the

results are essentially “exact.” JT coupling drastically reduces the Anderson—Hasegawa

It is illustrative to compare the exact results with the double exchange. Both the in-plane distortion and the apical
Lang—Firsov* variational approach. We make the transfor- stretching modes were found to be important. Our work il-
mation H=e SHeS, where S=— A ;1/hwXZn[y,(bl, lustrates the dynamical JT effect and provides insight into
—bj,) + ¥2(bls—bi3)1, y1 and y, being variational param- the origin of the oxygen isotope effect.

gters. Appro>gmat|n9 the e|~genstat|ek> of H.by a vana- The authors thank the Research Board of the University
tional state |Wy)=[Wp)®|¥e) and averaging over the f pmissouri for partial financial support.
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