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Cooperative Jahn-Teller effect and electron-phonon coupling in La_,A,MnO 4
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A classical model for the lattice distortions of LaA,MnO3 is derived and, in a mean field approximation,
solved. The model is based on previous work by Kanamori and involves localized ®lactrons(which
induce tetragonal distortions of the oxygen octahedra surrounding theaMhlocalized hole$which induce
breathing distortions Parameters are determined by fitting to the room temperature structure of LaVin®©
energy gained by formation of a local lattice distortion is found to be large, most lik@y eV per site,
implying a strong electorn-phonon coupling and supporting polaronic models of transport in the doped mate-
rials. The structural transition is shown to be of the order-disorder type; thexa@gendence of the transition
temperature is argued to occur because added holes produce a “random” field which misaligns the nearby sites.

[. INTRODUCTION so that as long as a classical picture for the electrons is ap-
propriate, a local tetragonal distortion will occur around each
LaMnOg; is an insulator which undergoes a structuralMn site where there is an outer shell electron. At each unoc-

phase transition at Bs(x=0)~ 750 K. The high-temperature cupied site a breathing mode distortion will occur; this will
phase is believed to be cubic. The low-temperature phase @&t as an effective random field on the staggered tetragonal
approximately tetragonal, with one lattice constant abouflistortions, and will prevent them from ordering. If the te-
0.15 A shorter than the other twoSeveral other rather tragonal distortions are not coherent throughout the lattice,
small-amplitude(~0.01 A) distortions also occur at tempera- th_ey can_not coupl_e to the un_iform strain, and the material
tures less than or equal fb,,2 and the structure at room Will remain approximately cubic.

temperature is orthorhombic. These small distortions will b%ivggzrm?'gslleiogfsffcirs?/vn;rﬁ r|1$a: Vg:lsé?;t:(; tgr? e%%?ﬁgj;
ignored here. As the composition is varied to La ' 9

. literature® Surprisingly, rather little attention has been paid
1*X.AXMnO3’ th_ere are two chanlgzes. Firdty(x) decrga;gs to LaMnGQ; since the pioneering work of Kanamori. A
rapidly and vanishes at=x,~0.2.“ Second, the resistivity

q iy ; ~ q ‘ Hamiltonian describing the orbital ordering of LaMp@as
ecreases.However, forx<Xeon¢~0.3 and temperatures of qejyed from a purely electronic multiband Hubbard model

or(_jer room temperature and h_ighe_r, t_he materi_al is still insuby Kugel and Khomskd and a similar Hamiltonian has re-
Iatmg-m.the sense that the r_eS|st|V|ty is much hlgher than th%ently been derived and studied via mean field theory by
Mott limit, and increases 4B is decreasefiIn this regime a Ishihara et al,'® but atomic displacements and electron-
description of the resistivity in terms of classical partidESphonon Coup”ng have not been considered. The aspects of
hopping on a lattice has been shown to be self-consistent. the present paper are the explicit inclusion of the lattice de-
This paper presents a model for the X onq regime and grees of freedom, which allows values for the electron-
an explanation for thex dependence offg. The physical phonon coupling in LaMn@to be deduced from data, and
picture is as follows: The electrically active orbitals are be-the discussion of the “random field” effect of holes.
lieved to be the Mndz,2_2 and d,2_2 orbitals. The mean The rest of this paper is organized as follows. In Sec. Il
occupancy is +x.® Because the conductivity is so low, the the model is derived. In Sec. Ill the parameters are deter-
electrons are treated classically. It is assumed that a site imined by fitting structural data for LaMnQo the model. In
occupied, with probability +x or empty, with probability ~Sec. IV the effects of added holes are discussed. Section V is
X. Thed orbitals are degenerate if the local environment hasa conclusion. Technical details of calculations are given in
cubic symmetry; the degeneracy is lifted by a tetragonal disseveral Appendices.
tortion of the local environment. Kanambdeduced that at
x=0 the primary lattice distortion occurring &t is a stag-
gered @r, 7, ) tetragonal distortion of the oxygen octahedra
surrounding the Mn sites, driven by a Jahn-Teller splitting of In this section the energy functional is derived. The main
the outer Mnd levels; anharmonic terms in the elastic energyphysical assumption is that all degrees of freedom may be
couple this to the uniform strain, producing the lattice pa-treated classically. The electrons are regarded as the funda-
rameter changes observed in early scattering experimentsental degrees of freedom and are taken to be localized on
Kanamori's deduction was subsequently confirmed by mordattice sites. In a classical model the hopping of electrons
detailed studies of the structutén this paper ionic displace- from site to site does not affect the energy, and so will be
ments will be explicitly included in Kanamori's model, a fit neglected. Note also that the physical mechanism primarily
to data will be given, and the model will be extended toresponsible for localization could be the electron-phonon
x>0. It will be shown that the energies involved in the Jahn-coupling discussed here or the “Hubbddd-effects consid-
Teller physics are much larger than any relevant temperaturered by other authoré.The cause of the localization is not

Il. MODEL
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relevant to the considerations of this paper, and so the ele@ne expect®>1 because the force exerted on the surround-
tronic correlation effects need not be explicitly considered. ing oxygen ions by a Mn of the wrong charge must be much
For each fixed configuration of electrons, the phonon pargreater than the force exerted by rearranging the proper
of the free energy is minimized; the result of this minimiza- charge among differerd orbitals.
tion is the energy of that configuration of electrons. The For fixed values of; andh;, Egs.(2), (3), and(5) may
phonons are treated in the harmonic approximation. The ebbe minimized. The details are given in Appendix A. The
fect of the undoubtedly important anharmonic terms in theresult is most naturally expressed in terms of the parameters
lattice energy is parametrized. Only some of the lattice de-

grees of freedom are considered. These (ayethe vector EO— _ E?\_Z KitK;

displacements; of the manganes@n) ion on sitei and(2) 2 Ky Ky+2K5'

the scalar displacemenf® of the oxygen(O) ion along the R

Mn-O-Mn bond direction. Thus; is the displacement, in the AKa (6)

1

x direction, of the O atom which sits between the Mn ion on T2 Ki(K1+2Ky)
sitei and the Mn ion on sité+X. With this restricted set of a
displacements one may discuss the Jahn-Teller distortion and$
the uniform strain, but not the buckling of the Mn-O-Mn
bond or the associated rotation of the octahedra. These latteE=E®>, (1—h;)?+ g?h?+ Acos6;+ x>, (1—h;)(1
lattice distortions occur but, | believe, are not fundamental. ! @

If an electron is present on siie it will be in a state
|:(6)) given by a linear combination of the two outdr —;42)COSA 0+ ) COSA b, 1 o+ ) + 2Bk >, hi(1
orbitals. In the classical approximation used here the phase '
of the electron is of no significance, and so one may write
| —hi+2)COS2 6 o+ tha) + B2k hihi . 7

|’pi(ai»:Cosai|d3227r2>+5|n0i|dx27y2>- N 'a

with 0=< 6, <. Herea=*x,y,z, $.,=0, y=—ml3, .y=ml3, and we

The lattice energyE,, is taken to depend on the Mn-O have followed Kanamofiby adding a phenomenological an-
distance and the Mn-Mn distance. The unit d¢ell taken to  harmonicity term with coefficienf. Cubic anharmonicities
include the Mn ion at positioR + b3, and the three O ions exist_ i_n any realistic model of lattice Qynamics. The anhar-
at positiongii+(%b+bui(a))é, wherea=x, y, orzandb is monicity is important for two reasons: it couples a staggered

the latti tant. Her@and di onl disol distortion to a uniform one, and it breaks the perfect rota-
€ latice constant. Heweandu are dimensioniess cisPlace- yiona) (9) symmetry found otherwise ih;=0. The term

@dded to Eq.(7) is the simplest one which accomplishes
these two effects and goes into itself under 6+ 7 as re-
1 quired. It is derived in Appendix A.
E,an=§K12 (2—uM)2+ (8 —u ;)2 To each configura.tion Qf orbital ocqupanci{a@} corre-
: sponds an average distortion from the ideal cubic peroviskite

with lattice constanb. In the harmonic approximation

1 structure. This may be written in terms of the oxygen (
+ EKZZi (87— 8252 (2)  and Mn (5) displacements as

HereK; andK; have the dimension of energy; one expects ;2= $3(R R)[(1—h;)cos2 6;+ ¢2)+ Bh;1,
Ki=K,. i
If an electron is present on siig¢ there is an electron-

lattice energy given by 513:2 ¢§(Ri—Rj)[(l—hj)cos{201-+41/}’)+th]. ®)
j

1
EJT:)\Ei (1—hy) COSZHi(UiZ_ 5 itol) The elastic kernels are

B, oo N @R —e MK+ Ka(1-cosky)]
+5in26,~—[v*—vY]|. 3) Pu(R)= Kl; (K{+ 2K,)(1— cosy) !
Here N @ €N RK cogk,/2)(1— e a)
9 _ 1 a
vi=ut-u @ =T T Ko Kol ok, ©

andh;=0 if an electron is present on siteandh;=1 if not.
Finally, if there is no electron present on siteall of the
neighboring oxygen ions are equally attracted to it, leading In this section the structural information of Ref. 2 is used
to to estimate model parameters. The analysis is essentially that
of Kanamori’ A two-sublattice ordering of Jahn-Teller dis-
— T XYy 2 tortions parametrized by angleg and 6, is assumed. B
Enoe B)\zi hlvitvitvil. ® fitting thep observed ato%ic 3i§§acemef1ts to EHd) andy

lll. FIT TO DATA
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TABLE |. Values of the parameters deduced by fitting mean- 2K, /b%h
field theory to structural data. CE S v (13

KoKy 269 NKy  Eg/lKixX10®  k/Kyx10*  Alx

0 80.9 0.044 2.9 0 0.70
0.1 79.2  0.045 2.8 0.85 0.87
0.3 75.7  0.045 25 1.9 1.31
0.5 723 0.046 2.4 2.6 1.92
0.75 68.2  0.047 2.4 3.4 3.31
1 64.4  0.049 2.4 4.0 6.93

(A7), 61,6, and elastic constants are determined. By requir

0ox

The factor of 2 arises because there are two Mn-O bonds in
Eq. (2). Estimating 100 me¥ i wy,=30 meV and using
b=4 A gives

300 eV=K,=30 eV. (14)

| am unaware of measurements of the phonon spectrum in
LaMnG;. If, however, it is assumed that the phonon spec-
trum has a rather weak doping dependence one may use op-
tical data from La gsSt, ;MNn05.12 The highest-lying phonon
‘modes were observed at,,~70 meV. It is reasonable to

ing that the deduced,, 6, minimize Eq.(7) the anisotropy  55qume that these are the bond-stretching oxygen modes of
energyA is found. The experimental data for the structurejnterest and that these modes are only weakly dispersive:

are given in Appendix B and the mean field equations ar, s one ma

solved in Appendix C.

y identifyop, with w,,, and estimaté<,~200

eV.
It is convenient to express the lattice distortions in terms 5, alternative estimate may be obtained from the mean-

of a staggered oxygen displacemégtand a uniform strain
e. By rewriting Eqgs.(A2), (A7) we obtain

uizL[cosZ 0.+ ¢*)—cosA 6,+ )],
2K,

e? A ) {cos2 61+ ¢?) +cosA 6,+ ?)}. (10
2

T (K+2K

In Appendix B the valuese?=—0.028(—1/2,—1/2,1)
andu2=0.038(1;-1,0) are derived from the data of Ref 2.
ThatuZ=0 implies 6,= — 61+ #; substituting this into Egs.
(10) leads to equations fa#; and\/K; which may be solved
if K,/K; is given. Results are listed in Table I.

We now turn to the value oAA. The assumption of a
two-sublattice distortion and the conditibrn= 0 implies that
Eq. (7) becomes

E

1
EA[cos{Gel)+cos{6¢92)]+3xcos(291—262). (11

By minimizing Eq.(11) and usingd,= 6, + = we find

A

—2sin(46,)
sin66,

12
K

Values forA/ k are also listed in Table I.

field approximation to the structural transition temperature
T¢~750 K. This is shown in Appendix E to by ~3k,
and mean-field theory overestimafks, so
k>20 meV. (15

This bound onk vyields K,/K;-dependent bounds for
K, ranging fromK;>220 eV K,/K=0.1) to K;>50 eV
(K, /K;=1). Values ofK,/K;=0.5 are most consistent with
estimates of w,, <50 meV, those ofK,/K;<0.5 with
0,y =50 meV. Combining this with the estimate,~200
eV suggest#\~ k. This estimate is consistent with estimates
given in a standard revieWthat typical anharmonicity ener-
gies are of order a few hundred kelvin.

The estimates oK, imply Jahn-Teller energieg, rang-
ing from ~100 meV at the low endK;~30 eV) to 1 eV at
the high end K;~300 e\). The estimatew,,,=70 meV
implies Eq~0.6 eV, slightly larger than the largest Jahn-
Teller energy listed in a standard reviéiin any event, be-
cause the energy splitting between the tevels is 4, it
is safe to assume that at any reasonable temperature the split-
ting is frozen in. Unfortunately the splitting is difficult to
measure directly because most methods for coupling to the
d level involve changing the valence of the Mn, which would
bring other physics in to play. The transition should be Ra-
man active, though.

To summarize, it has been shown in this section that the

The most important information contained in Table | is Jahn-Teller energy of LaMn{Omay be written

that the basic Jahn-Teller energy is much greater than the
stiffness k which orients the distortions from site to site.
Indeed, from Eq.(6) the ratio may be seen to bé
K,/(Ki+K,); as it is unlikely that the Mn-Mn force con-
stantK, > the Mn-O force constarK ;, the ratio is less than
1/6. The structural transition occurring a~800 K in
LaMnG; is therefore of the order-disorder type, and we may
expect local distortions to persist for>T.

From Table | it is also clear that the anisotropy energy is

Exzozxz COg26;+2i,)c0920,, 4+ 2i,)
+A2 cos64; . (16)

If A=Tg, then it is reasonable to assume that at each site
0, is near one of the three angles favored by the anharmo-

not small, although the precise value depends sensitively onicity term, so that the system may be mapped on to a three-

Ky /Kj.

state Potts model as previously nofeBetails are given in

Now consider magnitudes of energy scales. The basiéppendix D. The result is conveniently written in a notation
scale isKy; this is related to the frequency of an oxygen in which the state of site is represented by a vectq@; with

bond stretching phonow, by

a 1 in one place and 0 in the other two plac@s:=(1,0,0)
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implies there is a Jahn-Teller distortion with the long axis e~ E(6.{ha})IT
alongx, Q,=(0,1,0) meany and(0,0,) meansz. Then P(6)= >, —thh(l—X)s_nh- 19
t Z({ha))
Epote= "E éi'a@i+c+~]'z 3;- O 1 2a (17) H.er_e{ha}} is a dlstr|put|on of holes on sites adjacent.to the
ia ia distinguished oney,, is the number of holes in that particular

with 12 a bond-direction-dependent interaction given in Eq_conflguratlon, and

(D3) and J'<0 a ferromagnetic interaction between rd@

“straight-line” second neighbors, which is of ordefA and Z({ha})zf — e E(O.{hah/T, (20)
was apparently not neglected in previous work. The second- o7
neighbor interaction is an approximation to the true interac-
tion, as discussed in Appendix D. The three state Potts mod%lf the cosine and sine on the other sublattice,(cos26)
has a transition in the-y universality class as, therefore, ands=(sin26), as '

does Eq.(16). The second-neighbor “ferromagnetic” cou- '
pling lifts the degeneracies which lead to subtleties in the

behavior of the usual Potts model. The estimateaiug-  E(6,{ha})=2x> (1—hy)cos26+24r)
gest that the extreme Potts limit will not provide a good a

guantitative description of LaMnQ X [(ccos2p,—ssin2¢4)1—h,+ Bh.]. (21

The quantities ands satisfy a self-consistency equation; the
linearized equation giving s may be written
This section discusses the effects of added holes. It is

clear from Eq.(7) that a hole on sité eliminates the Jahn- c= _f
Teller distortion on sitei and leads to a potential, 0
Brcos(20; ., +2¢y), which acts to orient the distortion on o ) _ ) )
site i + b so that its long axis is alon. Thus added holes _ The derivation and evaluation of this equation are given
lead both to site dilution and to a field which tends to orienti" APPendix E. An analytic treatment is not simple except in
some of the neighbors of the hole in directions not compatthe limits A—0 or A—ce (arbitrary 8) and f—0 or f—

The energy may be written in terms of the average values

IV. HOLES

Td 6

—P(6#)cos2. (22
a

ible with long-range order. (arbitrary A). For A=0,

If A>0 (as seems to occur in LaMnp the angles fa- 3 42
vored by holes are compatible with the angles favored by 1=K 1—x( 1+ — + _ZH (23
anharmonicity; if A<O an interesting competition arises, Ts 15 lo

which will not be discussed here. - ; .
L . . Here thel, are Bessel functions of imaginary argument
In the A>0 limit the effect of added holes is particularly iBIT . ginary arg
transparent. By following the derivation that led to E7) Inst.he A—oo limit, T,(8,x) satisfies
one finds that a hole on siteproduces a term in the energy B

6— 3e—3ﬁ/2Ts+ 6e—3ﬁ/TS
(l+ 2e73,3/2TS)2

3k

i =h A 1=—|1 +0x?
E'ho.e=ﬁf<§ R® Qi (18) T,

—X

. (29

— 2 ; i
with R*=(—1,1/2,1/2), etc. Thus in this limit a hole mani- _ For B=0, the x® and higher terms vanish and

festly produces a field which tends to orient the spins onls=3x(1—X) as expected for simple site dilutidh.The
neighboring sites. mean-field theory overestimates theat which T vanishes

A Monte Carlo investigation based on E@) or on Egs. becaqsg it does not contain Fhe physics qf percolation. As
(17), (18) would be desirable. Here simple arguments areB!Ts is increased, the coefficient @Tsldx increases; fqr
given to estimatel(x). Assume the hole positions are un- 8/ Ts—%, Ts—3x(1—6x), suggesting.~0.16. Compari-
correlated with each other or with the configuration of JahnSOn to the percolation argument given previously suggests
Teller orderings. To estimate the critical concentratipnof ~ that this is an underestimate. The general result, however, of
holes at which ordering vanishes, note that for site-diluted® Ts(X) which drops rapidly as is increased and depends

systems B=0), T vanishes when the occupied sites do notSeMmewhat on model parametdend so on materialss in
percolate1.4 For the simple cubic lattice, the percolation reasonable accord with data. Note, however, that at Tow

threshold is aboutpc:O.S,“ and sox.(8=0)=0.7. Of quantum effects involving motion of holes will become im-

course for such large values »fthe model is not valid. For Portant.

B—o0, each hole eliminates five sité@sself and four neigh-

bors, two remain approximately correctly orienteichplying V. CONCLUSION
1-5x,=0.3 orx.(B—>)=0.14.

Alternatively, one may use mean-field theory to estimate A classical model for La_,A,MnO3; has been analyzed.
T«(X). The fundamental object in mean-field theory is thelt is known that doping on the La site changes the valence of
probability distributionP(6) of the angle on a distinguished the Mn site in such a way that the mean number of outer
site in an effective field depending on the average values afi-shell electrons on the Mn is-1x. The holes were assumed
the angles on the adjacent sites and on whether or not holés be classical, so that each Mn site is occupied, with prob-
are present. The assumption of uncorrelated holes implies ability 1—X, or empty, with probabiliti. The hypothesis of
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classical holes has been shown to be consistent with the re- a kR a
sithivity at allx andT>400 K and forx<Xgonq~0.3 and all Ui :Ek: e "My (A1)
T.

Because the outer Md-orbital is twofold degenerate, a and similarlys;. Now &; may be decoupled frorg,,, Eq.
Jahn-Teller distortion of the surrounding oxygen octahedror{2), by defining
which lowers the local cubic symmetry to tetragonal may "
occur about each occupied Mn site, while a breathing mode T 1 Ky(1+e™ 4
distortion may occur around each unoccupied site. Each oxy- k™ Tk 2 2K+ Ky— Kook, K

gen is shared by two Mn ions, and so distortions on adjacent, . I . :
sites are coupled. The coupling was determined from a clag2k= 0 gives the equilibrium positions about which the Mn

sical harmonic approximation to the lattice dynamics. Theons fluctuate. After decoupling, the relevant part of the lat-
parameters of the model were determined by fitting to thdiC® energy may be written
structural data obtained for LaMnrOThe principal results
are the following. Eian= K1Y F(ka)udu?,, (A3)
(1) The basic energy gained in a local Jahn-Teller distor- ka
tion, Eq=0.1 eV. The estimatd&,~0.6 eV was obtained yjth
using a phonon frequency estimated from an optical mea-
surement on LagsSr 1sMnO5. A direct measurement of the 1 (K;+2K5)(1—cok,)
splitting 4E, between the twal levels would be desirable. Fka) = 2 Kyt K,—K,cok,
The distortions are in any event well formed at any relevant _ ) ) ) _ )
temperature and the structural transition is to be regarded dd1€ interaction energies are most conveniently written in
an order-disorder transition, at which local Jahn-Teller disterms of the variablesg defined via
tortions become spatially decorrelated, but do not disappear.
(2) The model describing the transition is given in Ef). cd=>, e*Ri(1—h;)cos2 6+ y?), (A5)
and may be approximated either by an antiferromagnetic [
y model with a modest threefold anisotropy or by a three .o W?=0, ¢*= — =3, and Y= /3 were introduced in
state Potts model with an antiferromagnetic flrst-ne|ghborEq_ (7). Combining Eqs(3), (4), (A5), gives
interaction and a weak second-neighbor interaction. Which R '
model is more nearly correct depends on whether the anhar- _
monicity parameteA is larger or smaller than the stiffness EJT:)\Z (1—e ™*augu?,,
« which orients the distortions. By combining an optical ka
measurement of the highest phonon frequency in
La1.85Sr0_15MnO3_ with a calculation of T the estimate Enole= ,3)\2 hk(l—e“ka)u‘ik. (A6)
A~ k was obtained. ka
(3) Added holes disrupt the long-range order by producingryg gisplacement may be eliminated by writing in terms
an effectively random field, which misorients nearby Jahn-y
Teller distortions. It would be very interesting if it were pos-
sible to observe directly this local misorientation. This ran- _ A(1—e 'Ka)
dom field effect was shown by various mean-field Ug=Ug— W(CEJF Bhy). (A7)
calculations to lead to a rapidly decreasingx), in quali- _ 1t
tative accord with data. A Monte Carlo investigation of the Againu=0 defines the average state about which the oxygen
problem would be useful. atoms fluctuate. The electronic part of the energy may then
The results in this paper substantiate to some degree tHee written
proposdl® that electron-lattice interaction is so strong that N o«
the highT cubic (or pseudocubic 0.2<x=<0.4 phase of _ TN —C0K, , a
La; - ,A,MnO; should be modeled as a disordered array of 2 Kl% F(ky) (Cict B (CZ i+ B (A8)
polarons. The results presented here provide a basis for cal-

culating polaron binding energies and mobilities, both for"-ourier transformation yields EG7) except for the term pro-
0.2<x=0.4 and highT and for lowx at all T. portional toA. This term arises from a lattice anharmonicity

of the form Eiuf. Use of Eq.(A7) yields several terms, of
which the largest i\ cos(69).

(A2)

(A4)
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values are most representative of the undoped material, and 2(ny—ny)
2si +26,—26,|=asin6s; (Co

that the LaMnQ sample studied in Ref. 15 was inadvertently 3
doped.
The actual crystal structure of LaMa@s complicated; and
for example, every Mn-O-Mn bond is buckled. It is assumed ) )
here that the important quantities are the Mn-O bond lengths, SiN66,= —sinG4;. (CH
and that the remaining distortions are subsidiary, being
driven by rotations of thddistorted MnOg octahedra re-
quired to fit the rigid MNQ; octahedra into a lattice with
lattice constants smaller than twice the Mn-O distances.
LaMnO3 was found to be orthorhombic, with three un-
equal Mn-O distances, which are

Equation (C5 implies either &§,=—6, or

6,= 90>+ (2n+1)7/6; the latter solution would imply that
the anharmonicity energy vanishes. Such an extremum can-
not produce an absolute energy minimumdsjt= — 8, then

Eg. (C4) may be solved. Define

U, =2.187 A, A G

x 1) 12 2arc5| 222 2al" (Co)

u,=1.905 A, B then 5=—8,=6 if n;—n,=1 or -2 and
u,—1.956 A. 6,=—6>=—46inny—n,=—1 or 2. Adifferent formula ap-

plies if n;=n,; however, this case may be seen not to lead to

Hereu,,u, are the distances most nearly parallel to thethe global energy minimum becausenif=n,, then the in-

nearest-neighbor Mn-Mn bonds in the bagitthorhombic tﬁrsiter':erm is_p_ositive u_nIes:s/_8_s|5er] /6, in v]:(high case
a-c) plane. Thex-y directions are about 45° rotated from the '€ @nharmonicity term is positive. The mean-field energy is

orthorhombica-c axes.u, is the distance most nearly paral- NUS m|3|m|zed by ;”y (g‘(sthe six configurations with
lel to the orthorhombit axis. #ny and appropriat®; and d;.

The z oxygen ion is equidistant from the Mn above andth Itis |Instr:Jc|;uve tlo suppose _that at a”dbft otntz ofﬂ:he sites
below it; thex andy oxygen ions are not equidistant from € angles take values minimizirig,r and to study the en-

the in-plane Mn; indeed, if one moves from one Mn to itse_rgy_functionEO of the re_maining angle. Assume the isolated
in-plane nearest neighbor, the roles are reversed. We ther&!t€ iS on the *1” sublattice andh, =0. Then

fore assume that the observed Mn-O bond lengths have been - a
obtained from an ideal peroviskite structure with Mn-O dis- Eo=200%29— —25|+ —cos6s. (C?)
tance ofu®= (u,u,u,)**=2.01 A by composing a uniform 3 3

tetragonal distortiorAY=—0.112 A (1-1/2—1/2) and a

staggered distortion®=0.15 A (1—1,0). The mean lattice
constant is 4 A; thus\Y corresponds to a uniform strain
componente**=eYY=0.014, e**= —0.028, while the stag-

Fora<a*=4/3, Eq.(C7) has only one minimum, at the
0 which satisfies the mean-field equation. Feora* there
are three minima. Faa>a* these occur at

gered distortion i31°=0.038(1;-1,0). (2n+1)7 2sinnw/3 1
"6 3a O 8
APPENDIX C: SOLUTION OF THE MEAN-FIELD
EQUATIONS and correspond to energies
In this appendix details are given of the solution of the a onw 2 nw
mean-field equations and of the energetics of small devia- E,=— §+ZCOST_SinT (C9
tions from the mean-field solution. \/§a

Solution:Assume a two sublattice solution with= 6, on
one sublattice and= 6, on the other. TakéA>0 without
loss of generality and choose units in whick=31. Write

This is the expected form of the energy of a three-state
Potts model with a first-neighbor “antiferromagnetic” and
second-neighbor “ferromagnetic” interactions. A precise

2n +1 mapping is discussed in Appendix D.
0, = 6 7+ 61, (Cy Small deviationsAssume that on every site the angle is
close to one of the two-sublattice solutions; thus#1,2

with
0= 0t i, (C10
— /6=y z=<ml6. €2 \ith 6, given by Egs(C1), (C6) according to whether is
From Eq.(7) one has on sublattice 1 or 2 angr small. Substituting Eq(C10) into
Eqg. (7) and expanding yields

2(ny—ny)m a
EMF:CO 7"‘251_252 _6(003651
E=Evet > oftht_i. (c1y)
+C0s65,), (C3 K
with a=A/k>0. The energy"*"" depends on the quantities ,n, describ-

Minimizing yields ing the possible ordered states. There are three independent
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choiceq (n;,n,)=(0,1), (1,2), (0,2), each picks out a pre-
ferred axis a=x,y,z. We have [ y,=1—(cok,+cok,
+cok,) ]

T
o= wi=6acos6s+ 4005( 3 45) Vi

1
-4 coskx—z(cosker cok,)|. (Cl1l2
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IY,1% are obtained by permuting both row and column in the
obvious way.

The term of order H is a rather complicated three-site
interaction; however, the important physics of this term is the
coupling it induces between sites on the same sublattice. To
determine this coupling it is convenient to restrict attention
to configurationgfavored by the order 1 ternin which ad-
jacent sites are in different Potts states, i.e., to terms in the
order 1A term in Eq.(D2) in which B8+ y. If site i is taken
to be in statew=Xx, then the only nonconstant terms are

Similarly wl?=wY and 0%?= w? Note that because of the whena=—b%%. If a= +V, then the energy is-4/9% if
relation of the angleg to the physical lattice distortions, a hoth sites are in they” state, — 1/9a if both are in the "

nearly uniform variation of/ corresponds to a nearly stag- state, and 1/ if the two are in different states; i.e., we may
gered variation of the physical lattice distortions. For phySi-yrite

cally relevant values of the gap is relatively large and the

dispersion small.

APPENDIX D: DERIVATION OF THE POTTS MODEL

This appendix gives the details of the derivation of Eq.

1

(17) from (Eq. 7). Itis assumedh is so large that only angles jth b= +x,y,z and

near those minimizing the anharmonicity eneApos6d; are
allowed. Thus write

0=+ 5, (D1)

with ¢{" one of $*=57/6, ¢p¥=7/6, and¢’=m/2, ands; a

E®=— o2 Qf(QisnIsQivv (D4)
ib’
0 O 0
X=l0 4 -2/, (D5)
0 -2 1

small deviation. Note that the Jahn-Teller distortion corre- t

sponding tog? is u,— 3(u,+u.). Substituting Eq(D1) into
Eqg. (7) and expanding gives

E Na

_ 12 a o
3" "3 '3 & CO8§ 20"+ 243]C08 2 i’y 4+ 2445]

+6a>, 52— %a% sin{ 2¢'+ 24, ]siM 2

+2¢p]cod 290, o+ 2¢c]co§ 29, p+ 2¢].  (D2)
_ HereN is the number of sites in the crystal=A/«, and
5i=36—6"", with 9E/95™"=0. In the largeA limit the co-
efficient of thes term is large, and so fluctuations éhmay
be neglected.

The principal effect ofE(? is to lift the degeneracies of
the antiferromagnetic three-state Potts model; this effect may
be mimicked by a simple second-neighbor ferromagnetic in-
teraction with magnitudd’ fixed, e.g., by the requirement
that it reproduce EqC9).

APPENDIX E: MEAN-FIELD Tg¢WITH HOLES

In the presence of a concentratiomof holes, one expects
T(X)=Teo(1— ax). In this Appendixea is derived using a
mean-field theory. In leading order inone need only con-
sider configurations in which one of the six neighbors of the
distinguished site, say, the one in thalirection, has a hole.
From Eq.(21) one has

The energy may be more conveniently written in a dis-

crete notation. Denote the state on sitby the continuous
variable §; and define a discrete quantify; which indicates
to which of ¢, , ¢y, ¢, the angled; is nearest. Choos®; to
be a three-component vector tvia 1 in oneplace and 0 in
the other two.Q;=(1,0,0) meansé; is close to ¢,,
Qi=(0,1,0) meang), is close to¢, andQ;=(0,0,1) means

0, is close to¢,. The interaction term of order is then a

3x 3 matrix 12, which depends on the directicl of the
bond connecting the two sites. One finds

1 -1/2 -1/2
|><=1 —-1/2 1/4 1/4 (D3)
3
—-1/2 1/4 1/4

Ep(60)=2kc0g26+ 2¢f,)[ cCOS2f,— SSIN2¢h,+ B

2 2
+4 > 005(20+ 24+ Lp) ccos{2¢b+ lp)
p==*=1 3 3
. 2mp
—ssm<2¢/b+ T” (ED

Substituting Eq.(E1) into Egs.(19), (20), expanding in
¢ ands, rearranging, and discarding terms proportional to
€0S20sin24ys, or sin26cos2yy, , which will not contribute to
averages of interest, gives
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Zb: IW% efAcos(i(J/TfﬁcoszelT (EZ)

o T

4ck 6Ck . .
1- ?cos%cosz,bb— Tsmzasmzwb

and, using also Eq22) and the results of Appendix C,

1 (~do

3k 1
1= T_[l_ GX] — E% Z_b ; EeACOSG(}/T*BCOSZH/T X 00320_ 21//b) (ES)
S

4ck 6ck | .
1— ——C€0S20c0S2i,— ——SIinfdsin2y,
Ts Ts

The integrals in EqS(E2), (E3) may be expressed in terms of products of Bessel funclighf¥T)1,,(8/T). The expres-
sions become simple whek—0 or« or 8—0 or«, and lead after straightforward calculations to E@®), (23).
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