PHYSICAL REVIEW B 67, 064413 (2003

Jahn-Teller effect and electron correlation in manganites
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Jahn-Teller(JT) effect in manganites is studied theoretically both in the absence and presence of the
Coulomb interaction. The focus is on the role of orbital degeneracy, i.e., multiband effect, in the electron-
phonon(el-ph) interaction. The kinetic energy gak, which is directly related to the spin-wave stiffness, is
calculated to compare with the experiments. Without the Coulomb interaction, the perturbative analysis gives
the reductiomAK of K due to the JT coupling a8K=(0.7-1.9)(/t,) (g%’ MQ?) with the prefactor deter-
mined mostly by the density of states at the Fermi en¢ggyelectron-phonoriel-ph) coupling constantiy:
mass of the oxygen atonf): frequency of the phonorty: transfer integrdl Although there occur many
second-order perturbative process&& roughly scales with the density of states at the Fermi energy. The
magnitude ofAK is at most 3% oK and is negligible in this case. In the limit of strong electron correlation,
on the other hand, the magnitude of the orbital polarization saturates and the relevant degrees of freedom are
its direction. An effective action is derived, and it is found that the JT interactient&ncedcompared with
the noninteracting case, aniK is given by the lattice relaxation enerdy, for the localized electrons,
although the electrons remains itinerant with the bandwidth of the ordeg, ofvhich is larger tharg, .
Therefore there should be an appreciable reduction of the spin stiffness due to JT coupling in manganites.
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I. INTRODUCTION physics of the orbital degrees of freedom, and the JT inter-
action is the secondary effett!>27:34

It has been recognized that in the strongly correlated elec- In this paper we revisited this issue by considering both
tronic systems both the electron-phor{eftph) and electron- the el-ph and el-el interactions, because both of them are
electron(el-el) interaction are enhanced and play importantconsidered to be relevant. Then the interplay between these
roles. In manganites, the colossal magnetoresistddbR)  two interactions is the key issue. As shown below, the me-
(Refs. 1-4 has been discussed from both of these points ofallic screening of the JT el-ph interaction does not occur in
view. In this system the ferromagnetism is basically ex-contrast to the coupling between the breathing mode and the
plained by the double exchange modelHowever, the or- charge fluctuation. Coulomb interaction and JT effect col-
bital degeneracy of they-states is considered to be very laborate with each other, and it is concluded that JT effect is
important, and the orbital ordering or disordering is the cru-enhancedy the el-el interaction by comparing the two lim-
cial issue for the understanding of the CMR effécf its of zero and strong electron correlations. A similar idea has
Therefore two mechanisms have been proposed and studiéeéen proposed by one of the auttoirs the context of the
for CMR effect, i.e., due tdi) the Jahn-TellefJT) electron-  larged approximationt®=2°3% where the single-site model
phonon coupling andii) the electron correlation. In the embedded in the dymanical environment is considétda.
former mechanism, the change of the bandwidth due to theur knowledge the effect of the JT coupling in three dimen-
crossover from small to large JT polaron is the key mechasions has not yet been exploited so much, and we found that
nism of the CMR effect, and the JT effect is assumed to behe el-ph coupling which modulates the transfer integral be-
negligible in the ferromagnetic metallic stafe?° This pic-  comes relevant in both limits of the noninteracting and the
ture appears to be contradicting with the orbital orderingsstrong correlation limit. Another important issue is how the
which require rather strong coupling, surrounding the ferro-el-ph intereaction manifests itself in the spin stiffness ob-
magnetic region in the phase diagrahd'=33However, it served in neutron-scattering experimetit8ecause of the
might be the case that the metallic screening weakens thealf metallicity, the stiffness is roughly proportional to the
el-ph interaction and/or the el-el interaction, and only in thekinetic energy’® The polaronic effect on the kinetic energy
ferromagnetic metallic state both of them could be neglecteds therefore expected to appear as a reduction of the
although the Hund’s coupling is strong enough to polarizestiffness®’
the spins perfectly. On the other hand, several authors claim We first consider the noninteracting electrons with orbital
that the Coulomb interaction plays the important role in thedegeneracy with JT el-ph couplif§The single-band model
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where the charge density is coupled to the phonon can b diagram;

treated by means of the canonical transformation, leading tc {Qy
the reduction of the kinetic energy via the Debye-Waller

factor®® This argument is applicable to the interaction with

the breathing mode. However, this method cannot be generprepagator;
alized to the JT el-ph interaction with multiband electronic

vertices;

A Y
structure because it includes off-diagonal components with |yf'\ |y"\
respect to orbital indices. Due to this difficulty, it is hard to |y)/": |y}/®MM

apply the same argument as the case of the breathing moc _

et s FG: . Diagrams of h sffcnergy e 0 e JT racion

the kinetic energy and spin stiffness. Although many chan. orrepondlng to the_doubly _degenerate ort_ntals, there are two kinds
. . . of vertices and the diagram is composed with four-channeled propa-

nels contribute, each of which can be even negative, the reg'ator

sultant reduction in the kinetic energy gain is roughly pro- '

portional to the density of states at the Fermi energy, and Nag,, |imit is studied in Sec. Ill, and discussion and conclu-

a peak at arounch=0.6 andn=1.4, wheren denotes the sions are presented in Sec. IV.

filling of the e4 band. Without the Coulomb interaction, we

estimated the reduction of the spin stiffness constant due to

JT effect of the order of 3%, which is negligible. II. NONINTERACTING LIMIT

Next we consider the strong correlation limit by employ-  The JT interaction is given as
ing the effective Lagrangian which is derived as a projection
onto the polarized orbital staféIn this limit, the magnitude

of the orbital polarization has been saturated. Therefore one Hyr=9> [(ddja—d}ydjp) Qu;
might consider that the JT couplingrieducedby the strong !
Coulomb interaction. However, there remains the degrees of +(d;radjb+dJ'deja)'Qv i (1)

freedom, i.e., the direction of the polarizatiéwhich corre-

sponds to the shape of the orbjtalvhich couples to the JT With a coupling constarg. The spinless operator for the half
phonons. This direction is not determined by the on-site Coumetallic ferromagnetic phas#,, creates a spin polarizeg,
lomb interactionU, but by the double exchange interaction, electron with orbitaly [ =a(d,2_2),b(ds2_,2)] at sitej].
which is of the order of the transfer integrgl. Therefore Q, andQ, denote the normal coordinates of the displace-
even in the strong correlation limi —o, there occurs the ment of the oxygen iond\, (e=x,y,z): Q,=(2A,—A,
competition between, and the lattice relaxation enerdy —Ay)/\/g, QU=(AX—Ay)/\/§. Let us consider the kinetic
=g2/MQ? (g, M, andQ denote the JT el-ph coupling con- energy correction due to the JT phonon scattering with a
stant, the atomic mass, and the phonon frequency, respewo-band model,

tively). It is concluded that the kinetic energy correction,
AK~E, , without the small factof)/E even when the lat-
tice relaxation energ¥, is much smaller than the kinetic
energy~Eg. This AK becomes an appreciable fraction of . MO
K. Thus the strong correlatioenhancesthe JT effect, in = = 2 2

sharp contrast to the case of breathing mode where the Cou- + ; v Pit —57Qi-Qj FHyr 2

lomb interaction reduces the el-ph interaction. This is under-

stood rather easily. In the case of the breathing mode, th§t??, ;} are realistic anisotropic hopping intensities given in
Coulomb interaction suppresses the charge fluctuation WhilRéf_ 27.Q; is defined asQ,,;,Q, ). M, ©, andP; denote

the breathing mode induces it, i.e., these two interactionghe atomic mass, the elastic constant, and the canonical mo-

compete with each other, and the former suppresses the I‘B}Hentum of@i , respectively. For a simplified model without
ter. Furthermore th‘? met_alllq screening effect als_o SUPPTESSERiial indices, the canonical transformation is a standard
the charge fluctuatiofithis situation has been discussed in method to deal with the electron-phonon interaction, leading

the context of the vertex correction of the el-ph interaction "o the kinetic energy reduction by the Debye-Waller faéfor.
the physics of highF; cuprate®). On the other hand, in the The canonical transformation for the JT phonon has off-
JT mode case, where el-el and el-ph interactions coIIaboratg,

to induce the orbital pseudospin moment, the former en- |agonal eIemgnts_ with rgspect o orbital indices, QUe o
hances the latter and vice versa. Therefore ’there is no reasWhICh the application of this method becomes complicated.
: : . . : We therefore employ the perturbative calculation of the ki-
to expect the weakening of the JT el-ph interaction with the etic energyK up to the second order with respect to the
doping when the strong el-el interaction keeps the orbita oupling constang, as
C 1

pseudospin moment to saturate even in the ferromagneti
metallic state. . . _ K=Ko+AK, AK~O(g?). @)

The plan of this paper follows. The perturbative analysis
of the JT el-ph interaction for the noninteracting electronsAK is expressed by diagrams of the self-energy shown in
with orbital degeneracy is given in Sec. Il. The strong corre-Fig. 1.

_ ! T
H= 2 ti}jierzS'diydier‘,y’
i8,vy'

064413-2



JAHN-TELLER EFFECT AND ELECTRON CORRELATION.. ..

There are two vertices correspondingQg andQ,, scat-
terings. The propagator takes<2-matrix form with respect

to the orbital indices. Annihilation and creation operators of

the JT phonons are introduced as

1

Quo(D=\Zprq (Auo-e M +al, €. (@)

(ay,-e

With the momentum representation of the operatars
=(a,d),

E Cq(iw|)-eiqRifi“"T, iw|—>Z,

TN 3

il

©)

cj(7)

with Matsubara frequenciyw,, the propagators of electrons
and phonons are given as

907 (2)= = T(di,( 2y (D)5 -2

A7, A,
= vyl Tk —ik
[(z+ 1) oy, =&k’ 1, 7—=(H) =)’

=k =k
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FIG. 2. Corresponding diagrams of the terms in Ed).

AK
:E E vy 771( - 271 2( )- azy’(i )
29 kyy' Y172 o 9% @
' (10)
37w =——2 }g— f(2)[g; 7 %(2)
+9772(2)]- Dyfion—2), (1)

where the contouc surrounds the poles of the Fermi distri-
Y172 Y172

bution functionf(z). In Eq.(11), 9; (z) andg (z) cor-

respond to the scattering hy and v vertex, respectlvely
These contributions are represented by diagrams shown in

(6) Fig. 2.
Introducing a notation,
Di(z)= [T(aguw(2)a] »n(2) (v1v1) Y171 5 y
‘ 2NMQ A TRER S ) oty (0= 2 2 0 g7 (w9 ),
2 3
+T<a1q,u(v)(z)afq,u(v)(z)ﬂ (12)
1 1 Eqg. (10) is expanded as
=M |zt z—a) P2 (@ 1
AK 2 [eg? ey gaa(aa) o gab | (aa) ]
respectively. Theu andv modes have the same mass and Haaag T ek Laban T 26 Habiaa
frequency because they belong to the same irreducible rep- 1
resentation, and then the same phonon propagator. Here we += ghb (bb) 4 . bb | (bb) 4 5 ab |(aq)
neglected the intercluster coupling of the vibration and hence 2 ; L™ Nobiony * e {abian) + 261 1G5l
the wavelength dependence of the phonon frequency. Coef-
ficients A7, in Eq. (6) are defined as +§k: [ef® 1 ahaa + e 1 b
o g - E-g + 620 (12D +1 220 1 (13)
KT = (+ (=)’ -k —(+ —_—(=)"
BB E-E Three terms correspond to the contribution frong?,
i N Pb(=323% and 32°, respectively. Note that the upper
v — £k Y —k lower) suffi ' of 1717 means that the correp-
A= +)_=(-)’ AN =— +)_=(-)’ (®) (lower) suffix vy (v2753v375) P

sonding contribution comes from a diagram composed of a
with dispersion relations of the hybridized bands given as propagatorgknyn (QZnVn) for the statelk—q) (|k)) [when

one finds @b) in the upper(lower) suffix, that contribution
contains the hybridization during the propagation with the

=( ):_ 2 Y ¥
=k [(§k+§k)_ UE—80* T4, Ei=el—p. wave vector|k—q) (|k))]. In Appendix A are given con-
©  rete forms oﬂ(ym) .
(v275:7375)

The orbital index; is used asa=b andb=a. £23(=¢9),
Pb(=¢P), and &’
integrals between the orbitala)=|x2—y?) and|b)=|32>

Numerical results are shown in Fig. 3 with parameters

are the cosine dlspersmns Wlth overlap to=0.72 eV’ andQ=0.05 eV** The kinetic reductiom\ K

is calculated as a function of the filling

—r2>. With the propagators, the kinetic energy correctionPanel(a) shows the total resufEq. (13)] and partial contri-

AK is given as

butions due to ther andv vertices. The particle-hole sym-
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LY 0.14
- — T T T T T T T T T l_nxlo'ﬂ--'l'--|---|---|r--
& ol total -
0.1f 3
008} | -vertex |
oo6l" 3 L
\,,/ FIG. 3. Kinetic energy reduc-
0041 P-verex tion as a function of the filling
0.02 (a) ] n for noninteracting electronga)
Y Tre-a—— . 1_'otal result and partlal_ con_trlbu-
tions fromu and v vertices in a
n n - .
realistic two-band model witle,
anisotropy. (b) Result for one-
0.2 e and three-dimensional single
Dos band cases with breathing-type
0.15] —-_bos phonons.(c) Density of states at
the Fermi energy for givenn
o1l ] (lower n axis) in the system used
for (a).
0.0 i
() e, band
4 S 12 <1 o 1 2|8 4
E
n=0.0 a=20]_ n

metry with respect to the axis=1.0 is seen. The positive andN(eg). More intuitively, AK scales to the population of
definite result is obtained for the whole rangenofin order  electrons around the Fermi surfgceN(eg)] which is sub-
to understand the origin of thedependence in pldia), we  ject to the phonon scattering.

also calculate the simpler case with breathing-type phonons In order to see how each scattering process contributes,
and single band electrofEq. (A8)] in one and three dimen- we re-divideAK into several contributions as

sions, as shown in pané¢b). In this caseAK/E, roughly

scales to the density of states at the fermi leNékg) for 1

givenn (see Appendix B According with this expectation, ~AK=3 % (R 1 (a2an T 20> (Do)

the result has the minimurtmaximum at n=0.5 for the

one-(threej dimensional case. The positive definite result in 1 oo L (bh

plot (b) is consistent with the consequence from the canoni- 3 2 [ef 1 Gy T 20 | (]

cal transformation methotl. Though the expression for the .

realistic doubly degeneraeg casd Eq.(13) and pane(a)] is

much more complicated, thl%le result also seems to scale to the + 2 (e (132 + 1 Bl 1+ > (68 1800
density of states. For comparison, the plot of the density of X K

states in this case is shown in paitel. Values ofn giving

the peak and the dip in panela) and (c) actually coincide +eg 'Egﬁ?bb)HEk (2" (13D ar + 1 (e ],

with each other. As discussed in Appendix B, théwave

vecton points near the Fermi level contribute dominantly to (14
AK. Unless then dependence of each contributing value is o o

so sensitiveAK simply scales to the population of the con- @nd plotted each contribution separately in Fig. 4.
tributing k points and hencéN[er(n)] for given n. This The first, second, and third terms are coming frai?,
gives a rough explanation for the correlation betwaAdt(n) whereas the fourth and fifth froms}”. The latter contribu-

A 0.15 0.13 T T T

; PRSPAPERSS .

Ll —a\/ 8 R (A N ]

x < o

s L (a) G Ist-term 3 ) Sthterm 1 FIG. 4. Filling (n) dependence

o | T ,/ ] ' _f;::ﬂﬂ-'=ﬁ¥‘="—=ﬂ::§_ of each contribution defined in
M"‘“‘*’m dth-term Eq. (14).
a5 L ] 45 L ]
: 3rd-term

-1l 1 1 L 4.1 L 1 1
[ ] .5 1 15 2 ] | B3 1 1.5 2

It n
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tion is small compared with the former. The first term, which combination ZJ=28¢;— ng . After integrating out pho-
is diagonal with respect to the sufficeslofust corresponds  non coordinates, the effective action in terms of the figld
to the superposition of two breathing-type diagrams with gptained as

and v vertices, respectively(Remember the suffix rule of

(r171) . , B ,

mentioned before. The other terms arise due to — t _ t
(7275:7373) ¢ Sef= fo dT{JE djy(a‘r M)djyf E ) tfy,fy+5diydi+a,y'
the multiband structure and the JT interaction, which are ' 10, yy

sorted further into two classes. One cldi®e second and Z'BM(wﬁJer) .

fourth term$ corresponds to twice the inversion of the or- +EE _ 'l/f,*n'ﬂj N

bital state(correspondingly the off-diagonal orbital suffib n 2BM(02+0%)+g? M

appears twiceto come back to the original orbital staiike

a_—>b—>_a). Conse_quent_ly this class picks up the_ diagonal _Z’BE T—j'n.,;j'n, (17)
dispersione]” as its weight. The other clagthe third and i.n

the fifth termg with odd number the orbital indeab thus
picks up the off-diagonal Weigm[‘ilb (like a—a—b). Be-
causesfz‘b roughly corresponds to the energy scale of th
stabilization due to the band hybridization, it gives basicall
the negative contributior(stabilization of the energyas
shown by the behavior of the third term in Fig. 4. This sta-
bilization aroundn=1 is mainly attributed to the dip with
negative values of the “3rd term” seen in Fig(a} This
behavior is understood as follows. The third termad® re-
flects the stabilization of the lower band due to the repulsion

with the upper bandits magnitude istﬁ?+ 5 Such a stabili- Seﬁ:f dr
zation is most remarkable at the region where the hybridizing

two bands cross with each other. For the half filled case,

where w,=2wn/B is the Matsubara frequency for the

bosons. The phonon dynamics induces the retardation effect
&or the field ¢, which is represented by the, dependence of
Ythe second term in the above equation. Now let us assume
that the electron correlation is much larger than the JT cou-

pling, namelyB3>E, . It is noted here that we do not assume

E <ty namely the weak-coupling limit. Then we can ex-
pand in the JT coupling in Eq. (17) as

T "ogt
Z dj(d,— m)dj,+ 2 tfy,i)/+5diydi+5,y'
Iy i8.yy'

=1, the fermi level is located at the middle of the band- +BS |1- 9’ N
width, where the band crossing occurs, leading to the most in 2BM(M§+QZ) LnELn
effective stabilization. That is why the stabilization of the
third term is most remarkable aroumc=1. ~ > -
~2B2 Tin G- (18

IlI. STRONG CORRELATION LIMIT . . . o
Because we are now interested in the strong correlation limit,

Strong on-site repulsions i, orbitals can be written 45 B>t,, the magnitude of the orbital polarization is fully de-
veloped. This corresponds to the fi)deizj =pr=1/2, and we

- . .1 - T o
Honsite= — B2 Tj-Tj, T =5 > dlo,,di,, consider its direction only within thez plane because the JT
! 7Y (15) coupling prefers the real orbital statésThen ¢ is param-
etrized as

with spinless operator:fj is the isospin operator represent- .
ing the orbital degrees of freedom with2 Pauli matrices =y '(sing;,0,cos0)), (19
Eyyfz(oxw,,cryy, 00 ). B is a parameter of the electron-
electron interaction of the order of the Hubbard repuldive
This interaction induces the finite orbital polarization, which
can be represented by the Stratonovich-Hubbard (alital

with the phase angl®; being the only relevant degrees of
freedom. Correspondingly, the isospin is forced to be parallel

to 171 and hence the Grassman variam§§,d jy are replaced

- b
fluctuation field o1 as’ y
He=2 di(0,—w)dj,+ 2 07 ,dldiss,
Ea Tiay T dl. ={[]cos 6,/2), fIsin(6;/2)], (20
2
+> iﬁ, P+ EQ -0+ B2 with the spin/orbital-less fermion variabfé, f. Putting this
Tle2m 2 T expression into E(18), the kinetic energy term can be writ-
ten as

-2 T (2Ber-0Q). (16)

A % tiie o000 ) s, (21)
It is seen that the orbital fluctuation fielgr as well as the JT '
phonon@ is coupled to the isospiit in the form of linear  with the 6-dependent transfer integral,
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tiis ol 01,01 5)=ti, ;008 6,/2)cOK ;1 5/2) 8Se= 2 Aliwn)- # nihin
+122, ;Sin(6;/2)sin( 6 . 5/2) ™

+1i2, 5c0g 6,/2)sin( 6, 5/2) 2 % [AGwn)~A0)]- 600, . (27)

+t21, sin( 6, - . _ . .
i oSIN(0i/2)COL 61 52). - (22) Now the dymanics of the orbital is determined by the propa-

This gives the coupling of field to the fermion. On the gatorD(q,wy) defined by

other hand, the dynamics of thefield is generated through o2 w2
this coupling by integrating over the fermiof,f, [D(q,wn)] *=T11(q, 0,) + 5 ELTnQT (28)
wn
o - - - Here we consier the weak-coupling case, iEg>E,,
Ser= 2 T1(q,0n)- 0(d,0n)0(—0d,~w), (23 which is reasonable in the metallic hole concentration region

& n x>0.12 in manganites. In this case, the dynamics of the

where 6 is measured from the mean-field value, angeorbital is determined b)H(ﬁ,wn) and the characteristic en-
ergy is of the order oEg. Therefore we can replaae, in

H(ﬁ,wn) is the orbital correlation function of the fermions. Eos . .
Although the quantitative results depend on the details of thgq' (28) by ~E¢>{, and the correction of the propagator is

model and the orbital ordering to start with, the orbital fluc- (sz tht? order ofE, /rEAFK l\d/loreteﬁpzlljcnly tlhe rgduct;pn ?féhs
tuation has characteristic energy scale of the ordeEof INetic energy gal ue to coupling IS estimated by

i.e., the Fermi energy of the fermion which is roughly givenreplacmg Il in Eq. (24) by —InD in Eq. (28) as
by to-x%® with x being the carrier concentration. Further- E, - 0(0?+0%) E_ -0
more, there occurs no singular contribution from the low- AKNJ de- —= _ ~ ZL Cz-
energy region in three dimensions. Therefore the character- 11(q,w) we+Q

istic frequencyl%n and wave vectorg for I1(q,w,) areé  \herew, is the characteristic frequency of the orbital fluc-
~Eg, and7-x""/a (a: lattice constant respectively. Itis  tyation andw,~Eg. This energy correction quadratically
noted that these statements above and the following estim@-rOWS up with increasings./Q <1 and then saturates into
tion remain valid even if the orbital ordering is melted andihe |attice relaxation energf, =g2/MQ2 with w./Q>1.
the orbital liquid state is reahzeed. o Considering thaiw.~E>(, we conclude thahK~E .
The Hamiltonian consists only of the kinetic energy be- ¢ increasingE, (~ Eg), we expect the saturation effect as
sides the JT coupling term, and its expectation value is givegKNELEF/(EFJr E,) as is evident from Eq29).
by The above weak-coupling analysis will break down at
small x, whereEL<E, . In this case, the small polaron for-
N mation should be taken into account from the starting, and
<Ho>:i25 tii+6(60:=0,0i1 5= 0)(fi fis 5 meanfield the derivation of the effective action as in E@3) is not
' justified. This case is relevant to the insulating region at

1 smallx in manganites, but is beyond the scope of the present

+ ,El,iinmﬁ qu INTI(q,w). (24 study.

(29

. . IV. DISCUSSION
Now let us analyze the correction term due to the JT inter-

action We now compare the results for the noninteracting and
strongly interacting limits. The order estimation &K ,_
2 for the noninteracting limit is as follows. A rather compli-
8= — E 9 ) IZ* 1/7 cated form of the noninteracting result, E¢E3), (A3), (A6),
¢ fn 2M(w2+Q?) orn and (A7), roughly takes th&) dependence as
S Ao 7 0 |1
= A(iwn)'wrn‘pj,n' (25) AKy—o~tp- . .
I VROl M) (te+0)2
The differential operatoA(iw,) on sz,n leads to the dynam- — 9 1
ics of the phase angle, 6; through the component O MO (to+Q)?
- - Qft
(0% - (00) = - (9,6)>. (26) : (30

=B Trang?

Hence the contribution to the dynamics @field due to JT  The dependence is hence a kind of perturbative forms with
coupling is given by the intermediate energy denominatort34 ()2 and the ver-
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tex g/VMQ. The small factof)/t, comes from the fact that hanced by the strong correlation. Even though the small po-

only the states with the energy window() near the Fermi laron formation is incompatible with the experimental re-

energy is influenced by the el-ph interaction. More explicitly, sults, the reduction of the spin stiffness is an appreciable
fraction in manganites, where the strong Coulomb correla-

AK B AK/E_ 3 (value picked up from Fig. ¥4 tion is present.

Ko KolEL Ko/EL (3Y)
E, can be evaluated as0.6 eV from the literaturé® With ACKNOWLEDGMENTS
Kp~2.16 eV in our caluculation, and the valu.1 in Fig. The authors would like to thank A. Millis and H.
4, we getAK/Ky~3% as a lower bound. Yoshizawa for their valuable discussions. This work was

On the other hand, in the strong correlation limit, the ef-supported by Priority Areas Grants from the Ministry of Edu-
fect of Fermi degeneracy and the small fadibt, are miss-  cation, Science and Culture of Japan. R.M. was supported by
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E, . This means that the strong correlation enhances the JYoung Scientists during this work.
effect. It is reported that the observed spin stiffness is well
reproduced even semiquantitatively by mean-field estima- APPENDIX A: EVALUATION OF EQ. (12
tions without considering the el-ph interaction discussed
here®’*8 This means that there is no small polaron forma- :
tion, which gives an order of magnitude suppression of the€l-energy expressi
spin stiffness. However, one should not take this agreement 9 f(&e_ o) +N()
as the evidence that el-ph can be neglected. Our conclusion EE(Z): > cal: —
is that the strong Coulomb correlation enhances JT coupling, 2NSMo’q z= &g
and even though the small polaronic effect is absent, there f(£e_o)+N(— o)
should be an appreciable reduction of the kinatic energy and — 4 —
spin stiffness due to the JT coupling. z— &g

In summary, we have studied JT el-ph effect in three di-
mensions with and without the electron correlations. Without => (2, q), (AL)
the Coulomb correlation, the reduction is calculated in terms q
of the second-order perturbation theory in the el-ph couplingthe JT type self-energy E411) can be written as
In this case, the doping dependence is mainly dominated by
the density of states at the Fermi energy. It is shown that the

With  oy(z,é4) defined by the breathing-type
as

2

Y vy Yy, =(+)
kinetic energy is always reduced by the JT el-ph interaction 2 (2 % [(ALk-qTALk-q) 0k(Z:Ek-0)
even if the off-diagonal processes in orbital indices are taken .
into account. The reductioAK of the kinetic energy is +(Az7l'(_q+AZV_{(_q).gk(z,E(k:)q)], (A2)

estimated asAK/K~E Q/ty=3% in this noninteracting ,

case, which is a negligible effect. In the strong correlationwith coefficientsAX?, defined in Eq.(8). N(w) represents
limit, we have derived an effective action to study the el-phthe Bose distribution function. The notatigfy ') is defined
interaction. The small factof)/E¢ is missing even if the as &' P=¢")+Q. Substituting Eq.(A2) into Eq. (12)

bandwidth remainsEg>(), and el-ph interaction is en- leads to

(v171)
(v275:7373)

- =
=

22 a2 g (2 (1) E(0) =) Y1Y1(F) A Y2V A ¥3Y3 (i
92/2NMw qul AJr'szJr'ks'l];'(‘—‘k v =k n—fk—q)'f'Ek*q1 A,;kZA,;k?’.\]f(,_,

~—~

YIYe(F) A 279 A ¥3¥5 1 = ¥171(F) A Y2Vh 5 V37V4 =Z(H) =9(-) =(+)
+(Ek_q1 A+;k2A—;k3+Ek—ql AN W (2D B B

¥171(=) A Y275 5 V375 —(+) = —(— Y171(=) A Y275 A Y375 =(=) =(-) =(-
TELY AZCAL (B BV BICH BT CAZRARR W(ED BBy

+(EPIOI AT AT IO ATEAT ) W (B, B B, (A3)
where we defined

y171(E) _ Avm "
Ek—q _Ar;k—q+At;k—q’ (A4)

[the first(second term corresponds to the scatteringy(v-) phonon, respectively, as in Fig]. FunctionV is defined as the
integral
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oW(z,&2)

VD &0 620 = §o - 1(2) ,
(z— M) (z— &P 1) 22 23
" “ (A5) lP( i gﬁ—q ):

(1) 2
2 &, )

corresponding to a diagram shown in Fig. 5.
FIG. 5. Diagram corresponding (£, £, £2)).

Depending on the degree of the pole, it is evaluated as

WD) #2) £3) (3) f(e) f(&2)
(68 A= I8 ™ §<3‘w>><§£1>—§‘k2>>+( O eI E3 )
G T, f(&)
e - ) (60— 3 NED-67)
(&) ST A6
e =) (€ — ) (e — ) "o
for £+ &2 and
(&) (G &) — TG+ (&%) — (&) (§— &) — F(&) + T
W (€ &k k-q) = F(Ek—q) m +f(&k—q) -
e e (6 &2)° . (667
——f(§>[f<§ V(6 P{;%f_@ ()P ;H
A e N O T e
+f_(§)[f(§ V(&) P ;]H_(g (&%) P{;“
U e a?] T YT s ay)?
= (WAL wE), (A7)
|
wheref(&)=1-f(&). With notations here, the expression APPENDIX B:
for the simple breathing-type case with the single band PROPERTY OF THE FUNCTION W IN EQ. (A7)
systent! is expressed as . .
For the simplest case with single band electrons and

breathing-type phonons, E¢A8), the filling dependence is
2 determined bys, [ — & V (k. €k, ék—q)]. Each term of the
9 (A8)  function \If(gk,gk,gk_j) in Eqg. (A7) contributes when the

AKS= e D) [ =i W(ée b)) ( when
kg states £y), |€k—q) and|&x—q* w) are in such configurations
3 (o= |z}
oz < pral
i f AR R | 'fl ,\;
&1y - @} |_’>_> -— |,;H_;)
A ] )
1st & 2nd terms; i eoccupied 3rd & 4th terms;,l; cunoccupied |§ F|>G' 6. SOnguritIO;lS 0|f§("j>’
k—g) an k—gEXw) under
which each term of Eq(A7) con-
|E‘1 + m: [} ||Eig - @} &3 ey |l tributes.
RSy e Y WW\W\
b | ke A e} [ + 0} e - o) ®
Ist term 2nd term 3rd ferm <41t ferm
@
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#0_ g2 {f(ri-,)}(i-".)f{ G;_—lg_ﬂj}f(é«)‘(ﬂ) F{ @ _;_"jﬂ

T L dpoteihesoles]
' & ﬂi{fﬁ Ye )P[(ﬁ-'i'i) )8 €-&) FIG. 7. Behavior of each con-

3rd term #th ferm

g b — e — - — 1§ +a) - tribution of terms in Eq(A7) as a
— .. &, &_‘ function of §,_,, for fixed k.
Ist term e 2nd ferm - : k-g
(@) N R )
as shown in Fig. @). For given and fixed, the contribution It can be written a§(f”4): — {2+ 55, with a small de-

due to each term behaves as shown in Fig. 7 as a function fation 5S, which reflects the difference between the band
£x—q. Notice that the first and the second termisil?) are  \rature atik) and|k) shown in Fig. 6b). S, vanishes
exclusive to the third and fourth term&{3;”). Introducing  when the system is half filled where the Fermi level locates
a notationk=k—2kg [see Fig. @)], Eq. (A8) is evaluated at the middle of the band. Equati¢B1) is then evaluated as
as
ARSI~ > [(pt EOSEPH (k- &)
AKSingleNE 8k"1’(kld2)+2 Sk"l’(kgd4) reoceupied
ka Som X(=8+650]

— (12, — (34)
o o VRT3 WG 2 S A 2

keoccupied keoccupied

_ (12), — (34 with a small 5K compared with the first term. Becaugg
_keo;upied(sk'sk eSS, (B1) <0 for occupied states the result has therefore a definite
sign. From Fig. 7, it is understood that the contributions
where S{"?>0 and %<0 are the quadratures of the mainly come from the vicinity of the Fermi level. It thus
shaded areas with signs depicted in Fig&) &nd (b), re- means that the result scales to the density of states at the
spectively. Fermi level.
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