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Temperature dependence of electronic states in theJ model
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The temperature dependence of electronic states itr hmodel is studied in the moderately doped region
by use of the composite operator method. Self-energy effects are included in two-site approximation. At higher
temperature, the density of states shows a two-peak structure, and the coherent peak at the Fermi level
increases its intensity with decreasing temperature. The peak at the Fermi level splits into two peaks with
further decreasing temperature, corresponding to the electronic excitations from spin-singlet and -triplet states
of the nearest-neighbor electrons. Electronic excitations from the singlet states form a narrower band at the
Fermi level. This may relate to the spin gap formation observed in Tjghsuperconductors.
[S0163-18296)02544-1

[. INTRODUCTION comparison with recently accumulated results of numerical
simulation®*~*13which still are severely restricted in cluster

After the discovery of highF, superconductors, under- size and temperature. Then use of approximate analytical
standing the electronic states of highly correlated electromethods can be extended to regions which the simulation
systems has become one of the central issues to clarify theannot cover. Recently we have developed a self-consistent
mechanism of highF, superconductivity. Among many treatment based on the equation of motion, the composite
models, thet-J modé? is regarded as one of the simplest operator method* =38 In this method global properties of
which describes some essential features of those materialsropagation are treated by mean fields felt by electronic
This model has been extensively studfehd is known to be composite excitations, while self-energy corrections and
understood reasonably well by the Heisenberg model at thivo-site correlation of mean fields are evaluated by two-site
half-filling; at high hole doping it is most likely described by local level transitiond§2*3In this way we can combine local
a normal Landau Fermi liquid. For the region of moderateproperties, especially those of the local-spin configuration
doping relevant for superconductivity, the motion of holesand global electron propagation, self-consistently. The
and the dynamics of spins strongly interfere, and a selfmethod was applied to the Hubbard motfet® and the re-
consistent treatment of both effects becomes essential in osults produced behavior very similar to that obtained by nu-
der to understand the phenomena in this region. In experimerical simulation. The composite operator method has the
ments, many crossover phenomena in temperature armtvantage of describing crossover phenomena, since the
doping have been reportéd! It has been pointed out that electronic excitation is described by a certain combination of
one of the common features in high-superconductors in composite electronic operators. There, a crossover is de-
the low-doped region is the appearance of the so-called spirscribed as the phenomenon in which the weight of some
gap phenomeria®? before the critical temperature of super- operator is shifted to another operator. Also, the operator
conductivity. It is necessary to clarify whether or not a vari- expansion gives an expansion scheme in terms of the weight
ety of crossover phenomena in doping and temperature isf the operator multiplied by coupling constants. By choos-
expected in the-J model due to the nonlinear effects be- ing a suitable set of operators, one can reduce the weight of
tween the hole motion and spin fluctuation, and to investithe residual interactions, leading to a reasonable treatment of
gate, in relation to the mechanism of superconductivitythe residual terms as perturbation. Further, from the evalua-
whether or not such a crossover phenomena of the spin gafn of contributions from two-site level transitions, it is eas-
is a necessary precursor for superconductivity, at least in thi¢y seen what kind of local excitations play a dominant role
low-doped region. with doping and temperature.

Many analytical approaches to treating highly correlated In this paper we investigate the temperature dependence
electron systems have been proposed, such as the Hubbarflthe density of states in thieJ model in the moderately
approximationt> the noncrossing approximati¢NCA),**~2®  doped region. It will be shown that a coherent peak at the
slave boson methotd[*® d, method?®?® and their Fermi level increases its intensity with decreasing tempera-
combinatior?*=2> as well as projection operaf8r®® and ture, and this coherent peak splits into two peaks when tem-
composite operator methotfs.>®However, it is a hard prob- perature is further lowered. The tendency of the two-peak
lem to judge the reliability of their results due to nonlinear structure around the Fermi level at low temperature is also
effects essentially involved in this problem. One way toseen in the results of numerical simulation in Refs. 39-41. It
judge the validity of approximation methods is through awill be shown that this crossover originates from the forma-
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tion of spin-singlet states between nearest-neighbor elec- The equation of motion for the electron operatoris
trons. This may relate to the spin-gap formation observed igiven by

high-T, superconductors. A relation to superconductivity

will be discussed. 0

= — .~ tRRa e =Ra af =
The program of this paper is as follows. In Sec. II, we | = Co=€C,— tr(B'BC,+ FsF ,C5) +23S%(0C)
present the formulation of theJ model in the composite _ _ _
operator method. In Sec. lll, the two-site mean-field correla- = €C,—tr(1—zn+ 09" +2JS*(0C),,, (2.9

tion and self-energy are evaluated in the two-site approxima-
tion by use of the resolvent method. In Sec. IV, the resultdVnere
from the self-consistent calculation is presented. Section V is
devoted to concluding remarks. Some necessary formula are
presented in Appendixes A, B, and C.

tp=A4t. (2.10

The level operators satisfy the equations

Il. ELECTRON PROPAGATOR 9 _
_ _ . i — B=egB—trCiFyq (2.10)
We study thet-J model given by the following Hamil- ot
tonian:
and

H=23 THiT,()—t > CH)T,(1)+TH(i)E, ) v _

o (Do | = Fo=er,Fy—taBE+20S(0F),, (212

+J<izj> S(i)- (). (2.1)  where the summation over the spin indeis understood and

o o o the level energiesg and e are parametrized as
Herei indicates theth site and the summatiaf,j) is over

the nearest-neighbor sites. The oper&@y is the spin op- eg=—¢€ (2.13
erator of the electron, which is given, by use of creation and

annihilation electron operators at tha sitecz(i) andc(i), and

asS(i)=%EW,CZ(i)(o-)W,CU,(i), with (o)., being Pauli

matrices. The electronic operafog(i) is an electron anni- er, =0. (2.14
hilation operator restricted to the transitiom(i)

=0-n(i)=1 with n(i)==,¢/(i)c,(i), and is given by The equations for two-site level operators are presented in

T, () =c,()A—n_ @) with n,(i)=cl(i)c,(i). We in- Appendix A.

troduce an abbreviation, for examp, which is defined by S(wk) is expressed 45 %

T (x)= f d?y a(x,y)c(y), (2.2) 1

) S(w,k)=P(k) wP(K)—m(K)—om(w.K) P(k). (2.15
a .
a(X,y)= 22 f d?k &k Yq(k), (2.3 The normalization matriP(k) is given by
where P(k)=F.T{¢(x), 4" (V)}), (2.19
a(k)=3(cok,a+ cok,a), (2.9 with ¢ being concerned electron operators and F.T. indicat-

ing the Fouri f h fietdk
and a is the lattice length. We introduce level operafdrs ing the Fourier transform, the mean fiefulk) by

B(i) andF (i) which describe the creation of=0 and 1 P
levels at theith site, respectively. The operat@(i) is m(k)=F.T.<[i — w(x),¢*(y)]> (2.17
bosonic andF (i) is fermionic. By use of them, the spin at

operatorS;(i), the number operator(i) and electron opera-

tor c,(i) are expressed as and the self-energym(wk) by

. . . T
Si(h=zF'(DHaiF(), 29 5m(w,k)=—iF.T.<R i%l,// (i %w) > . (218
n(i)=F"(i)-F(i), 2.6 |
with the subscript 1" indicating an irreducible part. It
and should be noted that expressi¢n15 guarantees the sum
T, (1) =B()F (i), (27 ues

Here g; is the Pauli matrix. Note that we have

f dw(—%)lmS(w,k)ZP(k) (2.19

_rtiR( tevE (i
1=B (.)B(|)+§ FI)F,(). (2.9 and

In the composite operator method, the electron propagator
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1 1
J do w(—;)lms(w,k)=m(k) (2.20 FB’Azﬁ(FB’—BF’), (3.2
under the conditiom(w,k)—0 as|w|—.
We consider the paramagnetic phase, and cho@se)s in ) 1 , )
Egs. (2.16—(2.19. In the t-J model given by the Hamil- (FTFL)Szﬁ (F1F+FF), 3.3
tonian (2.1), the normalizatiorP is given by

d
P=(1-%n), 223
and the mean-fielth(k) is expressed as , 1 , ,
P (F(Fa= 5 (FiF[=F FD, 3.4
m(k)=mg+m;a(k), (2.22
where where o.perators.without the primg are for thgoint, and
those with the prime are for the point. Let us denote those
mo=eP—mg (2.23  level operators in general ds, . Modification of these levels
d from the surrounding system is evaluated by the
an resolvent**3 of @, defined by
= —tr(P2+ 6P+ J6P,, 2.2 , ,
M= ~R(PTH 0P+ JoP, @29 Ruft=t) = (O[R® (DD (t)]0))r
with 3
TR0 (D D (1) T|0))e AR ,
mg = tr(C7CT) - 2J(S*-9), (2.25 = Tre P7R] o(t=t")
SP=(Lonon+S. S, (2.26 39
and with |0)) being the local state vector with=0 andn’=0 on

the (x,x’) site. HereHg denotes the Hamiltonian for a sys-
5P,=3(Cch. (2.27 tem other tharx andx’, which we will call a reservoir sys-

tem for convenience. The spectral functiof(w) of the
The dynamical correction of the self-energy is evaluated(esowentan is defined by

from
i )
sm,=(R3j ,8i 1), (2.28 an(t—t')=z J do e'"'Ryn(w), (3.9
where
1
8j,=—tr((B'B+F!F )co+F! F.c* ) Tam(@) = = — IMRyn(w). (3.7
+2J(0S5C,+2S% € ;) —agC,—a1Cy, (229 e also definar,(w) by
with — _
onmlw)=¢ Bwo'nm(w)- (3.8
a0=—m’5/P, a1=m1/P. (23@

Since®,, satisfies

In the expression of the mean field2.25 and (2.2
there appear the thermal expectation values which are not
able to be obtained from the electron propagator under coRye have
sideration. Since they are related to operators in two sites, we
evaluate their contribution by considering level transitions in 1
two sites. We also evaluate the dynamical correction of the Ram(@) = (m) , (3.10
self-energydm(w,k) in the two-site approximation by con- nm
sidering the time delay of two-site level transitions. For suchyhere E.m is the energy of each level, arfil,(w) is the
purpose we use the resolvent metdavhich will be pre-  self-energy of the resolvent. The level energies are param-

(0], @ |0)) = S, 3.9

sented in Sec. lll. etrized as
Ill. RESOLVENT FOR TWO-SITE LEVELS Egg= —2e, (3.1)
In order to evaluate two-site correlations, we consider the Erg,=—€—t, (3.12
nearest-neighbor two sité%,x’) as a representative cluster.
The orthogonal basis of level operators for this subsystem Erg,= —€+t, (3.13

areBB’, FBg, FB,, F,F,, (FiF])s, and F,F ) with

1 Err=17J, (3.19
FBL=—— (FB'+BF"), (3.

J2 and
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Ece =— 3] (3.19 With these two-site occupation numbers, the one-site occu-
FRam 4% pation numbeng (=(B'B)) andng (=(F'F)) are obtained
where we set the energy of the level with J=0 as the from
origin of the level energy as in E2.14).

= T 4
In the evaluation of the self-energy, we consider the ng=(B'B1")
one-loop correction arising from electron hopping and from =1(Ngg.+Npg. )+ Ngp (3.27
two-site spin correlation. For example, the self-energy of S A
FF, is obtained from Eq(A6) as and
Ne=3(Nep t Nee, 2 (Mgt NEg,)- (3.28

Ser ()= f dr(1—t e (W) Reg (0—
FFA(w) re( F(K))(pCRS(K) FBS(w ) The electron filling number is given by

+PERA(K)RFBA(00_K)+332¢A(K) (n)y=2ng. (3.29
XRep (0= k), (3.16  Quantities related to two sites are obtained as
where f(k) is the Fermi distribution function, and 4(SS") =Ner — 3Nk, (3.30
p’gRA(K) and p’C'RS(K) are spectral functions of electron .
propagators in the reservoir systeégr, and Sz  given by {nn >:nFFS+nFFA’ (3.39
P B T, e 5P:l - -1 2, 3.3
Stry(@) = FTHRE-T)@-T7 )y (317 = ENeeg = Ner, = 200 (332

and
and

L 8P,=3((FBA)'FB,— (FBY)'FBs). (3.33
Ser (@) =F.TA(RE+¢*)(Tr*+T*))s, (3.1
CRS( ) 2(R( ) D, (318 The correction terndm(w,k) is evaluated in the two-site
and ¢, is the spin-correlation function of the reservoir sys- approximation as

tem SM(w,K) = omy( @) + Smy(w)a(k),  (3.34

Pa(0)=4AF.TH{(S*—S*),(S*~S")Pr, (3.19  wheredm, is related to level transitions on the equal site,
o ) while dm, is related to transitions across the two sites. They
where the subscripR indicates the reservoir system. The gre evaluated by extracting the concerned two sitesdx’,
approximation used to evaluate the electron propagators anghd by expressingj in Eq. (2.29 in terms of transition

spin fluctuation in the reservoir system is presented in Apamong two-site levels. Let us rewrit, in Eq. (2.29 as
pendix C. Mixture of the spin-singlet and -triplet states in the

self-energies occurs through spin-flip induced by the spin . +
interactionJ in the Hamiltonian. 510_% 2nm®PrPm (3.39
Now we can evaluate two-site mean fields and the dy-
namical correction of the electron self-energy in the two-siteand
approximation. First, we define the quantEy)n by
Sj ;,=Z,n a, D, (3.36
Z‘I’n:f de Ton(@). (320 where®,, is the complete set of operators for two-site levels,
and the coefficienta,,, anda,,, are given in Appendix B. In

Then we have . . .
the noncrossing approximation, we have

Z:ZBB+ Z(ZFB +ZFB )+3ZFF +Z|:|: . (32];'
S " S A 5m0(w)=z-1f de de’ X anm@li

The two-site occupation number for each state is given by nmn’ m’

nBB:ZBBzfll (3.22 XUmm'(K)O'n’n(K )+0'mn?/(K)0'n'n(K )
w—Kk+k'+id
nFBSZZZFBszila (3.23 (3.37
1 and
Nep,=2Zpg,Z (3.29
5m1(w)=2*1f dk d«’ E a a*,’ ,
I’IFFS:?’ZFFSZ_:L, (3.295 nmn’'m’ e
and XO'mm'(K)O'_n’n(K,)+0'_mm’(K)0'n’n(K/)

w—k+k'+id
nFFA:ZFFAzil. (326) (33&
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FIG. 1. Temperature dependence of the density of states.

We have fixed all functions appearing in the composite op-
erator method within the two-site approximation.

In the present approximation, the propagation of elec-
tronic excitations in the system is expressed by the propaga- FIG. 2. Spectral intensity ak/t=0.05.
tor S(w,k), which is a function of the occupation number
(n), mean fieldamz, 6P, and §P;, and dynamically cor-

rected two-site self-energign,(w) andsm,(w). For given  1he Fermi level(FL) is chosen atw=0. Temperature is
(n), 8P, 6P,. dmp(w), and omy(w), we can self. changed ad/t=10,02,0.1,0.05. AT/t=1.0 and 0.2, the

consistently determine andmz from DOS has a two-peak structure, a large peak arownd=
—2.5 and a narrow peak around the Fermi level. The former
peak originates from the Van Hove singularity in the two-

(n)=(C™c) (3.39  dimensional model with the nearest-neighbor hopping. The

narrow peak at the FL increases its intensity with decreasing

and temperature. Further decreasing the temperatlife=0.1

and 0.03 causes an additional narrower peak to develop at

the FL. This narrower banttoherent bandranges between

o/t=-1.0 and 1.0, and corresponds to the band near the

When the propagator is obtained, we can evaluate the irrd-6"Mi 1evel reported in Ref. 39. In Fig. 2 we present the

ducible propagatorSzg (@) and Szg (), with respect to spectral function—(1/a)ImS(w,k) in theI'-M direction[i.e.,
. S . A : the (0,0)-(w/a,w/a) direction for T/t=0.05. The band-

the nearest-neighbor two sites. Then two-site resolvents aredth of th h band identified f h K di

self-consistently obtained, from whichdP;, 6P; and width of the coherent band identified from the peak disper-

Smy(w), omy(w) and two-site spin fluctuation in the non- sion is about 0.8 while Ref. 39 gives about 20The slave
crogsin, a 1roximation are evafl)uated This gives a totaIIboson methof gives 86/2+0(39)~0.8 (6=1-n
9 app ‘ 9 )8 0.125), close to the present result. The smaller dispersion

self-consistent scheme. We determinim the resolvent and . . i .
¢ in the propagator independently for a giv@m in order to and Iess.mtensny of. the coherent bqnd gnd a larger intensity
for the high-energy incoherent contribution may be due to a

guarantee thafn) has the same value both in the calculation

of the propagator and resolvent. We regard that such a difﬁggnger local nature of the NCA in the present approxima-

ference appears due to the difference of the approximation In order to understand the above crossover of the DOS at

tsrfgtetr)?) ?hb\?;miin;?ecile?;ilg?:rant values. The result Shovﬁe FL, we show the spgctrgl functions of variogs r(_asolvents
' for temperaturel/t=0.2 in Fig. 3 andT/t=0.05 in Fig. 4.

The electron self-energy receives contributions from transi-

IV. RESULTS tions among those levels, and it can be seen from Fig. 3 that

nearly zero-energy transition, which is the origin of the

The propagator and resolvent are self-consistently SOIVeﬁarrow peak at the FL, is induced by the transitions between
by use of the formulas presented in previous sections. In thi|§B and (FF,, FFo) 'In this calculation we have a bare
paper we investigate the moderately doped region, and Pg; S A .

rameters are fixed as=0.875 andJ/t=0.4. In Fig. 1, the ansition energy in the resolveat —1.89(e=~1.83 in the

. . , ropagatoy, and a lowering of the level energy f61Bs is
temperature behavior of the density of sta@®S), o(w), is iFr)1dLE)cegd b)); the continuum%ontribution formeénl/)y (Iﬁeé
presented, where A

FFg) level and th&-hole excitation. Recalling the noncross-
ing approximatio*~®in the Kondo problem, we can say
_ i) ImS(w,k) 4.1) that the appearance of the coherent peak at high temperature
iy T ' is very similar to the case that occurs in the Kondo effect.

o/t

Mz =tR(CCT). (3.40

a2
o1~y | 4
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FIG. 3. Various spectral functions for resolvents for two-site
levels atT/t=0.2. FIG. 4. Various spectral functions for resolvents for two-site

. . . levels atT/t=0.05.
Electron spins of occupied states are thermally fluctuating,

and the spin of a hole is shielded by the surrounding spins;

that is, the narrow peak is due to the spin-dressed hole propgoped region. There appears a crossover of the density of
gation. When temperature is decreasedTas=0.05, the states near the Fermi level with decreasing temperature, and
weight of FF 4, which is the singlet state, increases, whilethe coherent peak at high temperature splits into two peaks
the FF¢ state(the triplet statg continues to have a broad with lowering temperature. From the analysis of two-site
spectrum. The spectrum éBs is also sharpened, which is |eve| transition, we may be able to interpret this coherent
due to mixing with the continuum formed withF,. Be-  heak as the result of holes dressing with spin fluctuation. The
cause of this dominance of the singlet states, the tWo-Sithy\er peak developing at lower temperature originates
transition produces a two-peak structure: one originates frorﬂom the formation of spin-singlet states in nearest-neighbor

the transitionFF ,—FBg, and the other fronFBs—FFg. - L .
The former is thé originsof the sharp peak at theSFL in Eig. L_electrons. The splitting energy of the spin singlet and triplet

and the latter produces a broad peak at about energy scald%0f orderJ, and the band near the Fermi level is formed
J above the FL, which is the energy necessary to break th@ainly from the transition from the spin-singlet state. This
singlet bonds. This tendency of the two-peak structure at th@ay relate to an observation of the spin gap in a high-
Fermi level at low temperature is also seen in results of nusuperconductor, since it naturally relates to a diminishing of
merical simulations in Refs. 39—41; the bandwidth and thespin freedom in the local sense. If the essential scenario of
positions of the peaks are roughly equal, though the strengtbuperconductivity is hidden in the&d model, this result
of the intensity is different. At low temperature, occupied gives an interesting indication in the mechanism of high-
electron spins start to form spin-singlet states, and the holsuperconductivity. In the present analysis, the formation of
motion is changed to the excitation from such states. the nearest-neighbor spin-singlet state is related to the anti-
From the analysis of this paper we conclude that, in thgerromagnetic interaction. Local properties of two-site sys-
moderately doped region of titeJ model, the hole motion  tems are affected by the surrounding system, while the total
near the FL shows a crossover from a spin-dressed hole sta§gstem is controlled by properties of the transition among
to excitation from the spin-singlet state with decreasing teMioca| |evels. The difference between effects from the sur-
perature. rounding normal state and the superconducting system ap-
pears in the contribution from the nondiagonal electron
propagator, which induces mixing among levels with a two-
In this paper we studied the temperature dependence @&lectron number difference in the superconducting state.
the density of states in theeJ model in the moderately Such mixing occurs between the blank leBB’ and the

V. CONCLUDING REMARKS
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spin-singlet leveFF  of two-site systems in the-J model. ACKNOWLEDGMENTS

Therefore the appearance of the spin-singlet formation is a ) .

necessary precursor to allow further lowering of the ground- The authors would like to express their thanks to S.
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APPENDIX A: EQUATIONS FOR TWO-SITELEVEL OPERATORS

The orthonormalized basis of a two-site level operator is giveBBY, FBg, FB,, FFg, andFF,. The equation of
motion for these level operators are given as follows:

. J ’ ' tR ~ta | =ta’ ’ tR ~ta _~<ta’ '
| 5t BB =2eaBB ~ % @7+ T )(FB)s~ (€T )(FB)s, (A1)

A 7

. d tR =~ =/ tr ~ tR i s
. " o— _ 1 N o~ ay ga r_ R~ ta__=ta r_ R ta _ =ta ’
| ot (F(rB )S (GFB 4tR)(F(rB )S \/E (C(r Co' )BB \/E (E(r C(r )FUFU- 2 (C—()- C—(r)(F(rF—(r)S
tR ~ta ~ta! ’ v o} , o =~ ,
—I—E(CL,-l—CL,)(F(,F_U)A-i-ZJ(S +S )(0) 4s(FB')s+2I(S*—S* )(0) ys(FsB') A, (A2)

. d tR =~ tR = = tr ~ i~
i — (FyB')a=(erp+ HR)(F4B')a— —= (C*—TY)BB'+ — (CI*+CT!*)F,F. + = (' +T'* )(F ,F_
— (FoB)a=(erg+ itr)(F,B')a ﬁu ) ﬁu FOFF ot 5 (€15+T%)( o)s
tR —~ —~ T ’ ~ ~ f ~ ~ f
=5 (1Tl ) (F R )at20(ST=S7)(0)5(FB)s+2](S"+57)(0) os(F B ). (A3)
i CE (2ec+ LJ)F F/ = (C“—T*\(F B )+ tr (C“+T*\(F,B')
I_ g 0': € 1 (o8 (T__ C(T_Ca' g = CO’ CU’ (o
ot FT4 \/E S \/E A
+23(0(S5+ S5 )F F L+ 2(S*, +S% ) (FF. )s— V2(S®,—S* ) (FoF ) a), (A4)

H & ’ 1 ! tR ~E "“E' ’ tR "“E ~E’ ’ tR “’E "“H' ’
| E (FUF—U)S:(26F+ZJ)(FO'F—O')S_ 5 (CO'_C(T )(F—(TB )S+ 5 (Ca'+co' )(F—O'B )A_ 5 (C—(T_C_(T)(FO'B )S

t ~ ~! - =~ -~ ~1 ~ ~
+ ER (C% ,+TY ) (F B )a+23(a(SI—S§ )(F F L )at V2(S¥ ,+ S )F_ FL +\2(S¥+SY)F Fl),

(A5)

. 9 : s , Rz~ N R L :
I a(Fa'Ffa-)A:(zeF_Z‘])(F(rng-)A_E(Cg-+cg- )(Ffo'B )S+§ (Co'_c(r )(F,(,.B )A+E(Cfo+cfo')(F(rB )S

t ~1 ~ ~ ~ ~ -~ ~
o (&~ )(F B )at 20(0(S— ST )(F FL ) V2(ST,— ST )F_ FL,—\2(Si— ST F,F)).

(A6)

APPENDIX B: TWO-SITE DYNAMICAL CORRECTION

The self-energy is obtained by evaluating the correction arising Bpmiven in Eq.(2.29. By choosing a representative
lattice (x,x"), from §j ,(x) we have
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8 ,(x,x")=—tx(B'BB"'F. +F!F ,B"F/ +F' F,B"F" )+JI(B'F,FI'F.-B'F F' F  +2B'F_,FI' F!)

-0 o

-0 g —o' —o

—aB'F,(B"'B'+FI'F/ +FT F' )—a;(B'B+FIF, +F F_,)B'F

-0 —O0

=appre (BB')'(FBs),+agsre,(BB') (FBA),+ aFBSFFS(FB,s);FFé(r"‘ aFBAFFS(FB,A)LFFé(r

1 1
T ’ 2N ’ 1 ’
+ _\/E arpfrr(FBg) - ,(FFg)ot _\E arp,rr(FBA) - o(FFs)otarp,rr,(FBa) - ;0FF

+ aFBSFFA( F Bs)T,O.O'F FA ,

where
1
apBFBg= N (—tr—a;—ap),
1
AppFB,— N (tr+ag—ap),
1
AFBFF= E (—tg—a;—J+ay),
1
AFB,FF = E (—tr—ay+J—ay),
1
aFB,FFAT 5 (—tgta;—3J—ay),
1
a,:BS,:,:A= E (_tR+ a1+ 3J+a0)
We have

81 o(X,X")" = 8 4(X",X)
= a,BBFBS(BBI)T(FBIS)o+ aéBFBA(BB')T(FBA)a"’ al/:BSFFS(FBé)ZFFéo"' aII:BAFFS(FB,,A)ZFFéa

1 1
T = al/:BSFFS(FBé)T—a(FF/s)O"' = aléBAFFS(FB/'A)T—o(FF/s)O"'aIIZBAFFA(FBA)ia‘TFF/A

V2 V2

+afg e, (FB9)L ,0FFy,

(B1)

(B2)

(B3)

(B4)

(B5)

(B6)

(B7)

(B8)

where APPENDIX C: SITE-IRREDUCIBLE PROPAGATORS
Appre = ABBFBy (B9)
The reservoir propagators defined by E@3.17) and
apprs, =~ — ABBFE,; (810)  (3.18 are expressed as
ArgFF~ — AFBgFFg (B1Y) Ser. = Ser—Ske )
A 7
aFp,Fr = AFB,FFg (B12
g, FF,= ~8FB,FF (B13 Serg™ SerT Ser (C2)

AFp FF, = AFBGFF,: (B14) it
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Ser=1t3(REC )R, C3 1
srR=tR( )R (C3 S(w,k)= —1 , (C10
S ca S5 () +tra() V(o)
=tg(Rc*c'* )R,
cR R< >R we have
where the subscrig® indicates that the propagator avoids to
cross the lattice poink and x’. By denoting the Hamilto- sal iv
nians of the total system, the concerned two sites and the [Sol 1= . 1 (C11
reservoir aH, Hg, andHg, respectively, we have iV S
Hr+Hs=H—Hps (c5  Then we have
whereHgg is the interaction between the system and reser- I
voir. We evaluateSzr and St as an impurity scattering [Srl™ "= [SI""~[Sol. (C12
induced byHgs. By denoting@':(EszE'), we approxi-
mate as with
FT(RUWNa~[S]+t4 SIS+,  (C6) ‘s ]_(SER Sére) c13
RI™ ’ .
where TR %GR
_ S g To evaluate the loop correction arising from the spin fluc-
[S]= 3 3/ (C7)  tuation, we also need the spin-correlation functions
with $(t—t)=4({S" (1), St ) D)r, (C14
~_ ~E’"’TE ~ ~
=F.T(3(RcCM) + f5(Rec™)) (C8  We approximate them in the two-site approximation by con-
and sidering the six-site cluster including,x’), in which each
pair of sites aligns in parallel,
S =F.T(ReC : :
{Ree™™) B(t—t)~1({S (1), S}, (16
=F.T((Rec™y— f(RecT)), (C9) .
p(t—t")" ~3({S(1),S(t")'}). (C17)

and [Sy] is the on-site propagator for the concerned two-site
systems. Since the total propagator is rewritten in the presefithen ({S(t),S,(t")}), etc. is evaluated by the noncrossing
approximation as approximation in the resolvent method.
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