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In order to study the properties of the Hubbard model for narrow bands, a systematic treatment of the
equations of motion of the Green’s functions appropriate to that model has been developed. Higher-order
Green’s functions are reduced to functional derivatives of the basic Green’s function G and calculated
iteratively in a perturbation scheme which takes the Hubbard I solution G, as the zeroth-order Green’s
function. A zeroth-order approximation to the self-energy correction obtained by inserting G, into the
functional derivatives is compared with various existing solutions. The perturbation scheme is further extended
to an infinite order and the self-energy is calculated exactly up to terms linear in the hopping motion ¢, a
result which has not been obtained previously. The self-energy correction in this final result is drastically
different from the zeroth-order solution, demonstrating the importance of the infinite-order iterative
procedure. Finally, the electron correlations included in the final result are discussed in terms of diagrams.

I. INTRODUCTION

A correct description of the state of d electrons
in transition metals has been the subject of con-
siderable discussion in the theory of magnetism.!
In metals, d electrons are considered itinerant
and so contribute to the Fermi surface and to
the electric conductivity. To explain the insulating
properties observed in many oxides of transition
elements, on the other hand, Mott* has postulated
that d electrons in these materials are normally
localized and do not introduce a Fermi surface or
a metallic conductivity. As their density in-
creases, however, the d electrons become itiner-
ant, giving rise to metallic behavior.

Hubbard®'* has described the insulating and met-
allic states as well as the metal-nonmetal transi-
tion on the basis of a very simple model. In the
presence of a strong intra-atomic repulsive in-
teraction I, a narrow band of d electrons splits
into two and, if the lower band is filled and the
upper band empty with a finite energy gap between
the two, the lattice is an insulator. As the density
increases, the bandwidth 2D increases and the gap
decreases and eventually vanishes, yielding a
metallic state with two overlapping subbands.

Although the Hubbard treatment has been re-
garded as one of the most promising approaches to
d electrons in transition metals, many puzzling
questions on the nature of the solutions are un-
answered. For instance, if the lower (or upper)
band is partly filled, the lattice would be metallic.
According to Herring,' however, in Hubbard’s
solution the ratio between the Fermi-surface
volume and the number of electrons deviates from
the value predicted for weakly interacting normal
electrons and the discrepancy becomes a factor of
2 when the number of electrons N is nearly equal
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to the number of atoms N, forming the lattice.

This is contradictory to Luttinger’s theorem?® that
the Fermi-surface volume is unchanged by elec-
tron interactions to all orders of perturbation.

One might, of course, argue that the conventional
many -body perturbation approach on which Lut-
tinger’s theorem is based is not dependable in the
narrow-band region where the Hubbard approxima-
tion is valid. However, the abnormal behavior of
the Fermi-surface volume in the Hubbard solutions
persists even when the density of electrons and

the bandwidth increase and the lattice becomes
metallic with two overlapping subbands.® There ex-
ists no experimental evidence to support the Hub-
bard metallic state.

The Hubbard insulating state appears only if the
lower band is completely filled and the upper band
remains empty. This simple picturehas adrawback.
Since the maximum number of electrons the lower
band can accept N,,, is notnecessarily equaltothe
number of atoms N, the lattice with one electron
per atom may not be an insulator, even though

- this is the most probable case.!

To answer the foregoing questions, one needs to
obtain a more accurate solution to the Hubbard-
model Hamiltonian. The equation-of-motion ap-
proach has been successful in many problems in-
volving phase transitions in predicting the correct
behavior over wide ranges of temperature while
conventional many-body perturbation methods
have failed. Nevertheless, the validity of results
obtained by this approach is often questioned be-
cause the decoupling approximations used in solv-
ing the equations are ill justified and there has
been no systematic way to improve the approxima-
tion. The Hubbard treatment based on decoupling
approximations is no exception.

The conventional perturbation method appropriate
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for metals fails to exhibit the Hubbard splitting of
a narrow band.” Moreover, perturbation expan-
sions developed in the atomic limit involve numer-
ous complications due to the spin and possibly
spatial degeneracy in the unperturbed ground
state.® In Hubbard’s alloy analogy,* the narrow-
band problem is replaced by an alloy problem
which is treated approximately. In fact, Soven’s
result® in the coherent-potential approximation
(CPA) for disordered binary alloys is identical to
the Hubbard III solution.'® Unfortunately, system-
atic improvement of the alloy analogy and of the
CPA solution calculated under the single-site ap-
proximation is as difficult as systematic improve-
ment of the decoupling approximation in the equa-
tion-of-motion approach.

However, the alloy analogy suggests that, in
each set of the multiple-scattering processes,
an electron with spin ¢ sees a two-valued potential
which is dynamically determined according to
whether the site is occupied by another electron
with opposite spin G at the time the electron ¢ hops
into the site and that it is very important to take
this effect into account explicitly. In the Hubbard
treatments as well as in the CPA results, this
effect is included whenever an electron returns to
an original site but, when the electron hops to
neighboring sites, the effect is neglected and the
dynamical process is replaced by an average
static potential. To improve the existing methods
by including the dynamical process explicitly at
all sites in the lattice, higher-order Green’s func-
tions have to be treated in exactly the same man-
ner as the single-particle Green’s function G.

The purpose of the present and the following
paper* ig strictly limited to developing a new
perturbation technique in such a way that the dy-
namical correlations mentioned above can be in-
cluded at each site of the lattice and the equations
of motion can be solved systematically. Discus-
sion of the properties of the Hubbard model cal-
culated by this method will be summarized in a
third paper.'? Attention is limited to the non-
magnetic solution at T =0 °K. The method is
based on the functional-derivative technique or-
iginally proposed by Schwinger'® which, in the
present case, reduces the higher-order Green’s
functions involved in the equations of motion of
basic Green’s functions G to functional derivatives
of G with respect to an infinitesimal external field
describing electronic hopping.'* Since the number
of Green’s functions involved is the same as the
number of equations, the latter can, in principle,
be solved. In practice, approximation schemes
are required, and we adopt an iterative approach
here. The zeroth-order solution G° is given by
solving the set of equations after neglecting func-
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tional derivatives. The functional derivatives

and hence the self-energy correction to G° are now
computed by using G° yielding an improved solu-
tion GV, Use of G\ in computing the functional
derivatives gives a further improved solution G®
and so on.

Kadanoff and Baym®® have proved that the itera-
tive approach is equivalent to a conventional per-
turbation expansion and yields a complete set of
diagrams if the equation of motion for the single-
particle Green’s function G gprg =((Cpo; Chro)) is
used and if the zeroth-order Green’s function is
defined as the solution of the equation in the ab-
sence of the interaction. In the above expression,
C}, and C, are the creation and destruction oper-
ators-of an electron with spin ¢ at the atomic site
R. For the Hubbard model, we propose instead to
use the two equations of motion for the two Green’s
functions ((Cpy Nok; CLig)) =T, where N&) =N,
=C}Cros N§y=1-Ng,, and spin T is opposite to
a.

The main advantage of this method over conven-
tional many-body perturbation methods and the
Kadanoff-Baym method is that the Hubbard I solu-
tion can be taken as the zeroth-order Green’s
function G°, which includes the dynamical correla-
tion at site R explicitly, and in which a narrow
band is split into two. Functional derivatives are
calculated by using the G° and hence, in the result-
ing higher-order Green’s functions, the dynamical
correlation are explicitly included at each site
where multiple-scattering processes are being
calculated. The equations of motion for the basic
Green’s functions can now be solved systematically
up to any order of accuracy, thus fulfilling the
main object of this paper.

We shall outline how the functional-derivative
technique can be applied to the Hubbard model in
Sec. II and derive explicit expressions needed for
calculating the functional derivatives and the self-
energy corrections in Sec. III. The zeroth-order
calculation in Sec. IV illustrates how various
types of functional derivatives are calculated,
while in Sec. V we repeat the iterative procedure
on selected terms infinite times and calculate the
inverse Green’s function G™' correctly through
terms linear in the hopping parameter €, a result
which has not previously been obtained. The self-
energy correction obtained in the zeroth-order
calculation in Sec. IV is modified drastically in
this final result, demonstrating the importance of
the infinite-order iterative procedure. As we
shall discuss in the third paper, this difference
will also be critical for maintaining the stability of
the Hubbard lattice. Although serious difficulties
still remain in the final result, it will no longer
be feasible or advisable to improve the accuracy
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of the self-energy correction in a straightforward
manner, through terms quadratic in the hopping
parameters for instance. In Paper II, instead, we
shall describe a self-consistent method of improv-
ing the accuracy so that a more reliable energy
spectrum can be calculated.

Il. FUNCTIONAL DERIVATIVE APPROACH TO THE
HUBBARD MODEL

Let us consider the Hubbard Hamiltonian

¥ = Z: ERR'C;oCR'c
R.R",0

+1 ;NRONRE,

€xr =0 (2.1)
in the presence of a small external field,

5= D, 8e(RR'GL)CLy(C 1o (1);
R.R'.0

de(R'Rat)*

0 if R'=R (2.2)

5e(RR'ot) = {
Here €y, is the hopping matrix element, and I is
the intra-atomic interaction between two electrons
with opposite spins o and G at the same site R.
According to Kadanoff and Baym,' the one-
particle Green’s function is defined in the imagin-
ary time interval 0~ -ig as

GRR s (ttl) = << CRg(t)C'}rg'o(t' )>>

1 (T[SCro()C L )]
i (T[SD :

(2.3)

J

We introduce also the two-particle Green’s func-
tions

T (216 (8) = (C R oINS ()C ("))

_ 1 (T[SCao (ONGHOICE ()] (2.4)
i

(T[sh ’

where N$L=N_,=C},Cpro, NG, =1-Ng,, T means
imaginary time ordering, and g is the inverse
temperature, while the operator S is given by |,

-iB
-0 f at ), de(R,R,01)
0

Rj.R3.0

S= exp<
XCh o (!Ca,0(0)) -
(2.5)

We now want to construct the equations of mo-
tion for I'® and rearrange them in the form

<z —+W(*)> Tk ro (tt")= N (1004400550

(2.6)

to make transparent the uniqueness of the formal
solutions. This is carried out in the following
two steps:

Step 1. Use of the relation

i 37 Cao(ONGH0) = [C oo ONGH(D),56+3¢]  (2.7)

yields

(i%'“’“’) (C o (ONELOCE 6 N) = 2 €(RR"GOC 5o (INEHDCT 64
R #R

F Y [€(RR"SHUC o (ICL5(DC R v5(BICT o ()
R"#R

— e(R"RE)(C o (OC

where 6% =1, §=0, and

€(RR'0t) = €z + Be(RR'01) .

Step 2. In Eq. (2.8), the derivative #(8/8¢) has operated on Cy,(t) and

modified T to

{CrreNELMICT 5 (1)), (Cro(BICE5()C R 5(CE

"E(t)cRE(t)C;’o(t')»] = (N(R*)E(t» GRR’Gn’ ) (28)

(2.9)

N.(t) involved in T and has

o(tN), or (Cra(WICE5(DC g5 (EICE () .

These changes may be reproduced by using the fact that an infinitesimal change b€ in € introduces a change

in S and hence changes in '

i8T =36((C o ONSL(CTL o (')

:f_‘a dt, E {«C}ao(t)N(i) 9] [C ol(tl)CRzol(tl)]C}e’o(t,)»

(] Ry R0,

=(C} 6 ()C g o (ENUC o (INGH(DCT

ot} de(R,R,0,t,), (2.10)
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where (C (t )C B30, (¢,)) is shorthand for
—<T[scR2c,1<t,>chal(t+>]>/<7[ D=iGrp0,ttD (2.11)
and similarly for (I\I(Ra(t))', etc., and is not a simple thermodynamical average.
More explicitly,

. [ 0 ' 7y
i (5o - semer) (Caol VOO )= (Cora NG OCE WD) (212)

m——,,_t)«cm(tw(*) HOCL o (")) = ((Cro()CL5(tT)C g5t )CH14 (#)))

= Cla(C R ms(Cro INFHNICE o () (2.13)
: _GG(R’?REF) (Cro ONGE@ICE 16 (M) = (Chug(t")Cr5(ENC R (ICT 6 ()
~(CL5(B)C N Coo ONSHOICE o (1)) (2.14)
W UCro (INGEWICE o (")) = (CL5(t)C g 5 (t*)C o (B)C L1 (7))
= (CL5WC 5 NUC R ONTHNICE 6 () (2.15)
. o] -
i W((ng(tw LECE o (#')) = {C o (C L n5(t)C 5 (tT)C L1 (t')))
= {(Chng()C pz(ENUCro ONGHEICT 1o (') . (2.16)
Note that if ¢~ is replaced by t* in Eqgs. (2.13) and (2.16), the first terms on the right-hand sides are
replaced by corresponding terms which vanish because Cl(t*)Cpr5(t")Np5(t) =0, etc. The same is true

in Eqs. (2.14) and (2.15), and hence the choices of ¢ and {~ in the above equations are unique.
By inserting Eqs. (2.12)-(2.16) into Eq. (2.8), we find the desired equations

8w (ppnan (i 5 » 5 > ,,“<T_ gD
[’at Is RERGCRR N\ Sc®RTor) " Se@®ROE) 223 €RR"9)\(Crz()Cr 5t + i 5oy

* }: e(R”Rat)((CR,,c(t)CR-g(t))+iSe—m—,,%a—;)ﬂ ((Cro (INGEOCE o (1)) = NGE(U))OgpBypr,  (2.17)

R"#R
which has the form of Eq. (2.6). The basic idea involved in the foregoing derivation is to replace i(8/8¢) in
part by i(5/6¢) in W®. For instance,
. 9 ./
{Crot)CE5 () (z Iy CRa(t)> Chist'))= RZ: €(RR"t) ((c;Ec +ig m)«cm(t)N‘*?—(t)C}E'a(t'»)-
(2.18)

It looks as if the two equations for ' and T given by Eq. (2.17) may be solved independently of each
other. If, for instance, functional derivatives 6/6¢ involved in Eq. (2.17) are neglected, the equation for

'™ becomes

<z—9-_1- 2 [€®RRTBNCL5(1)C g ns(0) = €(R"RIOCE ng(t1Cp5(1)) ]) TG0 (8 1)= (NS ())0 g s -
R” #R

at
(2.19)
r

The approximate solution T obtained from Eq. (2.19) do not involve e(RR’’ot) explicitly, the der-
(2.19) may be used in calculating functional deriva- ivative 5I‘(;g /6e(RRot) is small and the hopping
tives involved in Eq. (2.17). This would yield an motion of electrons with the same spin ¢ could not
approximate expression for the self-energy cor- be included easily in such an approximation scheme
rection =% introduced later and hence an im- based on I'¥.
proved solution I‘S;“l); 1"(:1) could then be used to In the following, we shall develop an iterative
compute an improved I'Y) by Eq. (2.17) and so on. perturbation method similar to the one just out-

However, since the large parentheses in Eq. lined. However, instead of 1“(“*0) or the Hartree-
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Fock solution Gy, the Hubbard I solution will be
used as the zeroth order solution G,. Since the
Hubbard I solution includes the hopping motion as
well as the dynamical correlation due to the two-
valued potential at site R and is correct both in
the atomic and free-electron limits in zeroth
order, our iterative perturbation method is ex-
pected to converge rapidly and to yield reliable
results for narrow-band systems. The principle
of the calculation is simple. Let us assume that
all derivatives 6/6¢ in Eq. (2.17) are zero and
solve the two equations. In the limit of negligibly
small external field 6e =0, the solution is equiva-
lent to the Hubbard I solution,

Inzw

21Go(ko, W)] ™ |semo=w =~ € = w=( -ng) ’

(2.20)

where ¢, is the Fourier transform of €55/, and ny
is the value of (Np5(#)) in the limit of 6e=0. The

J

5

((Chatt1Cara(t)+4 5mlrm

= <(C;’W—(t)CRu-5(t)) +1

. ’ 5
<<C;re "cT(t)CRa"(t» +1 m

- ((ChenttCsn

)<<cm<t>zv<;>a(t)c;'c<t'>>>

) (C o NS OCE o )
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G, or the corresponding I'{Y may be used in calcu-
lating the derivatives involved in Eq. (2.17),
which, in turn, yield improved solutions G, and
1‘(1*) to be used again in calculating the derivatives.
By repeating the iterative process, all possible
terms in the perturbation series will be generated
without any ambiguity.

III. CALCULATION OF SELF-ENERGY CORRECTIONS

The iterative process described inthe proceeding
section can be carried out more conveniently when
derivatives 6T®/6¢ are transformed to derivatives
of the one-electron Green’s function 6G/d¢€ by re-
placing s by G. The calculation of G can then be
performed without using I'. Derivatives with re-
spect to charge transfers of opposite spin G,
6I9/5¢(R,R,0t*), can be converted to
6G/6e(R,R,0t*) immediately by using the property
of the projection operators N (f) as follows:

i [} T, (¢
e R,,ﬁt;))«cm(t)cﬂ SN, (3.1)

o

T ’
3R RTH ><<cRa(t)CR'o(t » . (3.2)

To convert 6 I"9/5e(RR" ot to 6G/6e(RR"0t*), we need to compare Eq. (2.17) with the equation

of motion for G:

i;?-t-(<cna(t)0£'o(t’)>)— > €RR"OE(C o (NCL 16t = IUC go (WN g5 (E)CL 16 (£))) = 64410t - (3.3)

R" %R

If one subtracts from Eq. (2.17) the expression in Eq. (3.3) multiplied by n{ =

(i 2 - (1 =nh) (CuoONEHOCE W)

= (zg-’t— -I(1 - 6(*)>n%*) {Cro BIC ot

Y e(RR"ot)[-n%)«CRu,,(t)C;Q:c(t')>>+<i

R" #R

n>

R"#R

;’a), one obtains

Y )

[€(RR”at) <<C;;3-(t)CRlla(t)> +1 5—6"(1‘2}2——”_61;) > - €(R”R6t) ((C; na(t)CRa-(t)> +1

6e(RR"0t ") ~ cse(RR”ot*))«c‘“’(t)N("’i)a(t)clg'°(t')>> ]

S

x <<CRo(tW(I§)6(t)C;'o(tl)>> + [W%)o—(t» —n%)]GRR'GH' > (3.4)

()

where nz=ng and a5’ are the values of (V{2 (t)) calculated in the limit of 5¢ =0 and hence on{/6e = 0.
Use of Eq. (2.12) and the trivial relation N (t) =08+ [N(2) =n¥] yields
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s 6 ; )
(¢ semmer ~ 5emmars) (CroONEOCL )

- (CaroOCT W+ (i Gy = seer,) (Cro NSO -1P1Che@D) . (.5)

By inserting Eq. (3.5) and Egs. (2.13)~(2.16) into Eq. (3.4), we obtain
{Cro ONEBICE 16 (1)) =P UC o (ICT 16 ()

t [w=(1 =g BsROIKC g6 )CT 1o (t))) + A, 1 (88" £ [N (1)) =0 7 47}

where (3.6)
v -"87’ (3.7)
Kerott) =2 ) c(RR"0D (’ T~ e > (CroOINE () -nP]CLro ()

R L SRR o)~ semrror) (CrolOWNa(D) =15 [Crig
"GP i — - "pELY; 5 L (4
+ RZ;R <€(RR Gt)i 5<(RR"F) €(R"RGt)i —56(R"R6t*)> {CroCE N , (3.8)
B (Rt) ng (1 -Ns )+ Z [€(RR"TI't <C (t)CR "= (t)) —c R”RUt)<CT"U(t)cRa-(t)>] (39)

By differentiating Eq. (3.6), derivatives 6I?/6¢(RR”0t*) are converted to 6G/d¢, 5(CLzCrrq)/b¢€, etc., as
follows:

0(Cro (NINGL(t) —nICL o (#))) _ - 5Gpw (i) 8Bg(RY) )
Se(R,R,0,1,) = [w- (1 -ng)] (BB'(Rt)I be(RiR,0,0) * Se(R.R 0,1 Crtotl)

DAL, 1 (tt) S(NEL(£))
i ’ ’ . .
de(R\R,0t,) " 0€(R R,0,t )GRR 5:;) (3.10)

Note that 6A/6€ on the right-hand side of Eq. (3.10) still involves 6I'/6e. However, the derivative on the
left-hand side 8(I' —n5G)/de may be evaluated by neglecting 6A/6e. Use of the result in Eq. (3.8) will yield
an approximate value of 6A/6¢ and hence an improved 8(I' -%5G)/d¢€ to be used in Eq. (3.8). By repeating
the iterative process, the expression 8(I' ~n5G)/6e can be evaluated correctly. As we shall show in Ap-
pendix A, the contribution from 8A/6€ to the self-energy correction T is proportional to €® or higher order

and hence we may neglect it in the following.
We now return to the exact analysis. By using Eqs. (3.1), (3.2), and (3.5), the master equation (2.17)

may be rewritten

(W =I8P)(C s N ()CE 1o (1)) =P Z €(RR"01){{Crro()Ch o ("))

% 2 [€RR7GINCL7(E)CR 75 (1) = e(R"RONCE r5(t)Ca5 ()1 {Cro (OICT 1o () F Alihrq (t) = (NG (10 By -
R"#R

(3.11)

If we insert the formal expressions for ™ and ) given in Eq. (3.11) into the trivial relation G = | R 1“('),
we find that

Fs(R)G ggro(tt') = Fs(RO[F5(0)]™ D €(RR"Gt)G gngro(tt!)
R” #R
“Ag(R) 2. [€(RR"TNCEH(E)C (D) = €(R"RINCE g (1C ()] (oo ()C] 1o (t)
R” #R

- FsRt)[w ~1) " A% 1o (tt") —w ™ MG (t8)] = 65 16,pr, (3.12)

where
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F5Rt)=[ =) "N g()) +w™ (1 =Nz, (3.13)
F5(0)=[@ -I) ng+w™(1 -nz)]™", (3.14)
As(Rt) =FsRE)[w -1)7' —w™'], 25(0)=F5(0)[@w -1)""=w™] . (3.15)

Let us now define the inverse of Gy, (tt') by

-iB
f i, Z Ggr, o(tt)GRirro(t,8") = Opprdyyr . (3.16)

0

Equation (3.12) is then rewritten

Grkro(tt") = Fo(R)0pgr0,r ~ F5(RE[F5(0)]™" 2. €(RR"0t)0gug:0,p0

R"'#R

~Xo(Rt) 3 [€RRTTNCEIC 5 rg(®) = €(R"RONC 5 1C (1) o Ose
R™#R

-iB
-Fg(Rt)f dt, D [ =D a8, 5(t) —w™ a5 H(1)16 R 5 o (1,t) . (3.17)
(o Ry
Since the unperturbed Green’s function G, is defined as the solution of Eq. (3.12) with AW = 0, the inverse
(Gy)™* can be written

(Go);a‘}le'a(tt')=F3(Rt)5RR’§u' —Fa(Rt)[Fa-(O)]”E(RR’Ot)(‘)“:
- A5(R) Z [e(RR"TL) CL(C g n5(D) = €(RTRTC L ns(D)C 25 (1)) 0gp Orer » (3.18)

and the self-energy Z defined by
Grrtott') = (G rrro (tt) = Tgprs () (3.19)

is thus given by

-iB
2 prto(tt) = Fo(R1) f dtl; (G0 =1) 8% (tt)-w T ATk o ()] GRL poltst!) - (3.20)
The above expression for the self-energy Z may be evaluated by inserting Egs. (3.8) and (3.10). The
result is

" -ib o ) 5
Zertoltt) = {AU—(Rt)Aa(o)RZ; €(RR"at) f dat, }: B (Rt< SRR Ge(RR,,0t+)> Grr,oltt))

-iB 5 5
- A -1 "ot f ; i — (+)
+ F5(Rt)A5(0) I RZRﬁ(RR at) | di, §Rl [(w I) <z SeERTory L SRR +)> Apg,o(tt,

_w‘1<i 6 iy 6 A (tt)}
oe(RR"0t™) ~6e(RR"ot") RR 0351

-i8
[} o)
raten [ O I ST S P
+F5(Rt) 12 RZR \:e(RR ot)\w -1)"4 se@rme) Y semRT Grr,o(tt)
0]
- npE 7)1
@R (@ - gz
- o . -
—wi m) Gmmutx)]} Grirto(tit), (3.21)
where
A5(0)=[w - (1 =n I . (3.22)
Note that 6B/6¢ and 6(N)/6¢ involved in Eq. (3.10) do not contribute to = since
O(N o5 (1))/8€(RR"0t") = 6N (1)) /0€(RR"0t™), 6Bz (Rt)/Se(RR"0t*)= 0B 5(Rt)/6€(RR"t™) . (3.23)

Since the calculation of 8G,'/d¢€ by using Eq. (3.18) is trivial and easier than the calculation of 8G,/d¢,
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Eq. (3.21) will become more convenient if the derivatives operating over G are shifted to G™! by the rela-
tion

-i8 5G rrgo (ts) f -i8 0Ggr o (tst!) (3.24)
RR30 -1 AV R3R'g\l3 .
f dt, Z ——-—3—3-66(&}2 ot) Crie’ 1(tst") ) at, ;3 G rryoits) Se (BB 0L’
which is obtamed by differentiating Eq. (3.16). Equation (3.21) is then written
-iB 5 5
> , N = Ao A — -7 —
Zana (i) [ h ; R?::R[ 70 (OB 5 (RA) (=G g0 (1) (R 1) <5E(RR2cft’) 5e(RRzat+)>
3 5
(i SHF~ b IVt — S O
+ (=0)G gn o (t)€(RR,1) (,(Rt)(\w D" S Y GG(RR26t+))

- (—'L')GRRLO(ttl)E(RzREt)Fa—(Rt)<(w —I)-lmfm ~w™! 36(&%?5)}

X [(GO);iR'U(tltl) =Zp,r'o (it + MAggro(tt)], (3.25)
where
~iB
Manerot))= [ dt, 32 3 A5(0)e(®R01) FoRII™
0 R, Ry #R
1y 6 — 5 > (+)
X{(’” D (z 8e(RR,0t") ' de(RR,0t") A'gr,o(tt)

" ( s~ s kG- 020
Equations (3.25) and (3.18) are the basic equations for generating the self-energy Z in the present and the
following papers. If we insert G;' given by Eq. (3.18) into Eq. (3.25) and neglect = and ngARR'o(tt')] on the
right-hand side of Eq. (3.25), the zeroth-order approximation to the self-energy, say =), is obtained.
Use of = in Eq. (3.25) will generate an improved solution £ and so on. By repeating the iterative pro-
cess, in principle, an exact expansion of the self-energy will be obtained. As will be discussed in Appen-
dix A, however, the contribution from 7] A] will be of higher order and will be neglected in the following
calculation. We shall calculate the zeroth-order approximate solution =*) in Sec. IV and extend it in Sec.
V in such a way that the self-energy is given correctly up through terms linear in e.

IV. ZEROTH-ORDER APPROXIMATION TO THE SELF- ENERGY CORRECTION

We shall calculate Z“) the zeroth-order approximation to the self-energy, by inserting the unperturbed
solution G;* given by Eq. (3.18) into the working equation (3.25), and by neglecting = and 11[ A] on the right-
hand side.

Functional derivatives of G;' are calculated as

5(G9)1—€.1R’o(t1t’) _ F (R t ) F (0) _15 5 5 6
oe(RR;0t*) 7T B[ F5(0)] 7 0g 0, 0prr 0454, Oy, 4
O R, 5(t,)) -
—Aa 1 . ’
Polfit) [6e(R,.Rjot*) (Golz,r 7o ltit")

s 6<c£10(t )Cruz(t, )> ’p = 5(C;ng(tl)CR1’6(tl))
+R§Rl<€(R1R O'tl) 5€(R Rjo,ti) (R Rlatl) GG(RiRjO'ti) >6R1R'6tlt'} ,

(4.1)

8(Gorir'o (t,t’) & oW r 5(t))
—ZQ O - - ’ ' ’
0e(RR;Tt5) ~ag(Ri6)] (€L ;7 )CR 5 () (Op r, = Or 2, )08 5 0se 01,47 + o€(RR;0tY) Goiataltit!)

¥
., 0(Cr,5(t,)Cg 3 (t,)) .\ 0(CLas(t,)Cr5(t,)) ]
” JONI/ER QAL " ¢ ALSY SALS . R
+RZ;R1 (e(RlR o) 0e(R;R,;Gt%) €(R"R,31,) 6e(R;R ;OtY) > Or,R"0ys" | -

(4.2)
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Note that terms involving 5(N)/6¢ on the right-hand sides of Egs. (4.1) and (4.2) come from 8Fz(R,t,)/ €.
By inserting the above expression together with £ =0 and 7[A]=0 on the right-hand side of Eq. (3.25), we
obtain

0o (') = 25 (REB5 (R €RR! 0t)[iG g o (t7) 0= = iG g (t1*)0 4 40 |
+ }‘E(Rt)Fa(Rt)< ; €(RR"GINCLF(CnsN[ @ —I)THG o (7)) = w™ G gro (1Y)
+ Z; €(R"RT)(CLn5(t)C s @ =I)7HG g o (£27) -w"iGRRa(tt')]> [ JRT
R
- 25(R' ) F5(Rt){ € (RR'Gt)CL5()C g N[ —1) MG g6 (187) =0 ™G g1 (687)]

+ €(R'RT(CE 5 (C (N0 = 1) 7HG gt () = ™14 G g rg (7)1 6,0

B () + g () (4.3)
where
-iB
Wrtt)= [ a3 AeBEAG(R)IG g0 et)
( Ry R2 =R
—n O G . O gt -1 ,
(ctrrot) SR _ c(rran B ) 6ozttt (4.4)
(2) "N 141y ’ - r=ar 5(C1,;'0—(t')c 15—(1,"))
ED) (1) = Ag(RONS(R'E)IG g (i1") RIZ;R, R;R <€(RR20t)e(RlR o) R RS
T ' 7
- e(RR;&t)e(RlR'at')MCRg‘Z&;Cg;;"(t )
T ’ —(+!
-E(RzRat)E(R'Rl_O"'t') 5<c%'€o_((lt22)§g;)0(t »
+ €(R,RT) €(R,R'SE) 6<C§61:((;'2)§_g)a(t')>) , (4.5)

Use of the relations®®

iGrpro(tt™) =1 =WNgo(t)), 1Grpo(tt)==Wgs () , (4.6)
reduces Eq. (4.3) to the following form:

01 (1) = A5 (REB (R E(RR! 01)8 10 + M (B2 D BORR" T[S = (N o ()00
R

+ A5 (Rt 5(RE) Z bNRR"TH) 1 04s + Ag(REAG(R'DOPRRTE)(CL 1o (£)C o (£)) 44
R

+ 500 o (8t) + E2ro (11), @7

where
b(RR'Gt) = (RR'GECL5(t)C g 15(t) £e(R'RTENC L 5(H)C x5(®)) (4.8)
ws(RE) = 3F5RE)[ 6o =) +w™]. (4.9)

In the limit of vanishing external field de =0, F4(Rt)=F5(0) and the Fourier transform of the above equa-
tion may be written

212W(ka, w) =1% (k0)/[w = (1 =n) [+ E(ko, W)+ £P(ko, W) , (4.10)

where

1 2
g(ko)=nz(1 -ngz)e,+ (1 —ZnU)IVG- z;veqnu—ﬁy\]—i Z Z; €y —a +a5Ma;5May0 + (4.11)

q
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The resulting Green’s function is then

Ingw I’ (ko)
w= (1 —-ng)l —[w— 1 -nzi?

The first term on the right-hand side of Eq. (4.10) is parallel to those obtained by Esterling and Lange®”
and by Fedro and Wilson'” except for a factor in the second term and the sign of the third term in Eq. (4.11).
However, it is premature to discuss these differences under the present approximation since, when the
self-energy expression is calculated exactly through terms linear in € in Sec. V, the structure of the cor-
responding terms will be altered completely as is shown in Eq. (5.14).

By inspection, we find that £* and £® are, at most, of order € and €2, respectively. They may be eval-
uated explicitly by using the fact that (Ny5(¢)) and (CL/5(t)Cr5(t)), respectively, are really equivalent to
G rrs(tt') and iG55 (¢1') by the definition given by Eq. (2.11). Therefore their derivatives are calculated

- ko, w) - £ k0, w) . (4.12)

221G (ko, w)=w — €, ~

by Eq. (3.24) as follows:

G(C};:g(t)CRa(t)):i 0G g g{tth)
be(R R;0t") be(R R, Tt")

~iB -iB S V=1 __ _ —
:"'if dtlf dtzé‘: ZR: GRRIB’(ttl) O[(G)rir.5(t L) = ZRiRsT (tltz)] GRZR’O‘(tzt+)- (4.13)
1 Rp

0 0

Here we have replaced G™* by G,' -Z to indicate
explicitly that Eq. (4.13) may be used to calculate
the derivative 8( )/d¢ iteratively. Use of Eq. (4.1)
will yield an explicit expression for the derivative,
which is correct through terms of order €° and
hence £* and 5(2), respectively, will be calculated
correctly through terms of order € and €. We
shall summarize the calculation of £V in Appendix
B. Although & is of order ¢ for arbitrary w, the
result in Appendix B shows that the value is re-
duced to ~e* for w satisfying the condition G ~*(w)
=0 and hence 5(‘) may be neglected in the present
paper.

Finally, we shall discuss some aspects of the
solution obtained. As we have already suggested,
the inverse Green’s function calculated in Eq.
(4.12) with £V = £ =0 is not a satisfactory solution
but still yields a result which is a great improve-
ment over the Hubbard I result given by Eq. (2.20).
Let w, and w, be the Hubbard I roots of G;*(w)=0.
The present result may then be rewritten

-1 _(w-w)(w-w,) I’g (ko)
216~ (ko, w) = w=1=n)l [w-@-nxI]"
(4.14)

In the limit of narrow bands, the three roots of
the cubic equation w}, wj, and wj are all real and
satisfy the relation

Irw,<wiz(l-nzll<wi=w,. (4.15)

If we neglect the second and third terms in g(ko)
given by Eq. (4.11) and assume that g(ko)

~nz(l —nz)e,, the condition that the resulting cubic
equation yields two complex and one real roots is

le,1>0.15 I for a half-filled lattice (nz;=13),
(4.16)
le,|> |1 =2n5|l for n;<0.4 or n5>0.6.

be(R;R,5t")

—
A similar result is obtained even if the second
and third terms in g(ko) are restored. As the band:
width increases, therefore, Hubbard’s split bands
disappear and only a single band capable of accept-
ing two electrons per state appears, indicating that
an essential mechanism for the metal-nonmetal
transition, which is not found in the Hubbard I
solution is already included in the present solution.
However, the metal-nonmetal transition cannot
be discussed properly using Eq. (4.14) for the
following reason. The spectral weights of the
solution are given by

N [wi=1=-n)I]?
A(wi)— ((J)it— w;)(w: _ w}:) )

(4.17)

where w}, w}, and wj, respectively, denote wj,
w}, and wj. In the narrow-band limit, the above
result is not different from the Hubbard I result,
that is, A(w!)= A(w,)= (1 =n5)>0, A(w))=A(w,)
=ngs>0, and A(w}) is zero within the accuracy of
the present calculation. More precisely, A (wj)
is negative but its value is of order € and beyond
the accuracy of the present calculation. As the
bandwidth increases, however, A(w}) remains
negative and its magnitude increases. In the
limit where the split-band structure is replaced
by the single-band structure, A(w}) becomes
nearly equal to —A(w}) [or —A(w})], suggesting
that the present solution becomes unphysical in
the region where the metal-nonmetal transition is
to take place.

In Sec. V, we shall iterate the calculation de-
scribed here an infinite number of times, and
obtain a more reliable result.
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V. ASYMPTOTIC BEHAVIOR OF THE SELF-ENERGY
CORRECTION IN SMALL-HOPPING LIMIT

Although the calculation in Sec. IV is based on
the assumption of narrow bands, the result does
not correspond to a precise approximation in the
hopping parameters ¢€,. We extend the calculation
to determine the self-energy correction at least
up to terms linear in ¢, correctly. For this pur-
pose, we shall keep calculating higher-order
terms until we exhaust all possible terms which
are linear in g,.

Since functional derivatives of (N (#)) and
(CLs()C 1o () yield corrections of order €*, we
shall postpone taking such derivatives until after
the self-energy correction is calculated up to
terms linear in ¢,. For this, we shall introduce
the derivative §,¢ which operates on €(R;R;0;t;)
only and which yields

(N o (£))/85€ = 8(CL o (B)C 16 (£))/ 05 = 0.

From the zeroth-order correction =) obtained
in Eq. (4.7), we find that

6z oo (8,8 e(R,R'ot
____&;&_0_1)_ - AE(RJL)Z LIQ—)<C;.a(t1)CRI o—(tl»(chR‘ -0

"~ 5,€(RR;Ot)

(1)
SR R'o(£)E’)
— = - h_ 2B ..
80€(R;R;0t%) o(B,4) Bo(Byty)
X 6R1R¢ GR'tj 5:1‘15‘1,’1 ’ (51)

and,. by inserting the above result into Eq. (3.25),

z‘;}z.a(tt') = 2q(RE) [25(Rt)A5(0)B5(Rt)]? €(RR'0t)0,,r .
A5(0)

(5.2)

The functional derivative —62®/8,¢(0) is exactly
the same as that in Eq. (5.1) except for an addi-
tional factor Az(Rt)A5(0)B5(R¢) and yields =
which is again the same as that in Eq. (5.2) except
for the same additional factor A\z(R¢)A5(0)B5(R¢)
and so on. We can continue the calculation in-
definitely and the series of terms generated in
this manner may be summed as follows:

%; [(AAB) + (AXB)? + (AXGB)* + ()% +++ « [e(RR'01)8,yr

___ 25(Rt*Bgz(RY)
"1 - 25(Rt)A;(0)B5(Rt)

The derivative of = with respect to 6,e(R; R;5t%)
involves the following four terms:

¢(RR'0t)6,p . (5.3)

Rlnj)ét*t15t1g'

- AE(thl)Z[% - (ano (t1)>]<c;rziU(tx)cnja‘(tx»(éﬂlgf + églgj) 6R1R’6t*t1 tht’

- A’G'(thl)p‘a'(thlXC;{c?(tl)ch 5t 0p g~ O p O r'Orrs O¢ ¢

= 5B, W5 (R 1)(C L6 (11)C o (1XCh,5(1,)Cr, 5(t) (8 5,2, 08"%, + Oryr,O'R,)0st 1, 0e 4" -

(5.4)

Except for an additional factor uz(R,¢,) [Eq. (4.9)], the third term in Eq. (5.4) is the same as the first
term in Eq. (4.2) and hence yields terms exactly the same as the second, third, and fourth terms in zw
given by Eq. (4.7) except for the additional factor ug. That is,

Zo (1) = A (R u5 (RY) 2: Y (RR"TE)[3 = (N o (t))|0gpBeer + A5 (RE) L 5(RE)? 'Z b (RR"GE) 0 104e
R"#R

R” #R

+ A5 (ROAS (R 5 (RDDPRRGENCT 1 ()C rg (£))B41 - (5.5)

Apart from the same additional factor uz, the derivative of the above expression —62%+/5 ¢(3) is again
the same as —562¢)/ 8,€(G) givenby Eq. (5.4). Therefore we can continue the calculation indefinitely and sum the
series as before except for the following complication. The second and fourth terms in Eq. (5.4), re-

spectively, yield the following results:

o () =05 (RD® 2 0 RR T3~ (N o ()20 04y + X5 (R W5 (RE) D3 6 (RRGH[ 5= (N ()]0 71
R"

R

= A (RON5 (R £)0 (RR'G)[ 3~ (N 16 (OWHCL 1 ()C o (804 (5.6)
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&, (1) = ARG R' DO TRR T3 = (N o OV HCE 16 (6)C o (£))8r
+ A5 (R 5 (RN (R B URRGENC L 15 (£)C o (£)) By
Mg (RONS(R) D, AR DB RRTCE 4 ()C g g (INC g (IC o (1)) B - (.7)
Rll
Note that, except for the same additional factor uz, the derivatives of the second terms in ¢+ and @,

respectively, are the same as the second and fourth terms in Eq. (5.4) and hence the calculation may be
continued indefinitely. Instead of a simple series similar to that in Eq. (5.3), however, we find that

MR [1+2u(R)+3u(R)*+4p(R)® ++ -] Z bRR"TH)[5— (N o (t)))0pprOesr
R

FAMRAR N1+ [ ®R)+ pR)]+ [LRF + (R R+ p(R')]
+[R@®RP+ R RPUR) + p R (B + w(R')]+ + +  JORRITENCT 15 (£)C o (£))0,0

AR R+ p(R) + R+ o+ ] 2 bBRR"GH)0pg4yr
R

= 5(R1)? Z BORRITO[ 5= (N o (£)10gpr0ser/[1 - (R
+ Ag(REAG (R DDURRT(C ] 15 ()C g o (N0 /[1 = 5RO = p5(Rt)]
+A5RO5(RE) D) BRRGH)o g r04r/[1 ~p(RE)] . (5.8)
R U

The foregoing expansion generates not only the series in Eq. (5.8) but also series involving terms of
types appearing in the first and third places in £? and £%9. The sum is

AREP[L = g BOI™ 2 BORR T 5= (N (D) ]0pgr8i
R
= ARONGR'D?[1 = pu5R )] RR L) 5= (N1 )V UCL 16 ()C ko (1)) 440
+ 235 (RO R[1 = ps(RO] ™1 = p5 R DORRT ) 3= (Npo OV (C 16 (B)C o (£))0,440
~ N RNGROL = ps®D]™ 2, M R7[1 - ugR D] 0 (RR"TE)
R
x <c;€a(t)CR”a (t)szTe"c (t)cko(t» GRR’étt' . (5.9)

The sum of the second and third terms in Eq. (5.9) as well as all terms generated from it by differentiation
with respect to d,e will have a factor of the type

AgR)[1 = paRO] (3= (Npo (D] = A6(R'O[1 = ux®'D] " [3=(Nprs (D], (5.10)

which vanishes in the limit 6e=0. Therefore, we will not write them explicitly in this section.
The sum of the first and fourth terms in Eq. (5.9) is

Mg RY) D b (RRYGHX(RR"Gt) 05510440 (5.11)
R"
where
XRE"Gt) = Az(REP[1 = u5(R))] ™[5 = (Npo D] = A5(RO[1 = psE)]™
XAgR")[1 = p5gR"E)]™CL s (C g r o (OIXCErs (£)Cr6 (1)) - (5.12)

The expression in Eq. (5.11) is exactly the same as the third term in (G,)™! given by Eq. (3.18) except for
the factor X(RR"Gt) multiplying (C}5C zn5) and (CLw,Cp5) involved in (G,)™*. Consequently, the series
generated from Eq. (5.11) will be summed up in the form shown by Egs. (5.8) and (5.11) except that

b (RR"Gt)’s are replaced by b®(RR"Gt)X(RR"Gt). The new expression (5.11) will generate the same series
and the same expression (5.11) except for another factor X(RR”Gt) added and so on. The sum of all pos-
sible terms, which are generated from the second, third and fourth terms in Eq. (5.4) and which do not
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have a factor of the type shown in Eq. (5.10), is

Mo(80* Y (1= w5 (RO]1 - X(RR"T] D ORR T = (N g (1) 10z s
R

FAGRMSR D[ - p5ROTL - p5® D] 1 = X(RR'G)]DDRRGNC Yo ()C po ()04

+ A5 (Rt) ; {[1 - uzRO]Y1 -X(RR"SH)]”

Z {b("“)(RR” t) %_<NRU(t)>] RR'6tt'+[%"'(NR

R"#

L 130 RR"Gt)0 10y

5[5 = (N o ()]0 (RR'TE)

x <C;r€'c(t)cﬂo (t)>6R "R'att' - [% - (NRa'(t»]b(—)(RR”at)GRRlﬁur}

{[é—(N SOV =[5~ Wao @+ 2=z 1 (he et ) CRa(t))}-l

- R,Z,R Hw = [1=(Ngg(t)1} 0 ) (RR" Gt )0gz0 Byyr .

% - (NR "E(t»

(5.13)

In the foregoing calculation, we have not included the series generated by terms of the type shown in
the first place in Eq. (5.4) nor functional derivatives of the types 6( N) /6€ and 6{ C'C)/6€. The contribu-
tion from #[A] involved in the exact expression for the self-energy correction given by Eq. (3.26) has
also been neglected, but otherwise all possible contributions to Z have been exhausted. By inspection,
it is easily found that series generated from terms of the type shown in the first place in Eq. (5.4) are,
at most, of order €. The contributions from 6(N) /6e, 6(C*C)/6€ and 7[A] are also of order €. This
implies that the self-energy correction given by the sum of Eq. (5.3) and (5.13) is exact through terms
linear in €, In the limit of a small external field 6€ =0, the result is

n5(l —ng)l%e,

2 ko, @) = T T S ne P2 (L= n )2
- RR"(CRUCR"O>{(1 2"0)"‘2“:;3" Cro) explik(R — R”)]} (5.14)
R"#R (2 -n a) - (2 'no) +< CROCER"(J)( CR"oCRa> )

The second term in Eq. (5.14) comes from the
second and third terms in Eq. (4.11). Note that
the denominator is completely different from that
of the original expression in Eq. (4.10) due to the
large factor (1 — u)72(1 - X)™! introduced by the
infinite summation. Although the self-energy Z
obtained here is exact through terms linear in €,
the solution of G™'(w)= G, (w) - Z(w)=0 need not
be calculated correctly through terms linear in e,
since the equation G™'(w)=0 is polynomial in w.
Furthermore, the second term in Eq. (5.14) canbe
abnormally large for a nonmagnetic case where
n,=n5 since, in the narrow band limit, (C},Crro)
X{C}»,Cro vanishes when the lower band is nearly
empty or nearly filled. To remedy these diffi-
culties, the effect of 6(N)/b¢, etc., has to be in-

r

cluded. Terms linear in € will then be added to
the denominators in Eq. (5.14) and these terms
may become very important, as we shall discuss
in Paper II.

VI. DISCUSSION

In Secs. II and III, a systematic treatment of
the equations of motion has been developed; high-
er-order Green’s functions, which appear in the
equations for basic Green’s functions, are re-
duced to functional derivatives of the basic Green’s
functions so that they can be calculated, by means
of an iterative procedure, rigorously up to any
desired accuracy. In principle, the present meth-
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od is parallel to the perturbation method developed
by Kadanoff and Baym.!> In order to include the
strong correlation between two electrons with
opposite spins at the same site, however, we have
used the two equations of motion for the two basic
Green’s functions T'‘*). In the absence of the in-
teraction, I =0, these two equations are identical
and yield I*) =(N{*))G. In the presence of the
interaction I', however, they generate two distinct
classes of terms (diagrams). Diagrams generated
from the equation for r'*) will have an electron
with spin o at time ¢ at site R, but diagrams gen-
erated from the equation for ") will not have

an electron with spin ¢ at time ¢ at site R.

We shall now illustrate how the present method
works in calculating the electron correlation.
Successive hoppings of an electron o are calcu-
lated by the second term on the left-hand side
of Eq. (2.8), that is,

¢1=R£6(RR"at)<<cRn (N EDECT ("))
(6.1)

Since the Green’s functions involved can be re-
duced to functional derivatives of I''*) ag illus-
trated by Eqgs. (2.12) and (3.5), ¢, may be re-
written

o T ¢

" . 6 . 6
* Z;R RR "”<’ 5e(RR"0t™) ~ ' Be(R "qt*)>
)=n{1Ch o).
(6.2)

€(RR"0t)((Cruo(t)Chrolt’)))

X (Cro([NEE(?)

The original expression for ¢, given by Eq. (6.1)
describes a simultaneous motion of two electrons
o and 0; the electron o hops from site R’ to R”,
while the other electron ¢ (or hole ¢) remains

at site R as is illustrated by diagram (a) in Fig.
1. In Secs. IV and V, the value of ¢, has been
calculated by using Eq. (6.2). In the first term

in Eq. (6.2), the electron Ny is replaced by the
average field #; created by all electrons with
opposite spin ¢ as is shown by Fig. 1, diagram
(b). This term is also included in Hubbard I, and
introduces the splitting of a narrow band. The
second term in Eq. (6.2) is to correct the error
created by the replacement of the electron Ny
by the average potential z5, and yields the series

MORREL H.
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FIG. 1. Diagrams for ¢; and ¢,. A double-line R’
=R represents the Green’s function ({C gq (£)C}'g ")),
a single-line R’ —R is the equal-time Green’s function
(CLe $)CRe®) , and a dotted line R’ -—R denotes € gp- .
A counterclockwise loop represents N, (t) or n,, while
a clockwise loop 1 - Ny, (¢) or 1—n, Diagram (a) des-
cribes ¢, given by Eq. (6.1), (b) and (¢c), respectively,
represent the first and second terms in Eq. (6.2), while
(d) illustrates ¢, given by Eq. (6.3), and (e) and (f), re-
spectively, describe the first and second terms in Eq.
(6.4).

leading to the result in Eq. (5.3). As is shown
in Fig. 1,diagram (c), however, the motion of
the first electron has been neglected completely
in this series. To improve this result, there-
fore, we need to include more detailed motion of
the electron o. This will be the subject of Paper
IL.

The effect of the motion of electrons with op-
posite spin ¢ is described by the third term on
the left-hand side of Eq. (2.8), that is,

¢z:i Z [€ R”C’t)«cRc( C;c(t)CR”u(t)C.R o t )» E(R”Rgt)«cRo t)CR”c( )CRE(t)C;'o(t’)»]-

R"#R

(6.3)

Use of Egs. (2.13)—(2.16), and (3.1), and (3.2) in the above expression yields
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b=t D [€(RR"GH)(C}5(t)CRm5(t)) = €R"RTE)(CHng()CR3(EN(Crolt)CE o(E)))

R"=R

s Y <e(RR"6t)i~5€-(—R—;73t—;) -e(R"REt)iWéﬁ;T)((CRo(t)C,:,o(t’))). (6.4)

R"#R

The original expression for ¢, given by Eq. (6.3)
describes a simultaneous motion of two electrons
o and 0; the electron ¢ hops from site R’ to R
while the other electron ¢ moves from R to R”
(or R” to R). These two processes are described
by Fig. 1, diagram (d). In Secs. IV and V, we have
calculated their value by using Eq. (6.4). In the
first term in Eq. (6.4), the motion of the two
electrons are decoupled and the electron ¢ cannot
distinguish the two processes illustrated in Fig.
1,diagram (d). Therefore the value of the first
term in Eq. (6.4) vanishes in the limit of small
external field 6€ =0. The nonvanishing contribu-
tion calculated from the second term in Eq. (6.4)
is given by the first two terms in Eq. (5.13). The
series leading to the first term in Eq. (5.13) gives
the correlation between the electron o at site R

{ represented by [$ - (Ng,(t))]} and the second
electron o which fluctuates between sites R and
R". The series leading to the second term in

Eq. (5.13) gives the motion of the electron ¢ from
R’ to R, but the motion of the other electron &

is limited to between R and R’, and it can not go
to an arbitrary atom R” in the lattice.

The foregoing discussion will be helpful not only
for improving the result obtained in this paper
but also for comparing it with other results. In
Hubbard I, all diagrams in Fig 1 except (b)are
neglected. The result in Eq. (5.3) obtained from
¢, should be compared with Eqs. (37)~-(40) of
Hubbard III which includes only the scattering cor-
relation, and also the CPA result obtained by
Soven by freezing the motion of electrons with
opposite spin 0. In fact, Eqs. (37)-(40) of Hubbard
III may be rewritten

Gid(w)= 2 - &
ng(l-ng)I3Q
T le--nUP-To-1-n3)1]Q,’
(6.5)
where
Qo =F o= [27Ggpo()] . (6.6)

If one replaces Gggo(w) by Gpo(w), £ becomes
equal to €, and the third term in Eq. (6.5) be-
comes equal to our first term in Eq. (4.11) through

-
terms linear in €,, it is also parallel to our first
term in Eq. (5.14) if [w - (1 =#35)] ]9, is replaced
by n5(1 =n35)I%. Since Ggg,(w) is not equal to
Gpo(w) but is given by a k-independent quantity
N3 Gpro(w), and since Hubbard III has ne-
glected the correlation function (Ng.5(Ng5 —-773)),
it is difficult to make a more precise comparison
between the present results and the Hubbard III
result. It is not surprising that the Hubbard III
result becomes equivalent to Soven’s result ob-
tained by freezing the motion of electrons o, since
(Ngr5(Ngg —n3)) =0. Note that our first term in
Eq. (4.11) is exactly the same as the corresponding
term obtained by Esterling and LangeBb and Fedro
and Wilson,'” showing that the results by these
authors correspond to our zeroth-order result
and are not correct through linear in terms €.
The resonance broadening correction in Hub-
bard III should correspond to Fig. 1, diagram (d).
However, the motion of an electron ¢ is decoupled
from that of an electron o and replaced by an
average field in Eq. (47) of Hubbard III and there-
fore the dynamical correlations between two elec-
trons o and o given by ¢, are not included. In
fact, the results given by Egs. (51) and (52) of
Hubbard III has no resemblance to our result
given by the second term in Eq. (5.14), and, in-
stead, it resembles the first term in Eq. (5.14).
As we have discussed before, our second and
third terms in Eq. (4.11) have a factor and a sign
different from the corresponding results by Ester-
ling and Lange and by Fedro and Wilson, but these
differences are unimportant. After the term is
calculated correctly through terms linear in €,
the form is modified drastically as is shown in
the second term in Eq. (5.14). Note that there
is the difference by a factor (1 - 2n5) between the
results of Esterling and Lange and of Fedro and
Wilson. This difference is also the same order
of magnitude as the difference between our pre-
liminary result in Eq. (4.11) and their results,
illustrating that their results are obtained under
arbitrary approximations. The calculation in
Paper III will indeed show the instability of their
results.

APPENDIX A: CALCULATION OF n[A]

The expression for n[A] given by Eq. (3.26) can
be calculated by inserting Eqs. (3.8) and (3.10);
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-iB
[ dpmraltt = [ ary > x;(O)e(Rﬁzot)rl[x;(Rt) 3 A5 (0)Bs(R)e(RR,0t)
0

R, R,=R Ry =R

N <z 5 s 6 > ; 0Grmio(ity) 6GRR10(ttl)>
6€(RR,0t™") O€(RR,0t™T) 0€(RR,0t™) = 0€(RR,0t™)

. , 6 . 0
+F5(Rt)w —1) Z <’ 6e(RR,01 ") —t Ge(RRzot""))

E;#R

—.\. OGRrr o(tt,) —,\. 0GrRr,a(t? ))
x(e(RRaot)z Se(RRa1°) - €(R,Rot)1q _——L—Lée(RsRa—t*)

-1 . 6 ; J
- F5(Rtw Z <’ Se(RR,0l ") -t 5E(RR20’t++)>

Rg7R
—... OGgrr o(tt ) —.\. OGrr c(tt )>
—URRiO\VV ) —URRio\L 7))
x(s(RRpt)z Se(RR,51") €(R,Rot) i Se(R,Rat")

FFs®RE) Y A;(O)e(RRﬁt)I'1<i Ge(RIi?ot“) - Oe(R;MH)>

R3*R

_ 6 b
X(’ be(RRot-) * be(RR,0t")

Yo =12 ) -0 A et oRker o), AD

where t** and ¢, respectively, denote time arguments infinitesimally larger or smaller than ¢* and
t~. Second derivatives of G can be evaluated by the following relation:

0

-iB o OGrr,o(tt,)
dt < 10\ )G-l , (t. ¢t
f 14,,\:1 0€(R;R;0t,) OE(R R, 0,t,)) FiF olt:2")

0Gr.r'o(t ¢’

~{B -iB ~{B GG"I (t ¢ ) )
= dt dt f dt <c tt,) —RaRaol3”2l tt) Zak o)
J; ' L % 3RZ1 Rzz % RRSO( o 0e(RR0:t;) S 0€(R,R,0,1,)

OGRaRyo(t st
+GRR30(”3) SGnsmpollyly) GRZRlc(tztl)

ac;‘,glc(t,t')>
S€(R, R0, t,)

6e(R; Rjo0;t,)

-iB 5 5
- dat G tt
fo 1;1 rr,o(tl) 0c(R, R0, t;) 0€(RyR0,41,

) G;;R’o(ht’), (AZ)

which is obtained from Eq. (3.24) by differentiation. The last term in Eq. (A1) still involves A /5e
but it can be evaluated again by inserting the expression for NG By repeating the above treatment, the
correction term 7 can be calculated up to any order.

The value of 7 calculated from Egs. (A1) and (A2) by neglecting the term involving A‘*) is proportional
to €. The term involving third derivatives yield a value proportional to € and so on, showing that the
contribution from 7 is of higher order and may be neglected in the present paper.

APPENDIX B: CALCULATION OF &(1)
We want to calculate the correction term £ introduced in Egs. (4.3) and (4.4) correctly through terms

linear in €. Since the expression in Eq. (4.4) is linear in €, it is sufficient to calculate 5({N)/6¢(F) through
terms of order €°. This can be carried out by inserting Eq. (4.1) into Eq. (4.13). The result is
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A(CA5(1)Ck5(E)

e, o) = o R BN Gaeys ()G aralt)

-iB -iB
. t -
vi [T an [T an Y et 5%’*1;( t») Grr 51 (Go)rlr 5(t:ty) G ryrraltal?)
(] 0 R, R, 2

-iB
+i/ dt, Z Z )\O(thl)GRRIG(ttI)GRlR’_O(tlt B

o Ry Ry*R;

5<C£10(t1)CR o) 6<C‘1!.320(t1)CR10(t »

X (e(Rleot,) scRR, 5,) - €(R,R,0t,) oe(R R, 51" 1 )
s -iB ey OZR R,5(81E,) _(p 4+

i fo dt, fo dzZ;] % Can,allh) G BA Gyt ). (B1)

By inserting the trivial identity (G,)"* =G~ +Z into the second term on the right-hand side of Eq. (B1), the
double integral may be reduced to

irgriet) SNerollD oy )+zf dt, f e ZZAO(R £) — ol ONR ot )

be(R;R;Gt") be(R;R;T L")
><GRRIE(ttI)ZRIRzz(tltg)GRzR'a(tz ). (B2)
In case R =R’, therefore, Eq. (Bl1) is rewritten
O(Ngs(t) . - ) O(Nrolt™) .
g = ’ 1 — ’ o F14F + RO — +
belr.R, o1yt Foil NFo(0)]7! G 5(tt")G g rs(t't") +i Nl ¢ Vemm51n) Crralit)
-iB
vi A2 D Aol )Can )G aas(at)
Ry Ry#R;
8(C fy o (£,)C ryolt,) &(Ckyolt,)Cry ot ) >
x (E(Rleotl) de(R,R, 5t €(R,R,01) e(R;R,;5 1)
- -iB 83 ryry5tit,)
T a, [a st ( Zmeasllat)
8(Nr,o(t,)
+Ao(R 1t1)m Z Ry Ry5(l1 1) Gr,r 5(tat?). (B3)
Since T is at least linear in €, 6(\)/d¢ is given by
6<NR3(t)) _ ’ -1 (441 (41T . + ‘6<NRo(t+)> . (44t ’
SR, R, 57) =i Fo(Rst)Fo(0)) 'G5t )Gr, ('t +i Ao (R ") e ReR, 5 G rrs(tt*) +O(e). (B3")
Similarly,
Waall) oy (R,11)(C b, Cr )i Gy olt)Girg ol ) = X3 (B £)(C 5 Caty5) G o lL)G gy molt’D)
5E(R¢R atr) ch RR;O Ri RO i Rjo RRjo RjRo
6<NR3 ()] " .
iAgRE) T3 2= Grr o(tt") +O(€) B3'’)
+1 O(R ) 6€(RiRjUtl) RR O (
By inserting Eq. (B3’’) into Eq. (B3’), we find that
O(Ngs(t) . , ,
5€(R¢Rj(—7't') ‘Z A(j;ab)i GRRao'(tt )GR,,Ro’(t £)+0(e), (B4)
where
A5 5) =Fo(Rit" [ Fo(0)]7105/[1+ X2Ggp o (t£7) Gres(tt™)]
(B4Y)

A(g; id) = =A(F; 37) =2%C IeiTs CR,E) i G gro(tt)d 5 o/ [1+ A2 Gy o (tt*) Grps (it ),
A(Zj;ab)=0, otherwise,

which is exact up to zeroth-order terms in €, By inserting the above result into Eq. (4.4), £ is calcula-
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ted exactly up to terms linear in € as follows:
-iB
ottt =] a2 T D a5
Ry Ry#E
X[A(02; ab)e(RR,T1)iG rp,o(tt,)iG g & o{t11)G ryr,o (t6)(Go) R %o(tst")
- A(20; ab)e (R,RTL)i Grp, oltty)i GRIRac'(tlt)GRbRIO,(”l)(GO)EiR”O(tlt’)] . (B5)
The derivative O(C;Qra (£)C g5(t)) /b€ may be calculated by inserting Eq. (B4) into Egs. (B1) and (B2). Use

of the result and an approximate result for £ in Eq. (B3) will yield improved 6(N)/6e and £”and so on. How-
ever, since the improvement on £ are of order €2 and beyond the accuracy we are aiming at in the pre-

sent paper, we shall not calculate them.
Let us now decompose Gy 4(ft’) in terms of the spectral function A g5+ 4(w) as follows's:

2d1r—wi e DA e pro(w)[1=F ()] for dt>it!,
Grr ’c(tt’) = - (B6)
“d
.3 L8 p-iwte-t! A prio(@)f(w) for it <it’,
i
where A (w) is given by the discontinuity of G(w) across the real axis
(B7)

Alw) =i lim[G(w +in) - G(w — in)]

n->0
and f(w) is the Fermi function. In the limit of 6e -0, the Fourier transform of Eq. (B5) is calculated as

o)== [0 == N X 3 [ [ [ G0 G0 Gty () [1-£(0)] (Go)iarole)

RR [o]
Ry Ry
X {€ pr, A (02; @b) A gy 1o (0,) [1= £ (©,)] A g, g (w0, )f (@)

- €2, e A (20;ab) A g o(w,)f (W,) A, ryo'(wg) [1-f (wy)]} [e Blumwitwz=ws) 1] /(W = w, + W, = w,)
+ARR10(wl)f(w 1) (GO)E;R'O(w){eRRZA(OZ; “b)ARbR,c'(wz)f(“’z)ARl RQO’(“’S) [l‘f (‘*’3)]

- eﬂzRA(ZO;' ab)A Ry Rq o' (W) [1-f(w;)]A RbRIO’(wa)f(wa)}[l +e” Pt /(0 — w, + w, = wy)), (BS)

As usual, the Fourier transformations leading to Eqs. (4.11) and (B8) are carried out for complex fre-
quencies Z,=(1v/~ if)+u with odd integer v and then the resulting expressions for G(Z,) and £(Z,) are

analytically continued to G(w) and £(w) with real frequencies w.
In order to understand the collision processes involved in Eq. (B8), it is more convenient to Fourier

transform it to # space. The result is

§0k0, )= = [w= (1= 122 [ [Ba 0 dos 1557 (4w, )1- 10,167 k0 )
k" aq

X {ek' Lk k=g (02; ab )[1 "f(wz)]f(ws)

— € Lyt _o(20; ab) [ 1—f(w3)]f(w2)}[e Blu-witwewy) | 1] /(w — W+ W, —w,)

+Aqo(w1)f(w1)G(;l(k°; w){ek' Lytpeq (02§ab)f (wz)[l'f(wa )]

— € Ly (20; aD)f (W) 1= f(w,)] 1 + e BFw1+w2=w3) | /(0 — w, + w, — wg))

where (B9)

L k_q(oz ab) = Z‘ZA(OZ ab)ARIRao (wz)ARlec (ws)e—ikr(R-Rz) =i(k=q) (R=Ry)

R; Rp

(B10)
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We want to evaluate the value of ¢? (ko, w) for w satisfying G™'(w) =G 3 (w) = Z(w)=0. Therefore, we may
replace G;l(ko, w) in Eq. (B9) by Z(ko, w) +G™'(ko, w) and set G~ (ko, w)=0. Since Z(ko, w) is of order e,

the value of £?(ko, w) calculated in this manner is of order 2.

*Work performed under the auspices of the U. S.
ERDA.

jPermanent address: The James Franck Institute and
Dept. of Physics, The University of Chicago, Chicago,
1., 60637.

fPermanent address: Dept. of Physics, University of
Rome, Rome, Italy.

ISee, for instance, C. Herring, in Magnetism, edited

by G. T. Rado and H. Suhl (Academic, New York, 1966),

Vol. 1IV.

N. F. Mott, Can. J. Phys. 34, 1356 (1965); Philos. Mag.
6, 287 (1961). -

37. Hubbard, Proc. R. Soc. A 276, 238 (1963). This
paper will be referred to as “Hubbard I.

4J. Hubbard, Proc. R. Soc. A 281, 401 (1964). This
paper will be referred to as Hubbard III.

5J. M. Luttinger, Phys. Rev. 119, 1153 (1960).

6Also see, D. M. Edwards and A. C. Hewson, Rev.
Mod. Phys. 40, 810 (1968).

J. Kanamori:_Prog. Theor. Phys. 30, 275 (1963).

8a) A. B. Harris and R. V. Lange, Phys. Rev. 157,
295 (1967); (b) D. M. Esterling and R. V. Lange, Rev.
Mod. Phys. 40, 796 (1968); (c) D. M. Esterling, Phys.
Rev. B 2, 4686 (1970).

°P. Soven, Phys. Rev. 156, 809 (1967).

0B, Velicky, S. Kirkpatrick, and H. Ehrenreich, Phys.
Rev. 175, 747 (1968). Also see, K. Levin and K. B.
Bennemann, Phys. Rev. B 5, 3770 (1972).

7, Arai and M. H. Cohen, following paper, Phys.
Rev. B 15,1836 (1977). This paper will be referred to
as Paper II.

127, Arai and M. H. Cohen (unpublished). This paper will
be referred to as Paper III.

133, Schwinger, Proc. Natl. Acad. Sci. (U.S.) 87, 452
(1951). -

U7, Arai and M. Tosi, Solid State Commun. 14, 947
(1974); T. Arai, Phys. Rev. Lett. 33, 486 (1974).

151,, P. Kadanoff and G. Baym, Quantum Statistical
Mechanics (Benjamin, New York, 1962).

8The self-energy correction = in Ref. 14 involves a
term proportional to ¢Ggg (¢t'). This term has ap-
peared because of the use of the relation

iG g go (H7)8 (17 t") +iG grg ¢t )5 (£ 8') =iG ggo ('),
RRo RRo R

which is incorrect. The correct value of the expres-
sion on the left-hand side of the above equation should
be calculated as follows:

iG pro (H™)5 (£t ) 4G gr(t )5 (£2)
== N g () 16(EE) + [= (N g () 16(287)
=[1- 2N gy €N 16,0,

and it is not equal to iG gg4(tt’). Therefore, the en-
ergy of an electron added to the lattice should not be dif-
ferent from the energy of the same electron removed
from the lattice as suggested in Ref. 14.

7A. J. Fedro and R. S, Wilson, Phys. Rev. B 11, 2148
(1974). -

18The definition of the spectral function A (w) and its
analytical continuation to real frequency w will be given
in Paper III.



