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We have incorporated the projection operators to the canonical transformation to derive an
analytical infinite perturbation-expansion series. This canonical perturbation expansion (CPE) is
valid if the unperturbed Hamiltonian H, and the perturbation H can be expressed as -

Hy= 2/ P;HP; and H,= Ej# P;HP,, where P; is the projection operator corresponding to a
group of closely spaced effective one-electron orbital energies Ej, with u=1,2, ..., d;, and if
|E;, — E;,| << |Ej,—~ Eys| with j # k. We have shown that the CPE is equivalent to the time-
dependent perturbation theory. An extremely simple effective Hamiltonian H is obtained when
the CPE is applied to the s-band Hubbard model at the atomic limit. An explicit form of H to the
eighth order is given, and the magnetic interaction in H is of the form of Heisénberg exchange

§,- -§:,, including far neighbors. We then use this form to compute the antiferromagnetic ground-
state energy io the seventh order. Our result is compared with other works.

I. INTRODUCTION

The Hubbard model! has been extensively used in
theoretical descriptions of the magnetic ordering and
the Mott transition in systems which are characterized
by narrow energy bands. Though the Hubbard Hamil-
tonian is quite simple in form, an accurate solution for
the thermodynamic properties has proved difficult for
the general case. Historically, the model Hamiltonian
was constructed for investigating the effect of strong
intra-atomic electron correlation. Near the atomic
limit U >> W (U is the Hubbard parameter and W is
the bare bandwidth), this model has been thoroughly
studied by many authors®~!? via various approaches.
In addition, the standard perturbation method has
been applied!*~!® explicitly in terms of the perturba-
tion expansion parameter W/U. Due to the
mathematical complexity in the perturbation series,
most of the concrete results are restricted to the
second order in W /U except for the special case of a

B J

one-dimensional chain. On the other hand, an exact
numerical solution has been derived for a small ring
with a maximum of six atoms for all values of U/W."?

It is well known that for sufficiently large U the bare
energy band splits into subbands. The centers of
gravity of two adjacent subbands are separated by U.
To describe the motion of electrons in such a subband
picture, let us first define the projection operators P,
through the equation

H[(l—n”n,l)+n,-1n,-1x]=2P,x’ , (1)
i ]

where n;, is the number operator associated to the lo-
calized state at site / and spin o, and the product over
i runs through all the sites. P, then projects out from
a many-electron state the particular configurations
each of which contains / doubly occupied sites. In
terms of these projection operators we can rewrite the
s-band Hubbard Hamiltonian as

H= Et,,a,-f,aj(,-%-U En,ln,-1=§P, Zt,-,a,f,aja+U Zn,-ln,l ;P[
ijo i

ijo i

= EPIHPI'*' ZPI+1HPI + EPI-IHPI s
1=0 1=0 1=1

18

)

3453



3454 ' K. A. CHAO, J. SPALEK, AND A. M. OLES 18

where

3 PHP, =Py 3, t;(1 —ni_)ata;o(1—n;_,) Py

1=0 ijo
+ zP’ 2 [,j[(l - ni_(,)ait,aja(l - nj_,,) + n,_,,alf,aj,n,_,,] + U 2”,’]”,’1 P[ ) (33)
I1=1 ijo i
S PaHP =3 Pra| 3, tyni—sata; . (1 — ”j—a-)]PI , (3b)
1=0 1=0 jo
o)

3 P HP =3 P |3 1,(1 - "i—a)alrraja'nj—a']Pl .
i1 i e

For convenience, we will choose a zero reference en-
ergy such that 7, =0. Clearly, P,HP, describes the
dynamical properties of electrons within the /subband.
The center of gravity of this subband locates at /U,
and the subband has a finite width due to the in-
trasubband hoppings which do not alter the number of
doubly occupied sites. P, HP, and P,_{HP,, on the
other hand, represent the intersubband hoppings from
the /subband to the / +1 subband and the / —1 sub-
band, respectively. Each intersubband hopping will
change the energy of the system by an amount of the
order U. At the strong-correlation limit U >> ¢;, the
electron hopping can be treated as a perturbation.
However, the hopping terms in P,HP, contribute to
the total energy linear in #;, while the leading term in
the energy correction due to the hopping terms in
P41 HP; and P,_ HP, is proportional to #/U. Conse-
quently, a proper separation of the Hamiltonian H into
an unperturbed part and a perturbation is rather cru-
cial in the application of perturbation theory to the
Hubbard model at the strong-correlation limit.

Many of the authors'>~'¢12 who apply the perturba-
tion theory to the Hubbard model start from

H=HO)+HQ1) , 4)
where '
H(0)=U2n,-,nil N (43)
H(l) = 2 tyairrajg- . (4b)
ijo

Since the eigenenergies of the unperturbed Hamiltoni-
an H (0) are highly degenerate, the perturbation ex-
pansions of Kato?® and des Cloizeaux?' have often
been used. As both the intersubband and the in-
trasubband hoppings appear in H (1), they are mixed
in every higher-order term of the expansion series.
Nevertheless, the energy corrections due to the in-
trasubband and the intersubband hoppings differ by a
factor of the order W/U. Consequently, the resulting
perturbation calculation becomes very tedious in prac-
tice.

The drawback of this scheme H = H(0) + H(1)
manifests itself when the band is not exactly half-
filled. Then the lowest subband which has no doubly
occupied site contains holes. It has been shown by
Florencio and Chao!” that in this case the intrasub-
band hopping can destroy the antiferromagnetic order-
ing in the strong-correlation regime. If we apply
Kato’s perturbation expansion to H = H(0) + H(1),
we have to collect all intrasubband hopping from
terms of different orders and regroup them in order to
fully account for the intrasubband hopping effect.
Certainly this is an impossible task.

To further illustrate the different roles of intrasub-
band and intersubband hoppings in the strong-
correlation regime, let us consider the simpler case of
one electron per site. The ground state is an antifer-
romagnetic insulator?™!8 at the atomic limit. It is due
to the virtual hopping of electrons and the coupling
constant is proportional.to 2/ U, where ¢ is the
nearest-neighbor hopping integral. This mechanism is
just the same as P,HP, HP, with I referring to the
lowest subband. On the other hand, let us create an
electron-hole pair in the ground state, leaving one
hole in the lowest subband and one electron in one of
the higher subbands. Then both the electron and the
hole can conduct electric current via the intrasubband
hopping t. Consequently, the intrasubband hopping
plays the dominating role in the Mott transition while
the intersubband hopping is responsible for the mag-
netic ordering.

Recognizing the essential difference between these
two types of electron hoppings, the starting point of
the perturbation expansion in this paper is

H=Ho+H, , (5)
where
Ho= iP,HP, , (5a)
=0
Hy= §;0 Pt HP, + % P HP, , (5b)



and H, is treated as a perturbation. The unperturbed
Hamiltonian H, at the atomic limit has been solved
exactly by Klein.?? Considering only two subbands,
this scheme H = Hy+ H, has been previously used by
Florencio and Chao!” and by Chao et al.?

In Sec. II we will use a canonical transformation to
derive a new form of perturbation expansion. The
close relation between this canonical perturbation ex-
pansion and the time-dependent perturbation theory
will be demonstrated. The fact that linked-cluster
theory should be employed in the future perturbation
calculation then becomes obvious. For the Hubbard
model at the strong-correlation regime, the infinite-
expansion series can be expressed in analytical form.
We then obtain an effective Hamiltonian, the explicit
form of which to the eighth order will be given in Sec.
III and in Appendix A. In Sec. IV we calculate the
ground-state energy to the seventh order, of a half-
filled band for the cases of a linear chain, a square lat-
tice, and a simple cubic lattice. Our canonical pertur-
bation expansion also gives the exact solution for a
two-site Hubbard model, as shown in Appendix B. In
Sec. V we compare our result with other works follow-
ing by a concluding remark.

II. CANONICAL TRANSFORMATION

We assume that the eigenenergies E;,, with
i=0,1,2,..., and u=1,2,...,d; of an unper-
turbed Hamiltonian H satisfy the condition
|Ei,— E;,| << |E;,— E}s|, where i # j. That is, the
eigenenergies of H consists of disjointed regions in
each of which the spectrum can be either continuous
or semicontinuous.?* The widths of such regions are
much smaller than the separations between them. Let
|in) be the eigenstate corresponding to the eigenener-
gy E;,. P;and Q, are, respectively, the projection
operator and the eigenspace belonging to the eigen-
values E;, for all u. We further assume that the per-
turbation H; has zero matrix elements between the
eigenstates in same Q,, i.e., (in|H|iv) =0. Then we
can express the Hamiltonian H = Hy+ H, in the gen-
eral form

H0=2PIHPi n (63)

H1=2’P,'HPJ 5 (6b)
iJ

where the primed sum excludes the terms with i =j.
Consider the canonical transformed effective Hamil-
tonian

H(e) =e 'S(Hy+eH)e'sS | (7

where € is formally treated as small except at the end
of calculation we set e=1. If we expand the exponen-
tial function in power series and use the notation
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[[4,Bll,=104,4,[---,[4,B]] ---11 ,

with n commutators at the right-hand side, then we
can rewrite the effective Hamiltonian as

H(e) =Hy+e(H,—ilS Hol)

+ i (_—_ii)l([[s,Ho]],, +inl[S,Hill,-1) .
n!

n=2
(8)
We will search an operator S such that
H,—ilS,Ho =0 . )]
Substituting [S,Ho] =—iH; into (8), we obtain
- o — i yn—l_n
A =Hy+ 3 =D (15,
n=2 .
(10)

To derive an expression for S, we can substitute
(6a) and (6b) into (9) and then apply the projection
operators P; and Py to (9) from both sides to get

P;HP(1 — 8,) + iP,HP,(P,SP,) — i (P,SP,) P, HP, =0 .
(499)

For j # k, the above equation reduces to
P,HP,(P;SP,) — (P;,SP,) P,HP, = iP;HP; . (12)

The operators P,HP,= P;H,P; and P,HP; = P,H,P, at
the left-hand side will be approximated by their proper
expectation values of the energy. From (6b) we see
that the right-hand side of (12), P;,HP, = P;H P,
represents the coupling between one state in the k
eigenspace and one in the j eigenspace. P,HP; and

P HP, then correspond, respectively, to the energies
of the final and the initial states which are coupled by
P,HP,. Since |E;, — E;,| << |E;, — Eis|, P;HP, can be
well approximated by E;, where E, is the mean energy
of £, over all u. Hence we have

If j =k, we can use (6a) to rewrite (12) as
[P,HoP,,P,SP]] =0 . (14)
The general solution is?*

!

where z is an arbitrary operator. To illustrate the
effect of P,SP;, let us consider the basis {|y;)} of H.
Using the transformation (7) with e=1, {{y,)} is
transformed into a basis {|,) =e™|y;)} of H. As
P;SP; does not depend on H), we can now assume
H,=0 and so P;SP, =0 for j # k. Furthermore, we
have
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Jk J i

where Z is also an arbitrary operator. Since
[P;ZP;,P;HoP;] =0, we have

H =exp|—i 3, P;ZP;|Hyexp =H, .
J

i ? P,ZP

Therefore, {|y,)}={ljx)} and

(lo)= eXP(—igkaPk UI‘«)]

=lexp(—=ig ) jw)}

where {;, is the eigenvalue of P;ZP; with respect to
the state |ju) because P;ZP; and P;H,P; commute.
The effect of the P,SP; terms in the canonical
transformation is thus simply to add a phase factor to
each eigenstate of the basis. Since the basis can be
uniquely defined only within a phase factor, we can
choose a constant phase factor for the entire basis.
Hence we have

PJSPI=’YPJ ’ (16)

where y is an arbitrary real constant.

The justification of (16) manifests itself in the close
relation between the canonical perturbation expansion
and the time-dependent perturbation theory. Let us
formally define the "interaction representation" for the
operator S in (7) as

S(’T) =exp(iH07)S exp(—iHo-r) . (17)

Applying the projection operators from both sides, we
obtain

P,S(1)P,=P; [H exp(iP, HP,7)
"

xS

Hexp(—iPVHP,,T)]Pk
=exp(inHPj‘r)PJSPkexp(—iPkHPk'r)

=exp(iHyt) P;SPiexp(—iH,yT) . (18)

J

(s, 711, = +

S PSP, H,
j

n

%‘; PSP, —i 3 (E,—E,)P,SP,

wy

n

By mathematical induction, we arrive at the general formula

2' PjSPerl]] = [['Y,Hl]]n +
Jk

It satisfies the "equation of motion"
id—dTPjS(T)Pk ~[P,S(IPLHI(1—-8,) .  (19)
We can also define the perturbation in the interac-
tion representation as
H(7) =exp(iHot) H,exp(—iHy7) . (20)

Then, by applying the projection operators to (9) from
both sides and using (20), we get

PH (1) P (1 =8y) —i[P;S(7) P ,Hol =0 .

Therefore, (19) becomes
-ddTp,s(f)Pk =—PH ()P (1~8y) , @1

which has the solution

PSS Pc=— [ PH(DPdr forj=k (2a)
and

P/S(T)Pj=PjS(T=O)P/=PjSPj=EP,ZI), .
i

(22b)

If we denote S =3, ,' P,SP; and
S(7) =exp(iHy7)S exp(—iH,y7), (22a) yields the rela-
tion .

§=50 = Hmar . 23

It is well known in the time-dependent perturbation
theory that the time-development operator is defined
as

U(0, —c0) = T exp [—-i f_ow H(7) dr] .

Therefore, we have U(0, —oo) = Te'S, where Tis the
time-ordering operator. Note that U (0, — ) is a
function of S instead of S. Since S does not contain
P,SP;, P;SP; thus plays no role in the perturbation ex-
pansion.

Using (6b), (13), and (16), and 3, P,=1, the com-
mutators in (10) can be expressed as

|

3" PSP, H,
Jk
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§ (=D)’(n +1)!

=i(—=1)""1 "
(s Hl, =i D" 37| 3 s

all k,,

, 24)

Ekj+1

Pk]SPkZS crt SPk

n+2

where the double-primed summation is restricted to k., # k.4 for all m. Substituting (24) into (10), we have the
effective Hamiltonian as

P, SP.S - - - SP (25)

n+l

A =H,— 3 n=DGa" —1)(le) 3"2,(: ,,L; j.(—l)’__'{!‘ Ee,,

n=2

III. EFFECTIVE HAMILTONIAN FOR THE s-BAND HUBBARD MODEL

In this section we will apply (25) to the s-band Hubbard model. From Egs. (3a)—(3c) and (5a)—(5b), we see that
H, consists of separated subbands and H; couples only the adjacent subbands. Therefore, in (25) we have
Km+1=kn 1. Let us define u,_, =k, —k; for m =2 and uo=0. Since the centers of gravity of two adjacent sub-
bands are separated by the intraatomic correlation energy U, hence E"m - Ekm =(up —uy_1) U=+U. Using (13)

and the relation

3 7,%%”-;% 21 % (B, ~ E)
- il—(%:—_%(u, —u_)U v - (26)
the effective Hamiltonian A = H (e=1) of (25) can be rewritten
A-ti+ 3 A2k b é%(w_l—uﬂ] II;"Il(u,—u,_l)]
X PyHPy s HPci)H - - - HPyy - Q7

Note that in the above equation we have ¥, —u;_, =+1. We will use the notations

Cluruy, . . up) ==L é% oA - .)[11_11<u,—u1 l)] (28)
and

(kuyuy, - .. uy) =PcHPyyy HP oy H - - - HPyy (29)
Then the effective Hamiltonian has the final simple form

H=H,+ i u™ Y Cluguy, ..o u,) Uy, oo u,) (30)

n=2 ko uy)
Since #; —u;_; =*1, all allowed channels (k,uy,u,, . . ., u,) for given k and the coefficients C (uy,u, . . ., u,) of

(28) can be generated on computer to as large number n as desired. Using the symmetry properties

Cl=uy, —uy ..., —u)==D""Clupu,, ..., u,) , €3))

the computation effort can be reduced by a factor -%— The explicit expressions for A m with n <8 are given by
(A3)—(A9) in Appendix A.

Let us consider the case that the bare energy band is no more than half filled. Then for the ground state all sub-
bands except the lowest one (the Py subband) are empty. If we are interested in the ground-state energy correction,
we need only those channels (k,uy,u,, . . ., u,) with k =u,=0. Starting from the lowest subband, an odd number
of intersubband hoppings P, HP; +, lH <. HPH,," can never generate a final state with only the lowest subband oc-

cupied. Therefore, the terms in (30) with » equal to odd integers do not contribute to the ground-state energy
correction. To the seventh order, the effective Hamiltonian can then be expressed by selecting the proper terms
from (A3), (AS), and (A7) as
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PoHPy=PoHoPo— U™ (0,1,0) ++U3(2(0,1,0,1,0) — (0,1,2,1,0)) — - U(16(,1,0,1,0,1,0)

+(0,1,0,1,2,1,0) +(0,1,2,1,0,1,0) —14(0,1,2,1,2,1,0) +6 (0, 1,2,3,2,1,0)) .

32)

We should point out that the above equation contains errors f~rom two sources. First, the approximated solution
(13) generally introduces errors of order (1/U)™, m =3, in H. Further, projection to P;HP, introduces errors of

order (t/U)™, m =4.

IV. GROUND-STATE ENERGY

From the relation U(0, — o) = T exp(iS) derived
in Sec. II, one would expect that the linked-cluster
theory should be incorporated to (32) in our energy
calculation. The validity of the linked-cluster expan-
sion in the canonical perturbation theory has been
proved by Klein.2® The proof is for the very general
case, and applies to our problem with P,SP,=yP,.

Using the linked diagrammatic expansion, the
operators (0,u,u43, . . .,0) in (32) can be evaluated
without difficulty. For one electron per site, their ex-
plicit expression are given by (A16)—(A23) in Appen-
dix A. These operators can be built up from two fun-
damental elements ti,zv;_r,v,-(, and t,fS,»"Sj“', where
vie=(—ni_,)n, and S”=a;}a;_,. These two funda-
mental elements correspond to the longitudinal
(electron-virtual-hopping) and the transverse
(double-spin-flip) components of the Heisenberg ex-
change interaction §, . §/. If we restrict ourselves to
the nearest-neighbor hopping, it is not difficult to find
out that (0, 1,0) contains the nearest neighbor S; S,
(0,1,0,1,0) and (0,1, 2,1,0) contain the nearest and
the next-nearest neighbor S, - S;, while
,1,0,1,0,1,0), (0,1,0,1,2,1,0), (0,1,2,1,0,1,0),
0,1,2,1,2,1,0), and (0,1,2,3,2,1,0) contain the
nearest, and next-nearest, and the third-nearest neigh-
bor S;-S;.

The effective Hamiltonian (32) to the second order
has been investigated in detail,?® indicating that the
ground state of a strongly correlated half-filled narrow
band is antiferromagnetic. Strictly speaking, the
ground state is certainly not the pure Neel state. To
find the exact ground state is outside the scope of the
present paper. Nevertheless, Oguchi?’ has shown that
the correction due to spin-wave interactions in a
Heisenberg antiferromagnet is negligibly small for
practical purpose. Consequently, we will substitute
(A16)—(A23) into (32) to calculate the energy per
electron E = (PoHP,)/N of the antiferromagnetic
(Néel) ground state to the seventh order.

In the regime of very strong correlation, we can re-
tain only the nearest-neighbor hopping integral ¢
Then all the #;’s in (A16)—(A23) are constant ¢, and
the calculation of E reduces to simple countings of
linked diagrams. We will restrict our calculations to a
linear chain, a square lattice and a simple cubic lattice.
For these cases, the counting of linked diagrams
corresponding to (A16)—(A23) can be readily done

without difficulty. Let Z be the coordination number
and W =2Zt be the bare bandwidth. If

Nn(0,uq,u,, . . .,0) represents the number of linked
diagrams associated to the (0,uy,u,, . . .,0) term in
(32), then we have

700,1,00=2Z ,
7(0,1,0,1,0)=4[Z +Z(Zz-1)] ,
n(0,1,2,1,0)=2Z(Z-2) ,
1(0,1,0,1,0,1,0) =8[2Z +6Z(Z —1) +3Z(Z —1)?
+Z(Z-1(Z-2)] ,
7(0,1,0,1,2,1,0)
=8[Z(Z-1*+6Z(Z -2 +2Z(Z -2
=7(0,1,2,1,0,1,0) ,
n(0,1,2,1,2,1,0) =8[2Z(Z - 1)2+4Z(Z -2)
+Z(Z-1)(Z-2D)] ,

5 . 1 A i | 1 1 1 J
0 0.1 0.2 0.3 0.4
W/U —=

FIG. 1. Ground-state energy per electron £/U and E/W
as functions of W/U, for a linear chain (Z =2), a sqaure lat-
tice (Z =4), and a simple cubic lattice (Z =6).
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and

700,1,2,3,2,1,0)=24Z(Z -1)(Z -2) .

The ground-state energy per electron is then obtained
from (32) as

U(3Z +2)
4Z T 1628

w
U

+0

_v@3z2=3az +51) [
2882° U

8
w
il
(33)

In Fig. 1, we present the results of £/U and E/W as
functions of W/U.

For the special case of a half-filled two-site Hubbard
model, the infinite perturbation series in (27) can be
summed up exactly. The basis consists of only six
two-electron states, and we find that the effective
Hamiltonian A of (27) can be diagonalized analytical-

J

HP,=E,(OP,+ 3 (~1)"!

n=1 (ky+hko+ - +k, g =n—1)

where D°=—P,(0) and
Dk={[1-P,(]/IE,0) — HO]}

for k =1.

We note that H (1) consists of both the intrasub-
band and the intersubband hoppings. Since 1 —P,(0)
includes all the subbands except the uth, a term in

(34) containing a factor D*UH (1) D*? with ki,ky #0
has both the intrasubband hopping P,(0) H (1) P,(0)
and the intersubband hopping P, (0)H (1) P,(0), where
v#u, o#pu, and o #v. On the other hand,

D°H (1) D° represents only the intrasubband hopping.
Two complications are then introduced in the compu-
tation. The intrasubband hopping opens lots of chan-
nels and thus largely increases the number of di-
agrams to be evaluated. One finds such additional
terms in Eq. (2.17) of Klein and Seitz.!* As far as the
intersubband hopping, P,(0) H (1) P,(0) with o #Z v, is
concerned, the corresponding energy denominator ap-
peared in (34) is 1/[E,(0) — E,(0)] or

1/[E,(0) — E,(0)] instead of

1/[E,(0) —E,(0)] =+1/U. Consequently, a simple
form as (28)—(30) cannot be derived from (34).
Klein and Seitz?® have tried to avoid this complication
by using (5), (5a), and (5b). However, they only ap-
ply the conventional second-order perturbation theory
to a linear chain. For higher-order corrections or for

D "HQ)D"HQ) - -

ly. The result, as shown in Appendix B, agrees with
the exact solution. We should remind the reader that
(27) is derived from (25) which is obtained with a
proper choice of E, P;zP; in (15), namely, the choice
of (16). Therefore, the fact that (18) yields the exact
solution is another indirect proof that (16) is a reason-
able choice.

V. DISCUSSION

The s-band Hubbard model at the atomic limit has
been extensively investigated because when U >> W,
the perturbation theory is valid. Kato’s perturbation
expansion? has been applied to (4), (4a), and (4b) in
most of these works. Let us first summarize Kato’s
theory. Assume that H (0) has a discrete m-fold de-
generate level E ,L(O). We designate the associated
projection operators as P,(0). As the perturbation
H (1) is turned on, £,(0) and P,(0) evolve, respec-
tively, into E, and P,. Kato has derived the perturba-
tion series

-H@D"+ | (34)

r

higher-dimensional systems the conventional pertur-
bation series is too complicated to be solved.

In our canonical perturbation expansion we discover
that P;SP; cannot be determined uniquely, because it
corresponds to adding a phase factor to each unper-
turbed eigenstate of a complete basis of H.
Nevertheless, we have shown that the choice of these
phase factors has no effect on the final result. For
convenience, we have chosen a constant phase factor
corresponding to the solution (16).

Most of the perturbation calculations on the Hub-
bard model are performed for the special case of one
electron per site, in order to eliminate the complica-
tion caused by the intrasubband hopping as a pertur-
bation. -Since we have separated the intrasubband and
the intersubband hoppings, and the intrasubband hop-
ping is part of the unperturbed Hamiltonian, we can
apply our result to any value of electron density.
Some work along this line including higher-order per-
turbation correction will be reported in the future.

Recently, Takahashi'® has applied Kato’s theory to
the Hubbard model and obtains the ground-state ener-
gy per electron

13130[ ] 0665(3Z+2)U[U] 35)

1623

for the linear chain,
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2 4 for the simple cubic lattice. Takahashi’s results are
=—%[%] +9'—6—21(2§—3+2) —ZI—] (36) exact through 4th order. Hence, our expansion (33)
works better for high-dimensional systems than the

lower-dimensional ones.
Finally, we should point out that the usefulness of
for the square lattice, and (25) is not restricted to the Hubbard model. Any sys-
tem with effective one-electron orbital energies satisfy-
ing the conditions?* specified at the beginning of Sec.

2 4 II can be tackled with this approach. For example,
g =—110U [ﬂ + 0.55BZ +2) 1] 37 (25) can be used in the studies of magnetic reso-
4z U 1623 U nances which have equally spaced energy levels.

APPENDIX A
Let us rewrite the effective Hamiltonian (27) as
H=Hy+ iﬁ‘”’ , (A1)
where
0" = U_,.+1H2)C(u,,u2, co U (kugug, Ly, (A2)
luy

Since u; —u;_; =%1, we can easily generate by computer the following results (the dots represent image terms):

A?=——U"' S (k1,00 + ---) (A3)
k .

7(3)

H =§U-2§,((k,1,2,1>—2<k,1,0,1) +(k 1,0, =1)+ - --) , (A4)

A A ;((k, 1,2,3,2) =3¢k 1,2,1,2) +2(k,1,2,1,0) +3¢k,1,0,1,2).

~4(k1,0,1,0) + (k 1,0, =1, =2) + - - - ) , (AS)
ﬁ(5)=1l5U‘4§((k,l,2,3,4,3)—4(k,1,2,3,2,3)+3(k, 1,2,3,2,1) +6(k1,2,1,2,3)

~7¢k1,2,1,2,1) =2(k,1,2,1,0,1) +3(k,1,2,1,0, —=1) —4(k, 1,0,1,2,3)

+3(k1,0,1,2,1) +8(k,1,0,1,0,1) =7(k,1,0,1,0, —=1) —=2(k, 1,0, —=1,0,1) +3(k, 1,0, —1,0, —1)

~2(k1,0, =1, =2, =1y +(k, 1,0, =1, =2, =3y + - - - ) , (A6)
ﬁ(6)=~7—12U‘5%((k,1,2,3,4,5,4)~—5(k,1,2,3,4,3,4)+4(k,1,2,3,4,3,2)+10(k,1,2,3,2,3,4)

~11(k1,2,3,2,3,2) =5(k1,2,3,2,1,2) +6(k,1,2,3,2,1,0) —10(k,1,2,1,2,3,4)
+9(k1,2,1,2,3,2) +15(k1,2,1,2,1,2) —14(k, 1,2,1,2,1,0) + (k,1,2,1,0,1,0)

~5(k1,2,1,0, —1,0) +4(k,1,2,1,0, =1, —2) +5(k,1,0,1,2,3,4) —6(k,1,0,1,2,3,2)
+(k1,0,1,2,1,0) —15(k,1,0,1,0,1,2) +16 (£, 1,0,1,0,1,0)

+10(k,1,0,1,0, —=1,0) —=11(k,1,0,1,0, —1, —=2) +5(k, 1,0, —1,0,1,2) —4(k, 1,0, —1,0,1,0)
~10¢k, 1,0, —1,0, —1,0) +9(k, 1,0, =1, =1, =2) +5(k, 1,0, =1, =2, —1,0)
—6(k,1,0, =1, =2, =1, =2) + (k, 1,0, =1, =2, =3, =4) + - - - ) , (A7)
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ﬁ(7’=4—;-0-U‘62((k,1,2,3,4,5,6,5) —6(k,1,2,3,4,5,4,5) +5(k,1,2,3,4,5,4,3) +15(k,1,2,3,4,3,4,5)
k

~16(k,1,2,3,4,3,4,3) —=9(k,1,2,3,4,3,2,3) +10(k, 1,2,3,4,3,2,1) —20(k, 1,2, 3,2,3,4, 5)
+19(k,1,2,3,2,3,4,3) +26(k,1,2,3,2,3,2,3) —25(k, 1,2,3,2,3,2,1) +5(k, 1,2,3,2,1,2,3)
—4(k,1,2,3,2,1,2,1) = 11(k,1,2,3,2,1,0,1) +10(k, 1,2,3,2,1,0, —1) +15(k,1,2,1,2,3,4,5)
-16(k1,2,1,2,3,4,3) =9(k,1,2,1,2,3,2,3) +10(k,1,2,1,2,3,2,1) =30(k,1,2,1,2,1,2,3)
+31(k1,2,1,2,1,2,1) 424 (k, 1,2,1,2,1,0,1) =25(k, 1,2,1,2,1,0, —=1) +5(k,1,2,1,0,1,2,3)
~4(k1,2,1,0,1,2,1) —11(k,1,2,1,0,1,0,1) +10(k,1,2,1,0,1,0, = 1) +10(k,1,2,1,0, —=1,0,1)
—11(k1,2,1,0, —1,0, —1) —4(k,1,2,1,0, =1, =2, =1) +5(k,1,2,1,0, =1, =2, —3) —6(k, 1,0,1,2,3,4, 5)
+5(k1,0,1,2,3,4,3) +12(k,1,0,1,2,3,2,3) —11(k,1,0,1,2,3,2,1) —=9(k,1,0,1,2,1,2, 3)
+10¢k,1,0,1,2,1,2,1) +3¢k,1,0,1,2,1,0,1) —4(k,1,0,1,2,1,0, —1) +26(k, 1,0,1,0,1,2, 3)
—25(k,1,0,1,0,1,2,1) —32(k,1,0,1,0,1,0,1) +31(k,1,0,1,0,1,0, —1) =11 (k,1,0,1,0, —1,0,1)
+10(k,1,0,1,0, —1,0, —1) +17(k, 1,0,1,0, —1, =2, —1)
~16(k1,0,1,0, =1, =2, —3) =9(k,1,0, —1,0,1,2,3)
+10¢k, 1,0, —1,0,1,2,1) +3(k, 1,0, —1,0,1,0,1) —4(k, 1,0, —1,0,1,0, —1)
+24(k, 1,0, =1,0, —1,0,1) —25(k,1,0, —=1,0, —1,0, —1) =16 (k, 1,0, —1,0, —1, =2, —1)
+19¢k, 1,0, —1,0, =1, =2, —=3) —11(k, 1,0, =1, =2, —1,0,1) +10¢k, 1,0, =1, =2, —1,0, — 1)
+17(k, 1,0, -1, =2, =1, =2, —=1) —16(k, 1,0, =1, =2, —1, =2, —3)
—4(k,1,0, -1, -2, =3, =2, =1) +5(k,1,0, -1, =2, =3, =2, —3)
—2(k1,0, =1, =2, =3, —4, =3) + (k, 1,0, =1, =2, =3, —4, =S) + - - -) ,

(A8)

AY =5 U ;((k, 1,2,3,4,5,6,7,6) —7(k,1,2,3,4,5,6,5,6) +6(k,1,2,3,4,5,6,5,4) +21(k,1,2,3,4,5,4,5,6)

—22(k,1,2,3,4,5,4,5,4) —14(k,1,2,3,4,5,4,3,4) +15(k,1,2,3,4,5,4,3,2) —35(k, 1,2,3,4,3,4,5,6)
+34(k,1,2,3,4,3,4,5,4) +42(k,1,2,3,4,3,4,3,4) —41(k,1,2,3,4,3,4,3,2) +14(k,1,2,3,4,3,2,3,4)
~13(k,1,2,3,4,3,2,3,2) —21(k,1,2,3,4,3,2,1,2) +20(k, 1,2,3,4,3,2,1,0) +35(k, 1,2,3,2,3,4,5,6)
~36(k,1,2,3,2,3,4,5,4) —28(k,1,2,3,2,3,4,3,4) +29(k,1,2,3,2,3,4,3,2) =56 (k, 1,2,3,2,3,2,3,4)
+57(k,1,2,3,2,3,2,3,2) +49(k,1,2,3,2,3,2,1,2) =50(k, 1,2,3,2,3,2,1,0) + (k. 1,2,3,2,1,2,3,2)
-7(k1,2,3,2,1,2,1,2) +6(k,1,2,3,2,1,2,1,0) +21(k,1,2,3,2,1,0,1,2) —22(k, 1,2,3,2,1,0,1,0)
~14(k,1,2,3,2,1,0, —1,0) +15(k,1,2,3,2,1,0, =1, —2) —21(k,1,2,1,2,3,4,5,6) +20(k, 1,2,1,2,3,4,5,4)
+28(k,1,2,1,2,3,4,3,4) —27(k,1,2,1,2,3,4,3,2) + (k,1,2,1,2,3,2,3,2) —=7(k, 1,2,1,2,3,2,1,2)
+6(k1,2,1,2,3,2,1,0) +56(k,1,2,1,2,1,2,3,4) —55(k,1,2,1,2,1,2,3,2) —63(k,1,2,1,2,1,2,1,2)
+62(k,1,2,1,2,1,2,1,0) =35(k,1,2,1,2,1,0,1,2) +34(k,1,2,1,2,1,0,1,0) +42(k,1,2,1,2,1,0, —1,0)
—41(k,1,2,1,2,1,0, —1, =2) —14(k,1,0,1,0,1,2,3,4) +15(k,1,2,1,0,1,2,3,2)
+7(k1,2,1,0,1,2,1,2) —8(k,1,2,1,0,1,2,1,0)

+35(k,1,2,1,0,1,0,1,2) —36(k,1,2,1,0,1,0,1,0) —28(k,1,2,1,0,1,0, —1,0)
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+29(k,1,2,1,0,1,0, —1, —=2) —21(k,1,2,1,0, —1,0,1,2)
+20(k,1,2,1,0, —1,0,1,0) +28(k,1,2,1,0, —1,0, —1,0)
-27(k,1,2,1,0, =1,0, =1, =2) + (k,1,2,1,0, =1, =2, =1, =2) =7(k,1,2,1,0, =1, =2, —3, —2)

+6(k1,2,1,0, -1, =2, =3, —4) +7(k,1,0,1,2,3,4,5,6) —8(k,1,0,1,2,3,4,5,4) + (£, 1,0,1,2,3,4,3,2)

~28(k,1,0,1,2,3,2,3,4)
+29(k,1,0,1,2,3,2,3,2) +21(k,1,0,1,2,3,2,1,2) =22(k,1,0,1,2,3,2,1,0) +28(k,1,0,1,2,1,2,3,4)
~27(k,1,0,1,2,1,2,3,2) —35(k,1,0,1,2,1,2,1,2) +34(k,1,0,1,2,1,2,1,0) —7(k,1,0,1,2,1,0,1,2)

+6(k,1,0,1,2,1,0,1,0) +14(k1,0,1,2,1,0, —1,0) —13(k,1,0,1,2,1,0, —1, —2) —42(k,1,0,1,0,1,2,3,4)

+43(k,1,0,1,0,1,2,3,2) +35(k,1,0,1,0,1,2,1,2) —36(k,1,0,1,0,1,2,1,0) +63(k,1,0,1,0,1,0,1,2)

—64(k,1,0,1,0,1,0,1,0) —56 (k. 1,0,1,0,1,0, —1,0) +57(k,1,0,1,0,1,0, =1 =2) +7(k,1,0,1,0, —1,

—~8(k,1,0,1,0, —1,0,1,0) + (k,1,0,1,0, —1,0, —1, —2) —28(k,1,0,1,0, =1, —2, —1,0)
+29(k,1,0,1,0, =1, =2, —1, —2)

+21(k,1,0,1,0, -1, =2, =3, —=2) —22(k,1,0,1,0, — 1, —2, -3, —4) +14(k 1,0, —1,0,1,2, 3, 4)
—13(k, 1,0, —=1,0,1,2,3,4) =21 (k, 1,0, —1,0,1,2,1,2) +20(k, 1,0, —1,0,1,2,1,0)

+7(k,1,0, —1,0,1,0,1,2) —8(k, 1,0, —1,0,1,0,1,0)

+(k1,0,-1,0,1,0, =1, —2) —49(k,1,0, —1,0, —1,0,1,2) +48(k, 1,0, —1,0, —1,0,1,0)
+56(k,1,0, =1,0, —=1,0, —=1,0) —55(k, 1,0, —1,0, —1,0, —1, —2) +28(k, 1,0, —=1,0, -1, =2, = 1,0
—27(k,1,0, —1,0, -1, =2, —=1, =2) —35(k, 1,0, —1,0, =1, =2, =3, —2)

0,1,2)

)

+34(k, 1,0, =1,0, =1, =2, =3, —4) +21(k, 1,0, -1, =2, —1,0,1,2) —22(k, 1,0, =1, =2, —1,0,1,0)

~14(k,1,0, =1, =2, —=1,0, —1,0)+15(k, 1,0, —1, =2, —=1,0, =1, —2) —42(k, 1,0, =1, =2, =1, =2
+43(k, 1,0, -1, =2, -1, =2, =1, =2) +35(k, 1,0, =1, =2, =1, =2, =3, =2)

~36(k 1,0, =1, =2, =1, =2, =3, —4) +14(k 1,0, =1, =2, =3, =2, —1,0)

—13(k,1,0, =1, =2, =3, =2, =1, =2) =21(k, 1,0, —1, =2, =3, =2, =3, —2)

+20(k,1,0, =1, =2, =3, =2, =3, —4) +7(k, 1,0, =1, =2, —3, —4, —3, —2)

~8¢k,1,0, =1, =2, =3, —4, =3, —4) + (k,1,0, =1, —=2, =3, —4, =5, —6) + - - -)

,—1,0)

(A9)

In the above expressions the dots represent the image terms which are generated from the existing terms by apply- °
ing the symmetry properties (28).

The operators in (29) can be derived using (3a) —(3¢), (Sa) (5b), (26), and the linked-cluster theory. Let us
define

and

vie=0=n_)n, ,
Se=ata;, ,

D(03ij) =vi—ovjo —S°S,°
D(ij)=3,D(o}ij) ,

R ((T,l,j) =V,‘_0-Sja _S}UVJ_U ,

0G.j;k) =3, [D(0;i,k) D (0),1) + R (03j,D R (—a3i k)] .

(A10)
(A11)
(A12)
(A13)

(A14)

(A15)
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Including only the linked diagrams, we obtain for one electron per site,

(0,1,0)=%t122110(1'2,j1) ' (A16)
i
(0,1,0,1,0) =2 %lz,;,lb G20 +28,,4735,D U3, D G, jD)1 (A17)

(0,1,0,1,0,1,0) =4 %[zf’z,lb U2d0)* +64%,, 8%, D (3,52 D (z.j1)?
i
+617.62),6%,D Gaj3) D (s, j) D Gad1) + 282,67, 4%, D Ganj) D U, j) D Grjdl

(A18)
0,1,2,1,0) =—2 %91,41,3,294,392,@ Gajzidsi) (A19)

(0,1,0,1,2,1,0) =8 U};,z,‘ Jali30y Y3, [, D G2ad1) + 82, D (is,o)
i
+ 055, D Gdi) + 1, D Gsid) + 17,0 Us. i) 10 Gafnsiain)
+8 Uz,] ’jijstjz}/ztjzzjll) U443 D (3,j) D Gt (A20)

(0,1,2,1,0,1,0) =obtained from (0, 1,0, 1,2,1,0) by changing the order of

Q and the curly bracket in the first summation , (A21)
0,1,2,1,2,1,0) =8 Uzi}tjl/4t,312tj413t,2,1[t,2312D Us.J2 +26%,D (s,jD1Q Gaiziiai)

16 %t,i,st,éjztfz,p Uajd) D (o j)) +16 u,lz.c 8035l sy lisiy iyl \R (—05j1js)

X [v),0R (03j2j8) = 83D (03j2je) + D (03j2J) ISR (=03j2j8) —v;,0D (—03j2jd]}

+4 USE Ysislipiglielshsinbialsban
I- , T

x (D (03j4js) (D (03j6j0) D (a3j2j3) + R (03j1je) R (—a3j3j2)]

— R (0;j5j) [R (—03j1je) D (03j2j3) — D (03j1je) R (—asj3j)l) (A22)
and .
©,1,2,3,2,1,0y =12 u?’ Uty el sty (D (329 [D (@3j6i) D (a3jajt) + R (03j3j) R (= 03j1j0)]

—R (03jsj) [R(—=a3j3j0) D (a3jaj)) — D (a3j3je) R (—a5j1jd)l} .
(A23)

APPENDIX B

For a two-site Hubbard model, there are only two subbands: the lower subband has no doubly occupied site while
the upper subband contains only one doubly occupied site. Therefore,

H0=t 2' (1 —n;— )a,La,(,(l —nj_,,) + |t E' n,-_,,a,-f,aj,,nj_(,+u Zn,"n,l ) (Bl)
ijo i

ijo
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P]HP2=t 21(1 —n,-_g)a,-t,a,,,n,_(, ) (B2)
ijo
P,HP, =t 2' n;_,a,'f,ajq(l “ﬂj_(,) s (B3)
o
Substituting (B2) and (B3) into (24), we obtain the simple form
H=Hy+aU(P,HP,HP, — P,HPHP,)/2¢*] + BU(P,HP, — P,HP)/t] , (B4)
where
oo 2n+2
a=1 3 D" @n +D[Qn +2D17 Iﬂl , (BS)
4= U
o 2n+3
=l S D" @2n +2)[(2n +3)17 [ﬁ—t (B6)
4 < U

Let the two sites be labeled as 1 and 2. Then the eigenstates of H, consists of afia};[0), afiaf, [0), afia}; |0),
afaf; |0y, afia ﬁ |0), and a};a];|0). The Hamiltonian matrix of H with respect to these states can be diagonal-
ized analytically and the eigenenergies are e;=0, e,=U, and €+ =+ LU +(1 +16a® +1682 —8a)!/?]. Using the

expressions of a and 8 from (B5) and (B6), we obtain

4(a2+ﬁ2)—2a=xT i —1)"x2"*K (n)
n=0

AI’—-

where x =4¢t/U and

(B7)

Qm+1)Q2n—-2m+3)

K(n)=

@2n+6)!  2Q2n +4)!

2Qn+5) __ 2n+3 + 3 |@minQn—2med
2m +3)'2n —2m +3)!

Qm+2'Q2n —2m +4)! (B8)

K (n) is too complicated to be evaluated analytically. However, a computer calculation gives K (n) =0 for all values

of n. Therefore, we have

+=3 Ul + (1 +162/UH)

(B9)

€; is a triplet but €; and e+ are nondegenerate. These are just the exact solutions of a two-site Hubbard model for

all values of tand U.
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