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A Green-function formalism is presented to study a Peierls-Hubbard Hamiltonian in two dimensions.
The lattice consists of parallel dimerized chains with alternating nearest-neighbor hoppings ¢ and #; and
another hopping ¢, between different chains. The method treats the interdimer hopping as a perturba-
tion and yields exact results in the uncorrelated case and for isolated dimers. The calculated spectral
functions exhibit a number of narrow subbands with typical low-dimensional singularities. The depen-
dence of the gap at the Fermi level on the electron-electron interaction U agrees qualitatively with the
exact result in the known one-dimensional nondimerized limit. The paramagnetic susceptibility shows a
maximum structure at low temperatures that is enhanced by U and by dimerization and a Curie-Weiss

behavior at high temperatures.

I. INTRODUCTION

In spite of the cumulative effort directed to the study of
the Hubbard Hamiltonian! and its apparent simplicity,
few exact results have been obtained so far, namely, for
the linear chain? and small clusters.>”> A renewed in-
terest in it in connection to high-T, superconductivity®
inspired the reexamination of standard treatments to
higher order. An example is the many-body perturbation
theory with respect to Coulomb repulsion U that showed
some new features such as satellite peaks in the spectral
functions.” Different extensions of the Hamiltonian have
been comnsidered, taking into account the effect of long-
range Coulomb repulsion, next-nearest-neighbor hop-
ping, and multiple bands.® In the strong-coupling limit it
gave rise to the ¢-J model,” where doubly occupied states
are projected out.

Important information about properties of the Hub-
bard model and ¢-J model can be obtained by exact-
diagonalization techniques'®!! and Monte Carlo simula-
tions!2~ 15 on finite clusters of increasing size. Neverthe-
less, in the low-temperature region finite-size effects be-
come important and much larger systems are required to
extrapolate the results to the thermodynamic limit.

The introduction of electron-phonon interaction into
the Hubbard Hamiltonian is essential in order to under-
stand the electronic properties of the superconducting ox-
ides and also of the important class of quasi-one-
dimensional conductors.!® A proper self-consistent treat-
ment of such a model can be achieved by using variation-
al methods.!”!® However, for practical calculations,
simplified versions are preferable. The essential features
on which we want to focus are present in the Peierls-
Hubbard Hamiltonian,' where a bond charge-density-
wave state is energetically favored in one dimension and
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also in two dimensions for sufficiently large electron-
phonon coupling.?’ Dimerized states have been con-
sidered in proposed mechanisms for high-7, supercon-
ductivity.?!

The present approximate expansion on the hopping in-
tegral is inspired by an analogous one applied by Brunet
and co-workers to the periodic Anderson model.”? For
the Hubbard model, similar expansions around the atom-
ic limit have been recently developed®»?* and suggested
to study a possible superconducting state with local pair-
ing.?

In the next section, we write down the model Hamil-
tonian in a form appropriate to deal with a two-
dimensional lattice with both dimerization and anisotro-
py and present the diagrammatic approximation em-
ployed. In Sec. III we diagonalize the Hamiltonian on a
simple two-site cluster (dimer) and obtain the correspond-
ing one-particle Green function, from which we will con-
struct the lattice Green function in the following section.
Section V presents the calculated spectral functions, gap
energy, and magnetic susceptibility. A discussion of the
results is presented in the last section.

II. MODEL HAMILTONIAN AND APPROXIMATION

We have considered an interacting electron system on
the two-dimensional lattice specified in Fig. 1. It can be
regarded as a regular square lattice that has undergone a
static dimerization along one of the square axes. As in
the Hubbard model,' only the on-site Coulomb repulsion
U is retained. However, we introduce the possibility of
three different nearest-neighbor hoppings ¢, |, and ¢,.
One assumes that this diversity may arise as the net effect
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of the electron-phonon interaction on the electron sys-
tem. Without loss of generality we set tpty <t. Geome-
trically, we call a dimer each pair of neighboring sites
connected by a ¢ line. We see immediately that the posi-
tions of these dimers define another square lattice as
drawn in Fig. 1 with which we will be concerned
throughout this paper. It seems quite natural to look at
the dimers as the lattice basic building blocks. Thus we
write our model Hamiltonian in the form

H=ZT Hiat 3 Viao » (1)

a

iao
where
— b b
H=Ulnfynfyy +nlnly)

—t 2 (ai’tlo'biaa'_ihbitzaaiao)-/" 2 (niaacr +ni[:za )
o o

(2)
is its exactly solvable unperturbed part and
Viae = —tu(a;aabw1,a+1,a+biLaai—1,a—1,o)
_—tl(ai-raabi+1,aa+aitzobi,a+l,a
+bitzaai71,ao+bztaaai,a—l,a) 3)

is a one-particle “interaction” term. We have denoted by
0o (A1) and b,-tm (b;4o) the operators that create (an-
nihilate) an electron with spin o on an a or b site of the
ith dimer and nf, =c;,c;,, (c=a or b). U is the on-site
Coulomb repulsion, ¢ is the intradimer hopping, ¢, and ¢,

|
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FIG. 1. The dimerized square lattice with a redefinition of
the square axes.

are the hoppings between nearest-neighbor sites of
different dimers as indicated in a of Fig. 1, and u is the
chemical potential.

The presence of a small, static, uniform magnetic field
h can be handled by adding a term

ﬂh=_h za(ni(zza_i_nibaa) 4)

to the unperturbed Hamiltonian 7#2,.

The Green function that describes the propagation of
an electron from a site ¢ (a or b) of dimer (i,a) to site d
of dimer (j,f3) is written as

Gég&jﬁ(T)z - 2 (—l)n foﬂdTI o foﬁdTn 0< dejBU(T)?(’rl) e i>(7-n )citza(o))dif.conn. ’ 5)
n=0

where we follow the notation of Ref. 25.

From the choice of #° it turns out that averages of
products of operators acting on sites of different dimers
are decoupled. Furthermore, if one was allowed to
decouple the averages at different times on the same di-
mer then one would be able to sum up all the remaining
diagrams. This is true for U =0 from Wick’s theorem
and will be assumed here as a first approximation to the
correlated case—valid at least for U, Lt <<t. As we are
summing the perturbation terms to all orders, we expect
that it will work fairly well in all parameter space—in
particular, for the regular chain and square lattice.

The resulting Dyson’s equation reads

Gcig&jﬂ("')zsijsaﬁggi("')
— 3 dapy [langgr—r)
c'd'my
XGI Py, 6)

c'do
where %77 is equal to t, or t, for nearest-neighbor sites
of different dimers according to Fig. 1 and zero other-
wise. The bare Green functions g% (7) will be evaluated
in Sec. III.

III. THE HUBBARD DIMER

The eigenvalues E, and eigenfunctions |n) of
F2,+F, corresponding to the different electronic
configurations are shown in Table I, where we make use
of the definitions

tan0=(S—U/t)/4 (7)
and

S=[(U/t)*+16]2. (8)

For half filling the ground state is |5), that in the limit
U/t — o becomes 1/V2(blat —blal)l0).

The dimer’s Green functions are given by the spectral
representation:?*
BE,

)

galw)=

1 —BE, -
— (e m+te
Qm,n

(nld},|mY(mlcipyln)
o—(E,—E,,) ’
where ¢,d =a or b,f=1/kgT, and
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TABLE 1. Eigenvalues and eigenfunctions of #°+ 7£,.

E, [0)
Ei=—t—p—h I1)=1/v2(a}+b})[0)
E,=—t—u+h 12)=1/v2(a} +b1)l0)
Ey=t—u—h [3Y=1/v2(a} —b})|0)
E,=t—p+h [4)=1/v2(al —b1)|0)
Es=U/2—1tS/2—2u [5)=1/v2{sin@(a’a} +b1b})—cosb(blal —blal)}|0)
E¢=—2u—2h l6)=b%al|0)
E;=—2u [7)=1/v2(blal +blal)l0)
Eg=—2u+2h I8)=blal|0)
Ey=U—2u [9)=1/v2(alat —bibT)l0)
w0=U/2+15/2—2u [10)=1/v2{cosO(ala’ +b1d})+sind(blal —blal)}|0)
En=—t+U—3u—h [11)=1/v2albl(a] +b1)l0)
E,=—t+U—-3u+h [12)=1/v2bla}(a} +b1)l0)
Ez=t+U—3u—h [13)=1/v2albl(al —b1)]0)
E,=t+U—3u+h [14)=1/v2blal(a} —b})l0)
E;s=2U—4pu [15)=blblalal|0)
0=73 e PEm (10) where we introduce for convenience
m
is the grand partition function. g% (o,h)= 1 é A7th) (13)
Equation (9) yields A Q(h) = w—pf(h)
8aalw,h)=g% +g2 ay
and o (o h) 1 % A7 (h) (14)
o o g§-\w, = .
gplw,h)=g% —g2 (12) Q(h) =5 w—p?(h)

TABLE II. Poles and residues of the dimer’s Green functions.

J pi(h) Al(h)
1 t—p+U/2+1S/2—h %+é (e P13 4o PEs PRI, TPy

2 —touh Lo Mode ihe Pae oL Tt T 4o Mo )
3 t—p+U/2—1S/2—h %+é (e PF2 4o PEs 4 o P10, PE s

4 —t—pu+U—h %(e"BEB+e”BE12+e*BEn4+e*l’E15H_%(e~BE4+efBE7+e~BE9+e‘ﬁE“)
5 —t—p+U/2—1S/2—h %_% (e PEs 4o P 4 o PE10 , PEL)

6 t—p+U—h O R e T F PR F ]
7 —t—p+U/2+1S/2—h %+é (e PEI 4o PEs L, PE0y PR

—BE

- - - - - —BE —BE
8 t—u—h Lie PPoy ¢ PPy o TPEs )+ 1(e G N e L))
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From the symmetry of the dimer, it follows that
85 =82, and g2, =g%. The same will be valid for the lat-
tice Green functions G;/P =G!%JP and G/%/P = G®JP.

The poles p; of these Green functions correspond to
the one-electron energy levels of an isolated dimer. They
are shown in Table II together with their corresponding
residues, defined through the matrix elements appearing
in Eq. (9). For down spin we have p}(h)=p,'(—h) and
Af(h)= A4 (—h).

IV. THE DIMERS’ LATTICE

A Fourier transformation with respect to time is ap-
plied to Eq. (6). The equations obtained for the Green
functions G'%:/(iw,) can be conveniently grouped in ma-
trix form:

Qifa,jﬁ(ia)v)=go(iwv)8ij6a/3

—g,lio,) 3 TG liw,), (15)
g 2
where o o
s Gi%ibliw,) GigiPlio,)
ia,] ; = L. L
G )= \Giaibio,) Giglio, | 19
8alin,) gglio,)
g liw,)= g (io,) gf(io) | 4%)
J
G,k io,)= . g
S OO T A (kya, kya) (8% —g7 —48%g 7 e(k)
where

A(x,y)=4(tﬁ +2tf )g%8% +2tl(4tngig‘_’_ —g% +g%)
X (cosx +cosy)
+2(4t2g% g% —1,8% +1,8% Jcosx cosy
+2(4tig%g% +1)g% —1g % )sinx siny . (26)

The elements of this matrix are related to the usual
one-particle Green function in k space, which can be ex-
pressed as

9, (k,iw,)=1/2{G%(k,iw,)+Gg(k,iw,)
+e* RGO (k,iw,)
+e *RUGE (K,iw,)} ,

where R®®=R?% —R?,.
It is straightforward to get the known results at U =0
for the chain and the square lattice:
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0t
Tiwitlatl—p — I (18)
ya £ 0 0’
0 ¢
Tia,i+1,a:Tia,i,a+1:T — 1 (19)
T 4L =L 10 0])”
Iia,i—l,a—lzl“"'“ , (20)
and
l—via,i~l,zz:lwiot,i,ot—l:i"l , 21

every other T°®™7 being zero.
Equation (15) can be solved by a Fourier transforma-
tion on the dimers’ lattice of b of Fig. 1, which yields

—ik-(R;u—R )

Qf,“’jﬁ(ia)v)=%§(_}'a(k,iwv)e . Q2
with
G,(kiw,)=[1+g,(iw,)EKk)] g, lin,), (23)
where
0 e(—k)
EK=lex)y o |-
with
E(k):t“ei(kx+ky)a+tl(eikxa+eikya) ‘ (24)
We obtain
g% —8% —4g%g%e(—k)
2% +g° , (25)
-
9 (k,io,) = — (28)
? Y iw,t2t coska,
and
& (kyi,)= L (29)

iw,+2t(coskia,+coskya,) ’

where a,=a/V2, k?=(k,—k,)/V2, and k=(k,
+k,)/V2.
We are particularly interested in the local Green func-

tion

ia,ia(; —_ 1 o o m m 1
y = — + g e
Gl iw,) ) (g% +g )f*" f_rdx dyl-A(x,y)
(30)
that can be reduced to
. g% +g%
G;;;;;a(iwv)=%L_—K(Q> , (31)

V'R

where K (z) is the complete elliptic integral of the first
kind,
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R=[(t?a,—a;)*+t}(4a,a;—a?)]'?, (32)
and
R—t%a,+a
2 1“1 3
Qo T 2R (33)
with
a;=—4(g% —g% —418%82 )’ (34)
:4(g(i —g‘l +4t1|g(_7;_ga_ )(1+2t"g‘_7;. )
X(1—2tng‘1) s (35)
ay=4(t7+17)(g% —g2 ) +8(sf+2t1)g%g%
—16t(g%g )’ —1. (36)
V. RESULTS
The spectral function is given by
p?(w,h)=—$hm ImGi% (w+it,h) . (37)

In the absence of the perturbation, it is just a sum of §
functions located on the poles of the dimer’s Green func-
tion:

_13 o
As the hopping between dimers is turned on, each of
these & functions is replaced by a distribution determined
from Eq. (15).

When U =0, our results are exact and reproduce, in
particular, the nondimerized case of Ref. 26. The spec-
tral functions obtained when dimerization is included are
shown in Fig. 2, where we have chosen 7;=0.8¢. They
have been plotted only for w > 0, because p{(w) is an even
function in the half-filled band case. The energy w is
measured with respect to the chemical potential u and
the energy scale is defined by ¢ =1. These curves differ
from those of Ref. 26 basically by the presence of a
Peierls gap at the Fermi level. In one dimension (¢, =0),

0.8

0.6

0.2

=1

4.0

FIG. 2. Spectral functions for U=0 and ¢, =0.8¢, with ¢, =0
(dot-dashed), 0.5t (solid), and 0.9t (dashed).
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FIG. 3. Spectral functions of the linear chain for U=2¢t
(dashed) and of the square lattice for U =4z (solid) and U=12¢
(dot-dashed).

there are singularities exactly at the boundaries of the
zones where pf(w)=0. When ¢, 70 this is no longer true,
and one can even find a vanishing gap width when
t = (t+1¢)/2. In this case the spectral function is equal
to zero at the Fermi level, but increases with infinite
derivative as soon as we move away from that energy.

In Fig. 3 we plot the spectral functions of the regular
chain and square lattice for the same values of U/t con-
sidered in other calculations.'®!*7 Exact diagonalization
of a V'8X V'8 cluster'® and Monte Carlo (MC) simula-
tions on an 8 X8 cluster!? yield densities of states with
satellite peaks (or bumps) at the same energies where we
found the satellite subbands (in the curve U =4¢). Al-
though the second-order perturbation treatment on U of
Ref. 7 cannot reproduce the Hubbard gap, it also gives
satellite peaks nearly at the same positions (see curves
U=2tand 121).

Still in the simple uncorrelated case, we obtain for an
isolated dimerized chain (as in Ref. 27)

1 @ (39)

pilw)=

—1_7.— {[a)z‘—(t—t" )2][(l‘+t” )2_602]}1/2

FIG. 4. Peierls-Hubbard gap as a function of U for #;, =0.8¢
with ¢, =0 (dashed), 0.5¢ (dot-dashed), 0.8¢ (solid), and 0.9¢
(long-dashed).
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if (t—t”)SIa)f =(t+1t)), and p,(@)=0 otherwise. The
one-dimensional Peierls gap is A=2(z—¢;). For U=0,
Eq. (31) gives

A=—Q2t+1t)+[U+ (4t —1))*]' 2. (40)

The two-dimensional Peierls-Hubbard gap A as a func-
tion of U is shown in Fig. 4 for t;=0.8¢ and some choices
of t, (= 0,0.5¢ 0.8¢, and 0.9¢). When the perpendicular
hopping is turned on, we see that the gap width decreases
in the whole range of U, the difference between the curves
being practically constant for U >2¢. The different cur-
vatures in the small U region are associated with the
abrupt disappearance of the gap for ¢, (7 +17)/2 (when
t; <t). When 7 =t, the corresponding curves are simi-
lar, but all of them converge at the origin.

The magnetization on site a (or b) of dimer i is

m(T,h)={n& ), —(nf ), , 41)
with
(s )= [ "do flo)pfoh) (42)
where
flo)={exp(Bw)+1} 1. 43)
The paramagnetic susceptibility is
x(T)=m'(T,0) , (44)
with
m(T,h)=2=m (T, h) . 45)
oh
For isolated dimers (t“ ,t; =0), one has
23{cosh(Bt)+exp(BU /2)} (46)

(1= 3 cosh(BU /2)+4 cosh(Bt)+cosh(BeS /2)

This equation expresses the magnetic susceptibility of a
two-atom cluster (calculated in Ref. 4).

The numerical integration of the spectral functions is
lengthy because of their singularities, but can be per-

T T T T
16 .
P
Y
A
[
1.2 ¥ \\ i
1 AY
X s | |
1l N
| R
\$ / —-‘\‘\ R
0.4 HP<L TSI i
:l' \\\\\§\_\ >~ el
y eI S
OO 1 1 1 1 -
0.0 1.0 2.0 3.0 4.0 5.0

FIG. 5. Paramagnetic susceptibility of the regular square lat-
tice for U =0 (long-dashed), 2¢ (dot-dashed), 4t (solid), and 8¢

(dashed).
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FIG. 6. Paramagnetic susceptibility of the dimerized square
lattice for #;=0.8¢, t,=0.5¢, and U =0 (dot-dashed), ¢ (solid),

and 4¢ (dashed).

formed to double precision (using extended precision).
Instead of Eq. (44), it is more practical to evaluate the
susceptibility from the magnetization produced by a
finite, sufficiently small A.

Figure 5 shows the magnetic susceptibility of the
square lattice (with | =¢ =1¢) for the same values of U /¢
considered by Hirsch in his Monte Carlo simulations on a
finite cluster of 6 X6 sites.!”> In Ref. 15 the magnetic sus-
ceptibility is also derived in the random-phase approxi-
mation (RPA) for U=2¢ and 4t. We see that our corre-
sponding curves in Fig. 5 lie always between the RPA
and MC ones. Thus we improve the RPA results, at least
in the high-temperature region where finite-size effects
are not important. For lower temperatures, we obtain a
maximum structure related to the magnetic correlations
present in our unperturbed Green function, though the
phase transition is absent. Simulations on a larger 8 X8
cluster also show a maximum but at a lower tempera-
ture.!3

In Fig. 6 we plot the magnetic susceptibility of a
dimerized lattice with 1, =0.8z, 1, =(1+1 )/2, and some
values of U. Comparing to the previous figure, we see
that the divergency at T=0 for U =0 (exact limit) disap-
pears as the Peierls gap develops. With increasing U, the
maximum moves to higher temperatures. For U=4t, we
observe a small enhancement of ¥ produced by dimeriza-
tion, while the maximum remains at the same position.

VI. DISCUSSION

The satellite subbands found in our calculated spectral
functions correspond to the satellite peaks reported in
different approaches.!®!*” In the present model, they
originate from poles p; and ps of the dimer’s Green func-
tion, which corresponds to transitions between the
ground state |5) (of two particles) and the states with
higher energy of one and three particles (|4) and |13)).

The results for the Hubbard chain (t” =t,t,=0) can be
compared with those given by means of the Bethe ansatz.
The Hubbard gap A was calculated by Lieb and Wu? and
rewritten in a more convenient form by Ovchinnikov.?’
It behaves like
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8t2
U—4t+—l71n2 for large U,

A=te @7
—V'tU exp(—2mt /U) for small U .
T

Here we obtain [from Eq. (40)]

4.5¢2

U—3t+ for U >>3¢,

A= 5 (48)

v for U <<3t .
6t

The results agree qualitatively, though in our case the
gap is somewhat greater than the exact one in the whole
range of U, the difference going to zero as U—0. It must
be noted that our result is constrained to the paramagnet-
ic phase.

The magnetic susceptibility has been computed by
Kawakami, Usuki, and Okiji?® for U=8t. A direct com-
parison shows that the peak is too high, but its position is
correctly reproduced. Such enhancement comes from the
intrinsic dimerization assumed in the treatment whose
effect remains even when we set 7 =¢. MC simulations
for U =28t (Ref. 15) show that also in two dimensions our
calculated susceptibilities present higher values. This in-
dicates that the correlations neglected in our Dyson equa-
tion are relevant for the nondimerized lattice with large
U.
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In order to recover the antiferromagnetic order present
in the ground state of the undoped, nondimerized Hub-
bard chain, one should introduce the average number of
particles of given spin as a parameter in the unperturbed
Green functions, to be determined self-consistently to-
gether with the lattice Green functions. Such a magnetic
state certainly would yield a smaller Peierls-Hubbard gap
(closer to the exact one) because the spectral functions for
different spins would be shifted.

A better description of electronic correlations can be
achieved by a higher-order approximation to the general-
ized Wick theorem. Attempts in this direction are in pro-
gress®® starting from the atomic expansion where less
complicated graphs are involved (see Ref. 24).

In the non-half-filled band case, the chemical potential
for a given number of particles must be determined by an
integral equation. Preliminary results show a transition
to a metallic state upon doping with an important charge
transfer between the upper and lower subbands.
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