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ON THE RVB THEORY OF HIGH-T, SUPERCONDUCTIVITY
Nguyen Van Hieu, Nguyen Ai Viet

The high-T, superconductivity of a nearly half-filled electron system
in a two-dimensional square lattice with the Hubbard Hamiltonian is
studied in the strong repulsion limit by means of the self-consistent field
method. Besides the superconducting order parameter the self-con-
sistent effective Hamiltonian contains some physical parameters which
are the normal vacuum averages of the products of two quasifermion
operators. The system of equations for all these parameters of the mo-
del is derived. The possible itinerant antiferromagnetism of the mobile
holes is also considered.

The investigation has been performed at the Institute of Physics,
Hanoi, Vietnam. .

K TeopuH BBICOKOTEMIIEPATyPHOI CBEpXIPOBOANMOCTH
C pe3oHMpYIOlieH BAJIGHTHOH CBA3BI0

Hryen Ban Xsey, Hryen Au Brer

BricokoTeMnepaTypHasa CBEpXIPOBOAMMOCTD NOYTH HaIOJIOBHHY
3aMONMHEHHOH 3NEKTPOHHOH CHCTEMBI B JBYMEPHOH KBaJlpaTHOK pe-
IHeTKe ¢ raMIUIbTOHHaHOM XaG6apfia M3yvaeTcs B INpefesie CHJIBHOTO
OTTAIKHBAaHMA NpH NIOMOUIM MeETOLa caMocoriacoBaHHoro mons. Ha-
pAdy CO CBEpXIIPOBOIAUMM NapamMeTpoM MOPAAKA CaMOCOT/IacOBaH-
Hbl 3((eKTHBHBII raMWIBTOHHAH COAEPXHT HeKoTopble ¢HIHIEC-
KHe napaMeTphl, NpeAcCTaBnsAlolMe Co6oii HOpManbHble BaKyyMHbIE
cpemHMe HpOM3BeNEeHHHl MBYX KBa3H(epMHOHHBIX omeparopos. Brso-
OMTCA CHCTeMa ypaBHEHMH JUIsS BCeX 3THX NapaMeTpoB MopeiaH. Bos-
MOXHbI aHTH(¢EppOMarHeTH3M MPOBOMAIMX IbIPOK TaKXe paccMa-
TPHBACTCA.

Pabora BbmonHeHa B WucruryTe ¢u3uku, XaHoi, BeeTHam.

The problem of hlgh-T superconductivity was studied theore-
tically during many years’ Since the experimental discovery of
hlgh-T superconducting matenals/ 2/ the well-known models of high-T,
superconductmty as well as the newly progosed ones with different
physical mechanisms were widely discussed” Many of them have
a common feature: the essential mechanism of the superconductivity
is the strong electron correlation due to the strong on-ite repulsion
of electrons. The simplest model of this type is the Anderson resonating
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valence bond (RVB) theory 4/ of a nearly half-filled electron system
with the Hubbard Hamiltonian,/S/ . In deriving the equations for the
order parameters of this model **/ Baskaran, Zou and Anderson (BZA)
have introduced the electron concentration into the Hamiltonian in a
phenomenological manner. Moreover, besides the order parameters
considered by BZA there exist other physical parameters of the system
which also must be taken into account in any self-consistent theory.
On the other hand, the simplest RVB model with the Hubbard Hamil-
tonian proposed by Anderson is the essential part of many high-T, su-
perconductivity models with the strong electron correlation. There-
fore it is necessary to generalize the reasonings of BZA and provide
a more systematic and complete theoretical study of the above simplest
RVB model. This will be done in the present work.

We study the two-dimensional electron system in a square lattice
with the Hubbard Hamiltonian in the limit of the very strong on-site
repulsion of electrons and derive the effective Hamiltonian acting within
the Hilbert subspace of states with non-doubly occupied sites. The
latter can be considered as the total Hamiltonian of the system of holes
in the nearly half-filled electron system., To apply the famous self-
consistent field method of Bogolubov 8" for studying this system it
is necessary to introduce the vacuum averages of all products of two
fermion operators. They are the physical parameters of the system.
We are interested also in the coexistence of the superconductivity
and the ijtinerant antiferromagnetism of the system of mobile holes.
For that purpose we divide the original square lattice into two square
sublattices and assume that the vacuum averages of the same product
of two operators at the sites of different sublattices may be different.
By means of the self-consistent field theory reasonings we then derive
the system of equations for all physical parameters of the system in-
cluding the order parameters studied by BZA. One of the physical
parameters of the system — the hole concentration — automatically
appears in the effective Hamiltonian in a self-consistent manner, and
the derived system of equations permits one to study the hole concentra-
tion dependence of the energy gap and the superconducting transition
temperature, in particular.

The physical assumptions of the model have been stated and
discussed in Refs/*’ . We start from the Hubbard Hamiltonian for
a two-dimensional electron system in a square lattice R with the hopping
integral t and the strong onsite repulsion potential U

H=-t3 3 cfocja+ UZ n,,n,, ., 1)
g <{ij> i
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where ¢, and c{, are the destruction and creation operators for the
electron with spin projection ¢ =1+, ¢ at the site i,

to0 Cio

<ij> denote all possible pairs o/f7t/1earest neighbours. By means of a sui-
table canonical transformation’ excluding the transitions from the
Hilbert subspace of the states without doubly occupied sites to the
complementary one in the lowest order in t/U, and the orthogonal
projection onto the above Hilbert subspace

P = l;l(l Lt nhn“ ),

we obtain the following effective Hamiltonian acting only within this
Hilbert subspace

H=P{-t3 3 c' ¢ -J = 3 x

o <1y> 1919 <> <>
+ o+ + 4+ _
x(ey, e —e¢f ey )(e, ¢ chch)lp" (2)
2
g2 A
U

Let us consider a nearly half-filled electron system with the given
Hamiltonian (1). In the limit of large U the states with doubly occupied
sites form very high upper energy bands, and the main effect of the
electron correlation — due to the presence of the repulsion term in the
Hubbard Hamiltonian — is to prevent the electron hopping from the
single occupied sites into the doubly occupied ones. In this case the
nearly half-filled electron system behaves like a system of holes with
a low concentration. The total Hamiltonian of this system of holes is
obtained directly from the expression (2) by considering ¢,, and c;;, as
the creation and destruction operators for the holes with the opposite
spin projection:
01'=h‘:‘, c“=h':', C;T =h‘*, c‘:’*: h“.
Thus the problem to be studied is the superconductivity of the system
with following total Hamiltonian

H=Pi{t: £ bt n -7 3 I x

h ic " jo

o <ij> <ij> <lj>

+ .+ j + + J j @)
h —h1¢hjf)(hj¢h81 - h“hl‘)}P.

x (by, i
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Note that the quasifermion operators
+
Ph \o P, Ph 1o P

do not satisfy the usual canonical anticommutation relations while the
hole operators h,, and hfa do satisfy. Therefore it is very convenient
to use the total Hamiltonian in the form (3).

Now we apply the self-consistent field method to the system with
the Hamiltonian (3). Each product of 4 quasifermion operators is then
replaced by a linear combination of the products of two operators with
coefficients being the vacuum averages of the products of two remaining
operators taken with the appropriate sign +1. Among the non-zero va-
cuum averages there are three main physical parameters:

+
n =§. <Phwth>,
=3 X <Pht h P>,
P o 1€D’ o jo (4)
i - b3 S <Ph'h, P>,

where D, denotes the set of all 4 sites i which are the nearest neighbours
of the site j. We are interested also in the itinerant antiferromagnetism
of the mobile holes. For this purpose we imagine that the original square
lattice R is composed by two square sublattice R' and R with the
same lattice constant

R - Rl v RY,

and introduce the constants

L + S 8
ny" = <Phi h P> for i€ R,
n L1 ()
abl _ o3 T <Ph* h,P > for j € RV,
o fo

1GDJ tt:l)j
We assume that
1 _ 11 I _all =1 _ =1 g1 _ ~11
o' =n], 0o ny ., al=nn, 0 n’o (6)
and set

1 _ 1 _ 1n_ n
m =1 n, = (n’ n‘), _
= _ gl _-ﬁl=_(ﬁ-ll ) (7

t ‘ t
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The physical parameters (4) and (7) automatically appear in the self-
consistent effective Hamiltonian of the system of holes. Besides the
normal vacuum averages (4) and (5) we introduce also the anomalous
one A,

lA= 3 <P(c:TcL —c; chT)P>, (8)
i €D,
which is the superconducting order parameter. By applying the famous
Bogolubov transformation to diagonalize the self-consistent effective
Hamiltonian we can derive the system of equations for the physical
quantities n,n, p, m, mand A.
To formulate the final results we introduce following notations:

i € Dy 9)

R, and R ; being the coordinate vectors of the sites i and j,

(k) = - 5 30ny@)° +ul, : (10)
5(k) = (Jp - t)y(k), (11)
Ml?):é-[my(l?)2 +ml, (12)
Alk) = -JAy(k), (13)
a,B (E)=t(i)t[Jﬁ (k) f8(K)21% ’(14)
Ea,ﬁ(i) ={[fa,ﬁ(l;) —EF]2 + A(l:)’2 }%, (15)
- E, q(k)

1 a,B
®IE, g(k)]= 5 [1+th g1 +

£&.8(k) - E Eq g(k)

, fap®) — By oy Bapl®) o ae
2E, g (K) 2T

E F being the Fermi energy. It is easy to werify that

Um @[ B, g(K)] = 11, g(k) 1, (17)
Ao ’ ,

where f[£] is the usual Fermi distribution function at temperature T
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T -1

Denote by N the number of sites; by E , the sum over the Brillouin
k

zone of each sublattice R! or RI!. We have following system of equations

_ 2
2J u(k) ~ =
m=-2=23 — — {®[E_(k)]-®[E4(k)]},
N & [32u(E)®+5(k)° 1% e A (20)
2 y(k) 8(k) = ~
p--2_5 {O[E, (k)1-0[E o(E)]i,
N E %) cs0)21* @ 8 (21)
B -2 5 w®(QIE, (E)]+ (ER(E)])
N 3 a B ’ (22)
-.2 -
) (k)” (k) _ -
m=-2i.J_ 3 - _)_I “_ {Q[Ea(k)]-'Q[Eﬁ(k)“, (23)
K (3%(k) %4 5(k)% 1%
- 27 1 Ea(i) 1 thEﬁ(k_)

203 (k)2 th
N ;y( ) {E (k)

+ — I
. 2T Eg(k) 2T (24)
In the limit A+ 0 , m - 0, m » O the relations (19), (21) and (22) form
a system of equatlons determining the physical parameters n,# and p in
terms of the given constants t, J and E . At very low hole concentration

p=~ 4n, n ~ 16n.

This result shows that it is necessary to introduce the physical parame-
ters n and n together with the order parameter p of BZA. With the
given values of n, n and p the relations (20) and (23) at the limit A - 0
form a system of equations for the antiferromagnetism parameters m
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and ih of the normal system of holes. For a low concentration of hole
there exists only the trivial zero solution

Thus the itinerant antiferromagnetism of the normal system of low
density mobile holes does not exist. With the given values of n, n and p
equation (24) determines the dependence of the energy gap and the
superconducting transition temperature on these physical parameters.

The physical implications of the system of equations (19)-(24)
will be studied in a subsequent work.

The authors would like to express their sincere appreciation to
Academician N.N.Bogolubov and Professor V.G.Kadyshevsky for the
interest in this work and the stimulating discussions.
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