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ABSTRACT

Using a 2“ x 2" matrix representation of the creation and anmihila-
tion operators for an N-fermion system, we present an exact diagon-
alization of the Hubbard Hamiltonian for a strongly correlated many=
electron system, The result is applied to the thermodynamic proper-
ties and spin susceptibility of high-temperature superconductors,
such as mZCu)O.?_ & (with T = 9OK) in which superconductivity is

believed to occur in CuO, planes, and whose electronic structure is
described by the Hubmdzﬂnliltmm. Bffects of correlation are
observed in the electromic specific heat, which are not seen in re-
sults obtained by the standard pean-field approximation method, such
as the Cutzwiller variational method. The magnetic spin susceptibi-
1ity compares favourably with the quantum Monte Carlo simlations of
White et al. Other applicatioms of the method to the many=body pro-
blem are discussed.

1, INTRODUCTION

Ceramic oxides have recently been thesized, which have supercon=-
ducting transition temperatures ('!° well above 30K. Examples ere
(h1_ 1311)20\10,* with '!e = 35K, mzcu’o? - with Te = 90K, hnd

Bizc‘np13r2°“h°2n+h+x’ nail, 2, or 3, with 'rc = 125K, which were
synthesized after 1986. YBAZOBBO? B where % is the oxygen conoen-~

tration, has a triple perovskite crystal structure and exists in
two phases: a nonsiperconducting antiferromagnetic phese mnz%os

and a superconducting phase !'Blzcu;o.? (see Goodenough & Manthiram,

1988), A commen feature of almost all high-temperature supercondu=
ctors is the presence of Cu0 planes in which superconductivity is
velieved to take place. Each~copper atom is four-fold cocordinated
to four oxygen atoms, while each oxygen atom has two=fold coordin-
ation to two copper atoms (see figure 1a). In this arrangement, the
formal valence is 2+ for copper and 2- for oxygen. Superconducti-
vity is believed to take place when the formal valence of copper
in these planes is increased slightly by doping (see figure 10,
after Zhang & Rice, 1988). In addition to nigh T _'s, these ceramic
oxides exhibit other unusual properties, such asi (a) Negligible
isotopic effect. For example, ¥Ba,0u;0, has (3 =002 0.07,

/A, = 00 £ Ou1, and {3, = 0a43, in contrast to f@= 0.5 in conv-
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enti superconductors; (b) very short coherence lengths, £(0)
~ 19A at zero temperature (Bulaevskii et al, 1988), in contrast to

§(0) ~ 10> to 10 in conventional superconductors; (c) extremely

high value of the upper critical field 2 100T (Muo et al, 1988), a
consequence of short coherence lemgths; (d) the presence of alinear
term in low-temperature specific heat (Ginsberg, 1989)3 and (e) the
coexistence of antiferromesgnetism and superconductivity (Rossat et
aly, 1991). Various models have been proposed, which attempt toacee
ount for these properties of high-temperature superconductors, and
to determine the mechanism responsible for high-temperature super-
conductivity, Among these are the conventionel Bardeen-Cooper-
Schrieffer (BCS) theory, proposed in 1957; the Fermi liquid theory;
and a theory of strong electron torrelatioms,

In this paper, the Hubbard model of strongly correlated metals
(Hubbard, 1963) for high-temperature superconductivity is solved
exactly, and thermodynamic properties and magnetic spin susceptibi-
lity calculated at half-filling in a 2 x 1 lattice consisting of
one copper and one oxygen site.

2o EXACT SOLUTION METHOD AND THE HUBBARD MODEL
The Hubbard Hamiltonian, in Wennier representation, is

B =t X (ef c. +hie) +UJ3n
e ol i

..,‘; (ni' +ny) (0

where t is the amplitude for hopping between nearest-neighbour si-
tes, U is the direct Coulomb interaction, is the chemical pote-
ntiel, and cL, is the creation operator for an electron of spin

at site i, This Hamiltonian, first proposed by Hubbard (1963) to
explain correlation effects in transition metals, is also used to
explain high-temperature superconductivity. Using a 16 x 16 matrix
representation of the fermion creation and annihilation operators
suggested by Thouless (1961), we obtain the following matrix H
which corresponds to eq (1): & A
I o

A 0 -t 0

19044 "

o A 0 -t

- 0 A 0

0 -t 0 A
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where A = -(\ + 3U), B = =(2Qp + U), and C = (3 + 30). H, is |

diegonalized to give |

Ho = ﬁAoﬁ'.' (2) l

Ao is the following matrix:
]

! |
e 30— 1), B= p - 302 302 4 166DE, 7o a(2p

where D = =( =
+ t).

+ U), andG--(}’t + U is the following matrix:
! a -
4 @4
I |
4 1 & 4
4 4 @ i
A % « 0o 0o
o 0. ¢ F.om a
’ $ 0 4 v
-ﬁ-5°4 b -4
o 0o 0 § 0 e
o B 0 0o
41
FI I I ]
4 1t 4
4 4 @
s i, . o '
where a = 272, b=~6 -, d = 3 4/2, and e = 1/lds

3, THERMODYNAMIC PROPERTIES AND SPIN SUSCEPTIBILITY

The grand quantum partition function Z can be calculated from the
diagonalization of H, and the thermodynamic properties of the Hub-
bard model derived from it, using

%= Tr(oxp(-PE)) = 'l‘r(exp(.-p'ﬁ A°ﬁ+)) -Tr(cxp(-F/\o)) (3

N
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where @ = 1/AT is inverse temperature, The Helmholtz free energy
F, entropy S, internal snergy E, and electronic specific heat Cy
are derived from 2 using the formulae:

P = =T log(z) (ha)
8 m - DE/QT ‘ (bb)
E==023(/7)/2t )
Oy = DE/ BT (4d)

where T '= 1/2, The thermal average of an operator R is defined if
R is expressed in terms of fermion creation and annihilation opera-

tors:
R = Tr(Rexp(-AH)/2 (5)
To calculate spin ceptibility, we substitute
1 2
X = );cn“ -n, ]2 ) (6)

for R in eq (5), Expressions for the thermodynamic properties and
spin suceptibility are then:

2-1+n+h+c+d+oxp(ﬂ(2£:))+30+f+s (7)
'X_(T):(F/kz)a+b+t+g+ (8)
In equations (7)"and (8), a = 2exp(B( U+ W = t)), b = ae:qp(ﬂ (’l
(349 0= en(p2p 40 - H0* 4 16829D), 4 = expp@p 4
0+ 30% + 16671, 0 = exp(Bap ), 1 - 20x(B (3p + W +
t)), and g = 2exp(p (3p + A0 = t)). Expreasions for F, 8, E, and

:x aro(obtninad from eq (4) by substituting the result for 2 given
eq (7).

ko NUMERICAL RESULTS AND DISCUSSION

The thermodynamic properties and spin susceptibility were evaluated
numerically in FORTRAN over a temperature range from kT = Q,1eV to
kI = 10eV. Electronic specific heat was evaluated for two sets of
parameter values U = 0, t = 1eV; and U = S.lkeV, t = 0,4%V, corres-
ponding to uncorrelated and correlated cases, respectively, This
result is shown in figure 2. Also shown is the regult of the meanw
field (finite-temperature Gutzwiller method) ealculation of the
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Figure 1
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electronic specific heat (Chao & Berggren, 1975), from which it is

and the mean-field result are of the

seen that the exact solution
in the correlated case, U f O}

same order of magnituds, However, _ ;
low-temperature enhancement of the electronic gpecific heat of the
szact solution over the mean-field result is observed. This shows

that collective excitations are taken into account in the exact so-
lution. The magnstic spin susceptibility was evaluated for parame-
ter values U = 10aV, t = 1eV (figure 3). Also shown for comparison

101
) o finh i uantum Monte Carlo
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exact
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is the magnetic spin susceptibility for an 8 x 8 lattice, obtained
by quantum Monte Carlo calculations (White et al, 1989). We see
that they are similar in shape and differ by a constant over most
of the range. We may conclude from this that the exact solution of
the 2 x 1 lattice incorporates the essential features of a larger
lattice solution, Further work is in progress.

REFERENCES

L. M. Bulaevekii, V. L. Gingburg, & A. A. Sobyanin, (1988) Physica,
c152, 378

K. A. Chao & K. F. Berggren, (1975) Phys. Rev. Lett., 34, 880

D. M. Ginsberg, (1989) in "Physical erties of high rature
superconductors', (L. M. Ginberg, Ed.g, World Scientific

Je. B. Goodenough & A. Mamthiram, (1988) "Progress in high tempera-
ture superconductivity”, 5, World Scientific

J. Hubbard, (1963) Proc. Roy. S0Ce, A2§6, 238

Y. Muo, N. Kobayashi, & T. Sasaki, "Proceedings ~f the Tokei
University International Workshop", Tokyo

J. Rossat-Mignod, L. P. Regnault, C. Veltier, P. Burlet, J. Y.
Henry, & G. Lapertot, (1991) Physica, B169, 58

J. Thouless, (1961) "The quantum mechanics of mamy-body systems',
Academic Press, New York

S. B. White et al, (1989) Phys. Rev. B, L0, 506

F. C. Zhang & T. M. Rice, (1988) Phys. Rev., B37, 3759



