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Abstract

The specific heat was studied as a function of tegiure within the two —
dimensional Hubbard model with various values of ethon-site Coulombic
repulsion U ranging from 2 to 16 using the Quanturilectron simulation
Toolbox (QUEST) approach at half-filling. Two disict features were identified:
(1) A low temperature peak appeared when the loimdyspin states are excited,
and (2) a higher temperature broad peak appearedewtstates in the upper
Hubbard band are excited. It was also observed timathe weak coupling regime
the low temperature peak moves to slightly highemperature as U increases,
reaching a turning point at W& 11.

Keywords: strongly correlated electrons; superconductispecific heat; half-filling; coupling regime;
on-site Coulombic repulsion.

1.0 Introduction

The Hubbard model is among the simplest Hamiltosigwat describes the behavior of correlated elestrtn spite of
the considerable effort that has been devotedesdarch for superconducting long-range correlatioomodels of strongly
interacting electrons, no clear indications of tleiistence have been found in the realistic regiffgarameter space [1- 3].

In the simplest form, the Hubbard model first inluced to describe the correlations of electrors marrow d-band of
transition metals, contains a kinetic term whiclsatides the motion of the electrons among the sitdbe Bravais lattice
and an interaction term between electrons of oppagin on the same lattice site. By varying thelehgarameters, it is
believed that the Hubbard Hamiltonian is applicablelescribe the metal — insulator transition sedes of transition metal

oxides such asSr,_, La, T, 05[4, 5].

Specially since the discovery of high temperatupgesconducting materials, considerable attentiecnldeen devoted to
this model and significant progress was achievedniderstanding its ground state properties, pdatityuat half — filling,
although superconductivity is still elusive. Howgvaot much attention has been given to its thegmacthic properties
despite the large amount of experimental measureneenthe specific heat for the cuprates.

Even in the simplest case, definitive results hagen difficult to obtain. Some exact results arailable for one-
dimensional systems. Lieb and Wu [6] obtained aactegxpression for the ground-state energy of adimensional system
in the half — filled band case. The ground statnisferromagnetic although it lacks long-rangeesr@nd insulating for any
nonzero U. The excited states of this system wergiesi by Ovchinnikvo [7], who described spin-wastates and quasi-
ionic states. The magnetic susceptibility at T w&s calculated by Takahashi [8]. The Hubbard mad&i nearest —
neighbour hopping and one type of orbital appliedmall clusters, with emphasis on an octahedrars{®es) was studied
by Callaway et al [9]. Also in that work, the corefd eigenvalue spectrum was calculated, the themawdic properties
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were computed with the use of a canonical enseanderesults were reported for the specific heat, spsceptibility, and
spin-spin correlation functions. The aim of thisppais to present a theoretical study of the spetiéat of the two

dimensional Hubbard model for different coupling,ét and temperatures using Quantum Electron Simulatitool box

(QUEST).
The two-dimensional Hubbard Hamiltonian is

H :_tz (Ci:rcja +Cj+UCiU)+U Z (nir _%j(nil _%j_ H Z (nir +ni1) (1'1)
(i,i) i i

HereCi; (ng)are creation (destruction) operators for a Fermiospin 0 on lattice sité and <i, j> indicates that the sum

on a two-dimensional square lattice is over pafraearest neighbour. U is the on-site Coulombiailgipn, t the nearest
neighbour hopping amplitude, and p the chemicas migl.

2.0 General Formulas for the Electronic Specific Heat [3]:

The specific heaC (T) is defined as

dE
C(T)=— (2.1)
( ) dT
whereE is the internal energy density, given by the theraverage of the Hamiltonian
1
E=—(H (2.2)
= (H)

N being the number of sites. Calculation of intemradrgy by means of equation (2.2) will generaltyuiees the calculation
of two-particle Green’s functions. An alternativaywto calculate the internal energy is the follagviBy introducing the
Helmholtz free energy per site

F=E-Ts (2.3)
where s is the entropy per site. From the thermathjcs we have

s=~(5r), #=(an), - (an), (o7
oT ), on); \on); oT ),

Then, it is straight forward to obtain the follogiformulas

F(T,n)=[ u(T.n)dn (2.5)
S(T,n)=- jnn (Z—/;jn’ dn’ 2.6)

E(T,n)= _[On {u(T, n)-T (g—_l/{jn} dn’ @.7)

From which the specific heat turns out to be

2
C(rn)=-T] (ZT/jJn' dn' [3] (2.8)

In this scheme the thermodynamic quantities arexglessed through the chemical potential whoserigdation requires
knowledge of the single — particle Green'’s function

For the purpose of this work, we consider the djgebeat as a function of temperature by the usQ GEST. The
results obtained agreed favourably well with theksamf Duffy et al [1], Mancini et al [3] and Bonea al [10].

3.0 Results

In fig. 1a — 1g, specific heat versus temperatairea#-filling for different values of U is showrT.here are two important
features in these curves: (1) A low temperaturék pleat appears when the low lying spin states acéexl, and (2) a higher
temperature peak which appears when states ingper iHubbard band are excited. In the weak coupkggme the low
temperature peak moves to slightly higher tempeeads U increases, reaching a turning point & 11, while in the works
of Duffy and Moreo [1], the turning point is at&J7 using Quantum Monte Carlo technique.
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The graphs of the specific heat versus temper&burthe various values of U are presented in Figs- 1h.
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Fig.1a: Specific heat c versus temperature T on a 6x6 cluster
at half-filling when ¢/ =0, p = <n> =10foru=2.
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Fig.1b: Specific heat c versus temperature T on a 6x6erust
at half-filling when £ = 0, p =(n) = 1.0for U = 4.
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Fig.1c: Specific heat ¢ versus temperature T on a 6x6earust
at half-filling when 4/ = 0, p =(n) = 1.0for U= 6.
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Fig.1d: Specific heat ¢ versus temperature T on a 6x6eaust
at half-filling when £ = 0, p = (n) = 1.0for U = 8,
u=10
1.20 -
1.00 -
0.80
c 0.60 -
0.40 -
0.20
0.00 T T T T T 1
0.00 1.00 2.00 3.00 4.00 5.00 6.00
T
Fig.1e: Specific heat c versus temperature T on a 6x@erlus
at half-filing when ¢ = 0, p = (n) = 1.0for U = 10.
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Fig.1f: Specific heat ¢ versus temperature T on a 6x@erlus
at half-filing when 4 = 0, p = (n) = 1.0for U = 12,
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Fig.19: Specific heat c versus temperature T on a 6x@aslus
at half-filing when ¢ = 0, p = (n) = 1.0for U = 14,
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Fig.1h: Specific heat c versus temperature T on a 6x@erlus
at half-filing when ¢ = 0, p = (n) = 1.0for U = 16.

1.20 -
1.00 Les
0.80 ——u=4

— U =6

¢ 0.60

—A&a—Uu=28
0.40 10
RN/ 2\ AN VAT y=12
—o—u=14
0.00 + .
0.00 1.00 2.00 3.00 4.00 5.00 6.00 700 o usle

Fig.2: Combination of all the couplings of Specific heatersus temperature T on a 6x6 cluster at héifigivhen 1/ = 0,
p= <n> = 1.0for the different values of U ranging from 2 to 16.
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4.0 Conclusion

The specific heat of the two — dimensional Hubbantiel has been calculated using QUEST approadtiifferent
couplings as a function of temperature at halflling. As the coupling U increases a low temperatpeak associated with
spin degrees of freedom moves to lower temperatuieiie a high temperature peak associated withctiage degrees of
freedom moves to higher temperatures. These featwesin agreement with [1, 3, 10].
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