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Abstract

The t-J; model is the strongly anisotropic limit of the t-J model which
captures some general properties of the doped antiferromagnets (AF). The
absence of spin fluctuations simplifies the analytical treatment of this
problem and makes it possible to visualize the independent effect of hole(s)
on the antiferromagnet. This paper studies the dynamics of two holes on one
dimensional Ising antiferromagnetic Mott insulator. The energy of the two
holes for none zero exchange J: is calculated using exact diagonalization
method. Systems with Odd number of sites N up to nine are presented. The
energy of the hole is found to increase slightly in the weak coupling regime

(J, /t << 1) and sharply in the strong coupling regime (J, /t <<1). This
increase in the energy of the holes is due to the magnetic energy cost
incurred in creating a ferromagnetic bond or a string of flipped spins.
Comparison with the result obtained for the single hole at finite J, shows

that the energy expended by a single hole in an Ising antiferromagnet is
greater than that expended by two holes in the same background. In
particular, it is observed that an increase in N increases the single hole
energy slightly. On the other hand, an increase in N causes a decrease in the

energy of two holes for finite J,. This means that two mobile holes in the

bulk limit in one dimensional antiferromagnet can minimize their energy and
so maintain a smooth coherent motion. The implication of this result for
superconductivity of doped Mott insulators is discussed.
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1.0 Introduction

Interest in nonphonon-induced pairing has been stimulated by the discovery of the copper-oxide-based or cuprate
superconductors [1]. Possible mechanisms for superconductivity in the cuprates are still the subject of considerable debate
and further research. Certain aspects common to all materials have been identified [2]. Similarities between the
antiferromagnetic low-temperature state of the undoped materials and the superconducting state that emerges upon doping,
primarily the d,?? orbital state of the Cu?* ions, suggest that electron-electron interactions are more significant than electron-
phonon interactions in cuprates — making the superconductivity unconventional.

Due to strong onsite Coulomb repulsion, at half filling electronic motions are frozen, leaving spins dynamics as the only
degree of freedom. The magnetic properties of these half-filled (undoped) systems are well described by the isotropic spin-
1/2 Heisenberg model [3]. The localization of these electrons even in the absence of disorder gives rise to a gapped electronic
state known as the Mott insulator [4]. The fact that these unconventional insulators produce superconductivity when holes or
vacancies of optimum concentration are introduced into them implies that holes are not static in the antiferromagnetic
background, but mobile. The motion of these holes can produce a local distortion of the spin background by altering the spin
configurations [3].

Besides the two dimensional Mott insulators which become superconducting on doping, there have also been rigorous and
intense researches on one and quasi-one dimensional systems. The motivation for researches on one and quasi-one
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dimensional systems is because of the intriguing phenomena that have been discovered theoretically and experimentally in
them. For instance, the injection of a single hole into quasi-one dimensional Mott insulators such as Sr,CuO3 and SrCuO; has
given rise to Spin-charge separations [5-8]. Furthermore, the close structural and electronic relationship of these materials to
the high- temperature superconductors (HTSC), and the known instabilities of the HTSC towards one-dimensional
phenomena, forms a background which provides a strong motivation for close scrutiny [9-12]. Low dimensional systems
such as ladder systems have also been used as a fantastic playground to observe the effect of hole dynamics on
antiferromagnetically ordered spin background. For instance, self-localization that invalidates the quasi-particle picture has
been observed in antiferromagnetic ladder systems [13]. This self-localization of a single hole which arises from quantum
destructive interference of the phase string signs hidden in the t-J ladders can be removed by pairing two holes [14]. The
hole pairing mechanism is supported by both theoretical and experimental reports [15-17]. However, the argument put
forward by some theoretical Physicist did not seem to favour hole pairing [18, 19]. Trugman [18] also argued that a single
hole in an antiferromagnet can avoid being trapped if it follows a complicated path that translates it into a degenerate
vacuum. But recent discovery of string excitations in refs.[20-22] from ARPES studies of cuprates seems to be in support of
the string picture proposed in ref.[15] in the intermediate coupling regime. It is therefore obvious that there is lack of
consensus regarding the dynamics of both single and two holes in an antiferromagnet. This field is still evolving with
theoretical and experimental researches geared towards addressing some of the problems of this hole(s) dynamics.

The aim of the present work is to study the propagation of two holes in 1D t-J, model with exact diagonalization method. It is
hoped that this simplified model will shed more light on some elusive aspect of two holes dynamics and provide further
evidence in support of hole pairing as a mechanism for superconductivity. The rest of the paper is organized as follows: In
section 2, the Ising model in 1D is presented and an effective Hamiltonian describing two holes dynamics in the midst of the
Ising interaction term is introduced. In section 3, we derive a formula for the size of the Hilbert space of two holes in the
Ising antiferromagnet. In section 4, the dynamics of two holes in finite antiferromagnetic chains are studied with exact
diagonalization method. The result of the numerical ground state energy of two holes as a function of the coupling constant J,
is presented in section 5. A brief conclusion will close the paper in section 6.

2.0  The Ising Antiferromagnetic Model
The Hamiltonian describing hole dynamics in an Ising model is a simple generalization of the t-J model where only the S?
component of the spins are retained. In 1D this model reads

H= _tZ[Cit)'Ci+1o' + Cit—laciczl_'_ J; ZSiZS'Z @

i+1°

Here, CiTJ( Cig) is the creation (annihilation) operator of an electron with spin o at the lattice site i ;
S/ =1/ Z(CiTTCiT —Ci'lcw) is the Ising component of the antiferromagnetic spin interaction; t is the effective transfer

integral (or the kinetic energy term) and J, is the antiferromagnetic exchange energy for a pair of nearest neighbour spins.

In this model, the constraint of no double occupancy of any site is understood.
In this work, odd chains with periodic boundary conditions are considered. In the absence of a hole, the ground state

of the t — J, model is a perfect Néel state with energy given by
J (N-2)
_2 N7 4) (2)
4
where N is the number of sites and N-2 is the net number of antiferromagnetic bonds. The two antiferromagnetic states (Neél
state) of the undoped chain are ‘1T,2 i,---, N T> and ‘1$ 21N i>. Hence, the Neél state is already in the subspace of

E, =

St =1/2 or the subspace of S, =—1/2. Out of these two states obtained by translation of one lattice vector, two
arbitrary spins are selected. The annihilation of these two arbitrary electrons in the Neél state defines the starting state, i.e.

|O> =C | N > (where &’ may be the same or different from o ). When the Hamiltonian in (1) acts on |0> , States which

can uniquely be labelled by the position of the hole |R> are generated.

iojo

In order to create two holes, two electrons must be annihilated. The annihilation of the two electrons in the Neél state of
subspace S, =1/2 will generate three possible subspaces. These include the subspace of S, =1/2 arising from the

arbitrary annihilation of two anti-aligned spins; the subspace Stf)t =—1/2 arising from the annihilation of the two

ferromagnetically aligned up spins; and the subspace Sét = 3/ 2 arising from the annihilation of the two ferromagnetically

Transactions of the Nigerian Association of Mathematical Physics Volume 1, (November, 2015), 33 — 50

34



Two Holes Dynamics in... Ehikaand Idiodi Trans. of NAMP

aligned down spins. Also, the annihilation of the two electrons in the Neél state of subspace Stf)t =—1/2 will generate
three possible subspaces. These include the subspace Sé,t =—1/2 arising from the arbitrary annihilation of the two anti-
aligned spins; the subspace Stot =1/ 2 arising from the annihilation of the two ferromagnetically aligned down spins; and

the subspace S/, = —3/ 2 arising from the annihilation of the two ferromagnetically aligned up spins. In this work we shall

tot
investigate the dynamics of two holes in the Neél state of subspace S, =1/2.
The following Hamiltonian for the dynamics of two holes in finite one dimensional antiferromagnet is proposed.

H'|R) = —tl|R,)+|R, )]+ €'| R) @)
where H', €’ and R are respectively given by

€'=€, — €, (4)
H'=H-H g, ®)
R=R,-R, 6)

Here € is the energy of the Néel state; €, is the energy of the system with holes; ﬁl and ﬁz are the position vectors of

the two holes and H is the Hamiltonian for the Néel state, describing spin interactions in the absence of quantum spin

Ising
fluctuation. By considering the dynamics of the ferromagnetic bond produced as a result of the motion of the two holes as
well as the relative positions of the holes, the following operations are possible

R) =R, ~1)+|R, +1)]+ Z|R) )
H|R) = ~t|R, 1) +|R, +1) +|R, 1) +|R, +1>]+J7Z\R> (8)

R)=—t[R, —1)+|R +1)+|R, -1)+|R, +1)]+ J,|R) )
HIR)=—t[|R, —1) +|R, +1) 2|R) 10)

The operation in (7) is obtained when the two holes are at their “birth sites” (i.e. when either of the holes has not hopped).
Here, the first hole is place at R; =0 (i.e. at the origin), while the second hole is placed at R,, a distance of one lattice

spacing from R, (i.e. both holes are nearest neighbour). In this way, the number of degrees of freedom for the two holes is

reduced to two (that for a single hole). The operation in (8) is obtained when the holes propagate in such a way that leaves a
given chain completely devoid of paired holes and a ferromagnetic bond. The operation in (9) arises from chains with
ferromagnetic bond, but devoid of paired holes. The operation in (10) arises from chains with both paired holes and a
ferromagnetic bond.

The translational invariance property of the t —J, model can be utilized in reducing the size of the Hilbert space for two
holes. This means that any two-hole state with definite momentum k and spin ¢’ or o can be written as:

vi) = \/— ZeflkrTN Cor| o) (11

where |00> is a suitable spin state with the spins at the origin r =0 fixed to T and TN is the spin translation operator
defined by the transformation property

Ty SaTy' =Sk (12)

where periodic boundary conditions (PBC) over the N sites are assumed in order to define the effect of translation at the
rightmost site.

3.0 Hilbert Space for Two Holes In Ising Antiferromagnet

In this section, the size of the Hilbert space for two holes propagating in the Néel state of Stot 1/ 2 will be obtained. Fig.
1 represents N-site chains with two holes occupying the first and second sites.

1 2 3 4 5 N
O O ® ® o———©
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Fig.1.Arrangement of two holes and electrons on N-site chains. The shaded circles represent electrons, while the empty
circles represent electrons.

The arbitrary chosen birth state of the two holes denoted by |O> is given by
[0) =€, [N) =y, 11,24 87,4 057 NT) =123 14 15T--NT) (13)

The positions of the two holes are chosen in such a way that they are at nearest neighbour (NN) sites. This choice of birth
state for the holes though convenient, is arbitrary and not based on strict or rigid rules. If any of the two holes are allowed to
move with the constraint that the N™ lattice site is not occupied and the constraint of no double occupancy of any site is
adhered to, its degrees of freedom will be N-3. The former constraint imposed on the dynamics of the two holes ensures that
the holes’ states are not double counted. The 1%, 2" and (N-3)™ hops of the hole at site 2 are respectively given by (14), (15)
and (16).

1)=[1213445T--NT) (14)
2)=[12134,45T--NT) (15)
IN-3)=[1213},415T--(N-1) N T) (16)

Propagating in the same direction as the first hole originally at site 2, the second hole at site 1 must make 1, 2 and (N-3) hops
in order to pair with the first hole. This means that the total states generated by the second hole can be obtain from the
arithmetic series

Sy =%[2a+(N ~1)d] (7)

Here, N is the number of sites; the first term in the series is 1; d the common difference is also 1. But the last term of an
arithmetic progression is given by

|l =a+(N-1)d (18)
Hence, (17) becomes
s, :%(aﬂ) (19)
The last term | is given by
I=N-3 (20)
Hence (19) becomes
s, =%(1+ N -3) (20)
But the sum of all the states from |O> to | N — 3> equals N —3+1= N —2. Adding this to (20) gives

_N _ o) N (21)

Su=5 L+N-3)+N-2 2(N 1N -2) IN(N 3

The states |0> |1> |2> , etc are representative of groups of normalized state vectors obtained by making use of the

translational invariance of the t-J, model. Thus, (21) gives the number of normalized state vectors obtained by making use of
the translational symmetry discussed in section 2. Since translational symmetries give 1/N reduction in the size of the system,
the size of the Hilbert space for two mobile holes in Ising antiferromagnet gives
N!
S, =—— (22)
" 2(N-3)

4.0  The Dynamics of Two Holes In a Finite Antiferromagnetic Chain
This section presents the dynamics of two holes in one dimensional antiferromagnetic chain.

41 Five -Site Chain

A five-site chain with three electrons and two holes condition is illustrated in Fig. 2.
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1 Two Holes

Electrons

4

Fig. 2: A five- site chain with two holes and three electrons subjected to periodic boundary conditions.
The two antiferromagnetic states (Neél state) of the undoped chain are ‘1 12131405 T> and ‘1¢ 2731,415 ¢>. The

birth state denoted by |0> is given by
|0) =c,iC,y [N) =cpc, [11,24 31,44 57T) =

1,231,415 T} (23)

From (22), the size of the Hilbert space of this system is S, = ( o y _o 30 . This can easily be reduced to 6 normalized
26-3) 4

states by using (11). The other electronic states which are shown below can be obtained from |O> by hopping and translating

the holes one lattice spacing.

1 [[12314451)+11234151)+[14,213451)]
%)= SL 11213%45)+[121,34,415)

11213445 M)+11,231450)+11.2134715)]
%)= \EL 12431451 +[11,231,415)

1 [[12134451)+[11.231415)+[1213415 ¢>:
#:)= V5| +[14,231451)+[11213415) |

11123445 +[11,213454)+1.213745)]
) :ff 124,31415)+[1234,4157) |

1 [[11.234451)+[11,213415)+1213145)]
] :E_+‘1 1231415)+[124,34151) |

1 [[11243451)+[11213045)+12131415)]
%)= +12314151)+[14,234157)

The action of H' on the reduced Hilbert space, gives

U JZ
H'lgy) = ~tld) ~tdo) + [ )

H16) =) - 1) ~ 1) ~ 1) + 216

Hge) =)~ )~ 118) 1) + 2 )
! 3‘]Z

H'g:) =~t|d) 1| ¢s) + =% [¢s)

H' ¢4> = _t‘¢1>_t‘¢z>_t‘¢3>_t‘¢4>+‘]z‘¢4>
) =) 1) + 232 |)
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The Hamiltonian matrix for this operation is given by
(2 —t -t 0 0 0]
-t -t -t 0

I
N

Jz
H, -t -t = 0 -t -t (24)
0 -t 0 2= ¢t o
-t —t —t J, -t

0 -t 0 -t
-

4.2  Seven -Site Chain
A seven-site chain with five electrons and two holes is illustrated in Fig. 3.

N Two Holes

Electrons

5
Fig 3: A Seveur- site chain with two holes and five electrons subjected to periodic boundary conditions.

The two antiferromagnetic states (Neél state) of the undoped chain are ‘1T,2 1314451617 T> and ‘1¢ 21304150617 ¢>
The annihilation of these two anti-aligned spins at site 1 and 2 defines the starting state or the birth state of the holes. This
birth state is given by

|0)=cc,y [N)=cpc, [11,24 314151617 1) =

1231415M61,71) (25)

7 7
2(7-3) 2x4
normalized states by using (11). These 15 normalized states obtained from |0> are shown below.
12374451647 1)+[11.2341546174)+[1121345161.77) ]|
+112431456174)+[142131,415671)+[112131415167)
+[1,2134,4151617)

From (22), the size of the Hilbert space of this system is S, = =105. This can easily be reduced to 15

4)=5

121341516471 +[112314506171)+[142134156177) |

4,)= % +[11,2431451674)+[11,2134415617)+[124314151671)
+[11234,4751,617)

12134 a5M6471) 1123141561 74)+112134151671)

4,) = % +[11,2431,45164.7)+[12131,4156174)+[14,2314151677)

+[11,2434151617)

i 12734415647 1)+[112314451671)+[14,2134151,617) 7

) = % +[12431,45164,71)+[11231,4156771)+[14,2134151677)
+[112131451617)
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—\1,2 734415467 1)+[11237445164.7)+[121341516771) |
+ \1¢,2,3 1451617 T> + \1?,2 13415617 ¢> + \1 1213145167 T>
_+\1T,2 1314156 T,7> |
'\1 123445164,71)+[112134546171)+[142731456.77) 1
+ \1 1213141567 ¢> + \1 12134415 T,6,7> + \1,2 13741516 T,7>
|+ \1,2,3 14151617 T>
_\1 1,234,45161,7 T> + \1 12134156717 J,> + \1 1213145167 T>
+ \1 1213147156 ¢,7> + \1,2 1314157167 ¢> + \1 1237141516 T,7>
-+ 124341516177) ]
"\1T,2 134516471 +112731456774)+112131415671) 1
+ \1T,2 1314715 ¢,6,7> + \1,2 13141516 ¢,7> + \1,2,3 141516717 ¢>
-+ \1¢,2,3,4 1516717 T> |
_\1T,2,3 14156471 +[112134451671)+[14,21314516717) ]
+ \1,2 131415647 T> + \1?,2,3 1415167 ¢> + \1¢,2 1344516 T,7>
_+\1,2 131451617 T> |
_\1T,2 134156471 +112131457674)+112131415617) ]
+ \1,2 131415167 T> + \1 1234,475%16 ¢,7> + \1,2 134451617 ¢>
_+\1¢,2,3 14516717 T> ]
112131456471 +11213147567)+[11.2131445167) |
+ \1,2 13141516 T,7> + \1,2,3 lats16l,7 T> + \1?,2,3,4 157617 i}
-+ \1¢,2 134516717 T>
_\1T,2,3 1415167 T> + \1 121344516 ¢,7> + \1,2 1314516717 ¢>
+ \1¢,2,3 14156417 T> + \1 1213475167 ¢> + \1¢,2 13145716 T,7>
+ \1,2 1314156717 T>
'\1 1213475167 T> + \1 121314576 ¢,7> + \1,2 1314156717 ¢>
+ \1¢,2,3 1415167 T> + \1 1213475716 ¢,7> + \1,2 1314516717 ¢>
-+ \1 12314156717 T>
_\1T,2 13145167 T> + \1 1213147156 ¢,7> + \1,2 131445167 ¢>
+ \1¢,2,3 141516 T,7> + \1,2 13475161,7 T> + \1T,2,3 14576717 ¢>
+ \1¢,2 134156717 T> ]
'\1 72430445671 +112131415067)+[1213741516L7) ]
) = % +[123147516174)+[14,23415164,71)+[112134516171)
14,2131,45671T7 T>

The action of H' on the reduced Hilbert space, gives

‘¢4>:

-

‘¢5>:

o

‘¢6>:

ol

‘¢7>:

S

‘¢8>:

S

‘¢9>:

o

‘¢10>:

ol

‘¢11> =

-

‘¢12>:

ol

‘¢13>:%

+
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HI

J
¢o> :_t‘¢1>_t‘¢4>+f‘¢o>

1) = 0~ )— k)~ k) + 216
H1ge) =) 1) —ts) —a) + 2] )
1) = —t1e) ~d)— )t + 2 1)

J
>: _t‘¢o>_t‘¢3>_t‘¢11>_t‘¢14>+?2‘¢4>

\¢s> )t ds)+ Z\¢4>
bs)=—¢,)- t‘¢5>_t‘¢7>_t‘¢8>+‘]z‘¢6>
Hg,) =) ~tid) + o2 |g,)
H'lgy) =t ds) —t|ds ) —tldy) —t/hs) + 3. [ )
¢9> ~6,)—tds) ~tl o) ~t o) + 1. | o)
- )=t + %52 o)

> _t‘¢1> t‘¢4> t‘¢8> t‘¢12>+‘]z‘¢11>
‘¢12> _t‘¢2> t‘ ¢9> t‘¢11> _t‘¢13> + ‘]z‘¢13>

> _t‘¢3> t‘¢10> t‘¢1z> t‘¢13>+‘]z‘¢13>
>: _t‘¢4>_t‘¢13>+72‘¢14>

The Hamiltonian matrix for this operation is given by

11

(2 -t 0 0 -t 0 0 0 0 0 0 0 0 0 0]
~t %z —t 0 0 -t 0 0 0 0 0 —t 0 0 O
0 —t ’; —t 0 0 —t 0 0 0 0 0 —t 0 0
0 0 -t ’; -t 0 0 0 —t 0 0 0 0 —t 0
-t 0 0 -t ’; 0 0 0 0 0 —t 0 0 -t
0 -t 0 0 0 ¥z —t 0 0 0 0 0 0 0
H'-flo o0 -t o0 0 -t J, -t -t 0 0 0 O 0 O (26)
00 0 0 0 0 —t ¥ 0 —t 0 0 0 0 O
0 0 0 -t 0 0 -t 0 J, =t 0 —t 0 0 0
0 0 0 0 0 0 0 —t —t J, =t 0 —t 0 0
00 0 0 0 0 0 0 0 —t 3 0 0 —t O
0 -t 0 0 -t 0 0 0 —t 0 0 J, -t 0 0
0 0 -t 0 0 0 0 0 0 —-t 0 —t J, —t O
0 0 0 -t 0 0 0 0 0 0 -t 0 -t J, -t
[0 0 0 0 -t 0 0 0 0 0O 0O 0 0 —t ¥z

4.3  Nine-Site Chain
A nine-site chain with seven electrons and two holes s is illustrated in Fig. 4.
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5 4
Fig. 4: A nine- site chain consisting of two holes and seven electrons with periodic boundary conditions.
The two antiferromagnetic states (Neél state) of the undoped chain are ‘11*,2 $37T4157T6171T81l9 T> and

142134,4151,61,71,8191). The birth state is given by

|0)=cpc, [N)=c ¢, [11,2431415764,718197)=[123144516171897T) @7)
The size of the Hilbert space of this system is g o 9 _ 555 This can easily be reduced to 28 normalized states
°T2(0-3) 26l

according to (21) by using (11). These 28 normalized states obtained from |O> are shown below.
12314157647 18L9M)+[1123415L6174819{) |
+[14,21345164,71819T)+[1121,314561718191)
+[14,2134,4156718491)+[1121,314151678191)
+[142134,41546 1789 1) +[1121,31415%61,7189)
+[12131,41546171819)
p2T34¢5T6¢7T8¢9T>\1?23?45¢6T7¢8T9Q
+[14,21347564,718191)+11,2031457671.819!)
+14,2131,41567,78191)+11,2431445167189)
+[14.2131,4150617819)+[1231415M64,71891)
+11,234,415467718719)
h2T3¢45T6¢7T8¢9T>\1?23T4¢56T7¢8T9Q
+[14,21341546718V91)+[11,24,3145161,7879)
+14,2134,4156171897)+[1121,31415167184.9)
+[12134,4150,67,78194)+[14,237445161.71897)
+1124341546771879)
ﬁ2T3¢4T56¢7T8¢9T>\1?23T4¢5T67¢8T9Q
+14,21347546778491)+11,24314576,7189!)
+[14.2131,4156771819)+[123141516718,97)
)
)

‘¢0>:

-

) =

%\

|¢2) =

&\

‘¢3>:

%ﬂH

+ﬁT23¢AT5¢£TISﬂ9¢+h¢2?34¢5Tﬁ¢JT&9ﬂ
_+pT2¢3TA5¢5TJ¢3T3
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1213latsl6718d91)+[112314451647819!) |
+[14.2134154,61,74891)+[11,24,3145161,7181.9)
+12134,4156771879)+[11,231445167184971)
+[112134150617819¢)+[11,2131.4516171897)
+11243144567718719)

:\1,2 7344151617891 +11,231415761,71891)
+[14.2134154,6174819)+1243145161.718197)
+11,234,4156771879)+[11,213415167184971)
+[112137450617819¢)+[11,21314156171897)
+1124314451671879)

:\1,2 1344156171891 +[11237415761.7181.9) ]
+12134151,67718191)+[11,23145161.7181971)
+[1124,341561748794)+[14,213145167184,97)
+[112431405617819)+[11,213141516718971)
+[112331415M61,7819)

'\1 123415164718L91)+11,213454,6171819)
+[1d21314561,718L91)+[11,24314156718191)
+[142131,4151678L91)+[11,2431445161,7891)
+[14,2134,4751617189)+[121,31445161,71819)
+[1234,41516 174819 1)

:\1 1234,45164,718L91)+11,21341567718191)
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The matrix arising from nine-site chain is large (i.e 28x28 with symmetry consideration). Hence, only the results for the
numerical ground state energy will be presented in section 5.

5.0 Presentation and Discussion of Results
This section presents the numerical exact result for the energy of two holes for five-, seven- and nine-site chains in the

subspaces of S, =1/2. From Table 1, it is observed thatat J, /t =0 the energy of two holes for N=5 is -3.60388. This

value is not in excellent agreement with that proposed by Nagaoka that the energy of a hole at J,=0 must be equal to -zt,
where z is the coordination number [23]. This is simply because the degrees of freedom for two holes in one dimension

reduce from 4 to 2 whenever they are on Neighbouring sites. For this zero value of J, , the energy of the holes is found to

decrease with increase in N. This is because at the thermodynamic limit (large N), number of degrees of freedom for the two
holes approaches 2z (or 4), hence agreement with Nagaoka result of -2zt can made. At this energy, the holes can propagate
freely through the antiferromagnetic background without disrupting the spin background and expending energy. This is

because the antiferromagnetic coupling J, which provides the magnetic energy as well as the confining potential is zero.
The energy of the hole is found to increase slightly in the weak coupling regime (J, /t <<1) and sharply in the strong

coupling regime ((JZ [t <<1). This increase in the energy of the holes is due to the magnetic energy cost incurred in
creating a ferromagnetic bond or a string of flipped spins. This energy cost will result to a linear rising potential that might
confine the holes to their original sites. Hence, the coherent propagation of the holes might be slightly compromised as J, is

increased. In order to create a ferromagnetic bond, each of the holes must expend a magnetic energy of J, /2.

For comparison with the current result for two holes, the result of the energy of a single obtained in ref. [24] is here
reproduced in Table 2. At a glance, it is obvious that the energy expended by a single hole propagating in an Ising
antiferromagnet is greater than that expended by two holes in the same background. This is because it is possible for two
holes to minimize their energy by propagating in such a way that at every instant they are at nearest neighbour sites. In this
style of propagation, the energy expended by the first hole in creating an overturned spin is easily recovered by the second

hole following behind. For the single hole at J, /t <3, anincrease in N increases the hole energy slightly. On the other

hand, an increase in N causes a decrease in the energy of two holes for finite J,. This means that at large N, two
propagating holes in one dimensional antiferromagnet can minimize their energy and so maintain a smooth coherent motion.
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Table 1: The energy of two holes E, /t asafunction of J, /t for 5, 7 and 9 sites

J, It E,/t (Gsites) E, /t(7sites) E, /t(9 sites)
0.00000 -3.23607 -3.60388 -3.75877
0.01000 -3.22963 -3.59604 -3.75029
0.02000 -322320 -3.58821 -3.74182
0.05000 -3.20394 -3.56475 -3.71644
0.10000 -3.17190 -3.52574 -3.67425
0.20000 -3.10812 --3.44813 -3.59028
0.40000 -2.98175 --3.29448 -3.42405
0.60000 -2.95695 -3.14300 -3.26020
0.80000 -2.73372 -2.99374 -3.09886
1.00000 -2.61206 -2.84676 -2.94015
1.50000 -2.31476 -2.48952 -2.55547
2.00000 -2.02715 -2.14720 -2.18882
2.50000 -1.74905 -1.81988 -1.84051
3.00000 -1.48025 -1.50734 -1.51022
4.00000 -0.96942 -0.92474 -0.90072

Table 2: The energy of one hole Eh /t asafunction of J/t for 4, 6, and 8 sites

J, It E, /t (4sites) E, /t(6 sites) E,/t (8 sites)
0.00000 -2.00000 -2.00000 -2.00000
0.01000 -1.99167 -1.99100 -1.99072
0.02000 -1.98334 -1.98201 -1.98144
0.05000 -1.95838 -1.95505 -1.95362
0.10000 -1.91685 -1.91020 -1.90735
0.20000 -1.83408 -1.82082 -1.81514
0.40000 -1.66969 -1.64338 -1.63213
0.60000 -1.50688 -1.46782 -1.45121
0.80000 -1.34568 -1.29428 -1.27264
1.00000 -1.18614 -1.12291 -1.09665
1.50000 -0.79473 -0.70479 -0.66958
2.00000 -0.41421 -0.30278 -0.26308
2.50000 -0.04473 0.08215 0.12192
3.00000 0.31386 0.45002 0.48662
4.00000 1.00000 1.13919 1.16576
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6.0  Conclusion

The motion of two holes in one dimensional antiferromagnetic Mott insulator within the t-J, has been studied. The
energy of two holes is found to increase with J,. This is because magnetic energy costing J./2 is paid each time a
ferromagnetic bond is created. This might have the effect of compromising the coherent motion of the holes since
the string potential that tends to confine the hole is also dependent on J.

From Table 1 and Table 2, it is obvious that the energy expended by a single hole propagating in an Ising
antiferromagnet is greater than that expended by two holes in the same background. This is because two holes can
minimize their energy if their propagations keep them at nearest neighbour. In this style of propagation, the
energy expended by the first hole in creating an overturned spin and hence a ferromagnetic bond is easily
recovered by the second hole following the first. In this way, the original spin configuration is restored and the
two holes can be conceived to be in state in state of degenerate vacuum.

From this result of the exact calculation of two holes dynamics in 1D, it obvious that hole pairing is possible for
one and quasi-one dimensional Mott insulators such as Sr.,CuO; and SrCuO-, In two dimensions (2D), the motion
of a single hole can create strings of flipped spins along the path of the hole, making it impossible for a hole to
have a coherent propagation [25]. In the light of the results obtain here for two holes in 1D, one can naively say
that hole pairing which helps to unwind strings of flipped strings is possible in 2D. High temperature
Superconductivity is a low energy in which the charge carriers (hole or electrons) in the superconducting
materials formed a pair and propagates in such way as to minimize their energy. Since coherent propagation is
due to hole pairing, one can therefore conclude that t-J model and its variants do support superconductivity.
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