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The one-dimensional attractive Hubbard model (U < 0) is discussed
assuming periodic boundary conditions and the half-filling case. The con-
sidered chains have N nodes, the same number of electrons, where N — 1
of them have the same spin projection. The discussed translational and
unitary symmetries provide the exact diagonalization of the Hamiltonian
for even N < 7 via various applications of the unitary group.
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1. Introduction

The Hubbard model derived in [1], and independently by Gutzwiller
in [2, 3] and Kanamori in [4], is based on the tight-binding approximation.
The model is one of the simplest with main aspects of the physical image
of interacting electrons in the crystal. The electrons occupying the atoms
can move between them by the so-called hopping during conduction and
provide electron bands in a crystal. In spite of a substantial simplification
of the model compared to the real physical situation of interacting electrons
in a crystal, obtained results may explain the insulating, magnetic, and even
superconducting effects in a solid. The Hubbard model has been impor-
tant for understanding of many sophisticated, physical problems like ferro-
magnetism, antiferromagnetism, the Mott transition, high-temperature su-
perconductivity, the Bose—FEinstein condensate in cold optical lattice
[5—7], etc. Despite its apparently simple structure, the exact solution ex-
ists only for one spatial dimension, given in year 1968 by Lieb and Wu [§],
by using the method of Yang [9], and [10] from the year after, and is not
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easy to analyse. In general, there are several approximation techniques,
among the others mean field-theory, various Green’s function decoupling
schemes and functional methods. We continue the work with one spatial
dimension, which is of much importance for its possible generalizations to
higher dimensions, and as the exactly solvable model [11, 12]. In addition,
the one-dimensional case may become more important due to its possible
applications in intensively studied carbon nanotubes [13|, one-dimensional
organic superconductors [14], or one-dimensional organic ferromagnet [15].
There is also possibility of modelling the one-dimensional Hubbard model of
fermionic quantum gas loaded into an optical lattice [16], which is a promis-
ing candidate for quantum information processing.

2. The Hamiltonian and its symmetries

The dynamics of the finite set of interacting electrons, occupying the one-
dimensional chain, consisting of NV atoms, can be described by the Hubbard
Hamiltonian in the following form

H=tY 3 (d}i&j-&-li + &Ludﬁ) U iy iy - (1)

i€d jeN jEN

where N = {j =1,2,..., N} denotes the set of atoms of the chain, 2 = {i =
+,—}, nyi = d}idji, and finally d}i , Gj; are the canonical Fermi operators,
that is creation and annihilation operators of electron of spin 4, on the site j.
One can observe that electrons behave as waves in the first component of
the Hamiltonian (1), while they behave as particles in the second one, with
the assumption of the occurrence of electron—electron interaction with the
characteristic constant interaction denoted by U [17]. In general, U can be
of any value, with U < 0 (U < 0 — the case presented in this article)
and U > 0 (U > 0 [18, 19]) being responsible for attraction and repulsion,
respectively, and U = 0 standing for no effect or plain gas of fermions.

The single-node space h; has the basis consisting of n vectors denoting
all possible occupations of one node, since we are dealing with fermions

dimhj=n=4,  hj=lec{+,0,+, -}, (2)

where () denotes the empty node, + and — stand for one-node spin projection
equal to % and —%, respectively, + denotes the double occupation of the one
node by two electrons with different spin projections, and lcc A stands for
the linear closure of a set A over the complex field C. One can obtain the
final Hilbert space H of all quantum states of the system in the following
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way
N 2N
'H:H@)hj; H:Z@HN57 (3)
j=1 Ne=0

where H™e denotes the space with fixed number of electrons N,. The set of
all linearly independent vectors called electron configurations [20] provides
the initial, orthonormal basis of the Hilbert space . These configurations
are defined by the following mapping

fiN—4d,  d={£0,+ -}, (4)
and constitute the N-sequences of the elements from the set 4
1f) = 1f()F2)... f(N)) = liaiz...in),  ij€4, jEN, (5)
with
W= {pN—1}, (6)
H = lecc iy (7)

The one-dimensional Hubbard model has many symmetries, systematically
studied by many researchers, starting from Lieb and Wu [§], Yang [9] and
continued in, inter alia, Refs. [17, 21, 22|, with the book of Essler et al. being
the eminent summary and supplement of their work [23]. Since the periodic
boundary condition are assumed, the Hamiltonian (1) has the obvious trans-
lational symmetry (any1; = @1;), this means that one-particle Hamiltonian
of the form (1) is completely diagonalized by a Fourier transformation. Apart
from the cyclic symmetry, system reveals, among others, two independent
SU(2) symmetries [23, 24], that is SU(2) x SU(2), in spin and pseudospin
space [25]. This symmetry involves spin and charge degrees of freedom, thus,
one has two sets of generators, {S’Z, S+, S’_} and {jz, Jt, j‘}, for spin and
charge, respectively. These generators can be written in the following forms

5. =33 (B -dan),  S=8=3aa- ©
jEN jeN
Jo=5) (&L&ﬁ +a]_aj- — 1) =D (W
jeN jeN
Jo = (-1ajia,- ©)
jeEN

and the transfer between these two sets is known as the Shiba transforma-
tion [8, 23].
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3. Exact diagonalization

The action A : ¥y x 4N — AN of the symmetric group ¥y on the
set 4 provides orbits O,, of the group Xy labelled by the weight j1, which
is a sequence of non-negative integers p = (p1, p2, 3, f14), with relation
> iciti = NN, defined by the following equation

ui:‘{ij:i\jENH, iel. (10)

From now on, we confine our considerations only to the case of U <« 0, and
to the half-filling magnetic rings, that is with /N nodes occupied by N, = N
electrons, including N — 1 electrons with the same spin projection. Since we
are dealing with U < 0, the set of electron configurations no longer contains
the elements with two atoms singly occupied by opposite spin projection
(unpaired spins). Thus, the weights belong to the set

{(1,1,N —2,0),(1,1,0,N — 2)}. (11)

Since the numbers of up- and down-spin electrons are separately conserved,
the matrix representation of the Hamiltonian (1), within the postulated
set (11), gets reduced to the sectors characterized by elements of the subset

{(N-1,1),(1, N - 1)} (12)

of the Cartesian product Ny x N_, where N4 and N_ denote the number
of electrons with the spin projection equal to % and —%, respectively. We
proceed with the total magnetization M = % — 1, and with the initial basis
given by Table I, where f! denotes the initial electron configuration of the
orbit Oy of the translational symmetry group Cy, and F' is the set of f
differing from each other by transposition of the elements 4+ and (). As we
consider the case of U < 0 — the nodes with the — alone will never appear.

The first step in the process of diagonalization of the system Hamiltonian
is application of the so-called basis of wavelets [26] i.e. Fourier transform
on the orbits Oy of the group Cy, as the aftermath of the translational
symmetry of the magnetic ring. The appropriate amplitude takes the form

k',fi> — \/1N Z eiQij/N ’fj7f1> ’ (13)

jeN

where |f;, f') denotes the jth electron configuration of the orbit Oyi, and
the quasi-momentum k € B, with

(14)

B:{k=0,i1,ﬂ,...,{ +(N/2—1),N/2 for N even }

+(N-1)/2, for N odd
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TABLE 1

The decomposition of the set of electron configurations, for the case of u =
(1,1,4,0), and U < 0 into orbits Oy of the translational symmetry group Cs.

1| M

I

fi

Op

1| 2

(17 1’47 0)

|[£0++++)

|0+ +++
| ++0+++
|+++0++
|+ +++0+
|+++++0
|0+ ++++

[0+ ++++)

|0+ ++++
|[+0++++
| ++0+++
|+++0++
|+ +++0=£
|£++++0

| £+0+++)

| £ +0+++
|+ 440+ +
|+ +++0+

|0+++++
| +0+++=+

|0+£+++)

|0+++++
[+ 0++++
|+ +0+++
|+++0+
| £+++0
|+++++

| £+ +0++)

|+£++0
|+++++
|0+ ++++
[+ 0++++
|+ +0+++

)
)
)
)
)
)
)
)
)
)
)
)
)
|
|+++£+0)
)
)
)
)
)
+)

+)

0)
|[£++0++)
+)

0)

)

)

)

The representation of the Hamiltonian in the basis of wavelets includes the
complex elements. To get rid of them, one can use the gauge transformation,
as the second step of the procedure of the exact diagonalization, by adding
to the amplitude (13) the additional phase as follows
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i _ b irktigN i2rkj/N | ¢, gi

k,f,F>—\/Ne Ze ‘f]7f>7 (15)
JEN
where ¢, denotes the distance between the elements + and ) in the initial
electron configuration f', equal to the number of singly occupied nodes be-
tween them plus 1. The transformation (15) constitutes the local gauge field
dependent on the quasi-momentum k and the parameter ¢, characterizing
the set F. The example of the representation of the Hamiltonian for the
case N =6, No =6, Ny =5, k=1 in the gauged basis of wavelets takes
the form

U 0 —V/3t 0 0
0 U 0 —V/3t 0
H=| —V3t 0 U 0 —V3t | . (16)

0 —V/3t 0 U V3t
0 0 V3t /3t U

The third step in the diagonalization procedure of the Hamiltonian is tak-
ing into account the SU(2) x I symmetry in the pseudo-spin space, where
I denotes the identity element of the group SU(2), since the singly occu-
pied atoms have the same spin projection. The appropriate amplitude con-
structed on the gauged basis of wavelets (15) is

Pk J )= —— S Tlg)g |k f\F), (17)

\ ‘F| g€(SU(2)x1I)

and will be called spin basis, where I'(g) marks the irreducible representation
of the group SU(2) [25], and |F'| denotes the cardinality of the set F'. The
physical meaning of this symmetry is the decoupling of the spin and charge
degrees of freedom related with the elementary excitations of the Luttinger
liquid |27] called spinons and holons, respectively. The matrix (16) after the
appropriate change of basis (17) transforms into

[ U /3t 0 0 0 1
/3t U 0 0 0
H = 0 0 U 0 —/2/3t (18)
0 0 0 U —\/3t
0 0 —V2V3t —V3t u
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The diagonalization procedure for even N < 7 within the blocks with fixed
k, J, J, provides the eigenstates given as the irreducible basis of another
SU(2) group, possible to obtain by the Kostka matrices at the level of basis
for n =2, and p = {p1, po} = {IN — 1,1} [28]. This kind of symmetry ends
the process of exact diagonalization. For the case of N = 6, £ = 1, the
representation of the Hamiltonian takes the form

[ U — /3t 0 0 0 0 7
0 U+ 3t 0 0 0
H= 0 0 U—3t 0 0. (19)
0 0 0 U+3t 0
0 0 0 0 U |

4. Conclusions

In the present paper, we gave the description of the one-dimensional Hub-
bard model for the chains with IV atoms, the same number of electrons, and
N — 1 of them with the spin projection equal to % After the decomposition
of the set of electron configurations into orbits O of the cyclic symmetry
group C§, we presented the quasidiagonal form of the Hubbard Hamiltonian
on the example of N =6, N, =6, Ny =5, k = 1 using the irreducible ba-
sis, adapted to the assumed translational symmetry. The appropriate gauge
transformation removes the complex elements from the representation of the
Hamiltonian. Next, we present, on the example of N = 6, the double action
of the unitary group SU(2) ending the process of the exact diagonalization.
Rotational symmetry within the spinless part of the magnetic ring provides
the quantum numbers J and J,, whereas S = M = 2 for all cases. The
group SU(2) manifests itself for even N < 7 for the second time within
each of SU(2) x I symmetrized parts of the wave function and leads to the
appropriate transformation of amplitudes (17). The eigenstates are simply
identified as given by the Kostka matrices at the level of basis for n = 2,
and p = {p1, e} = {N — 1,1}. Adjusting the appropriate irreducible rep-
resentations of SU(2) for any N, as well as the physical meaning of the last
transformation and its possible applications in more general cases are still
the open questions.



1928

1
2]
3]
4]
5]
[6]

7]
18]
191
[10]
[11]

[12]

[13]
[14]

[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]
[26]
[27]
28]

D. JAKUBCZYK

REFERENCES

J. Hubbard, Proc. R. Soc. Lond. A276, 238 (1963).

M.C. Gutzwiller, Phys. Rev. Lett. 10, 159 (1953).

M.C. Gutzwiller, Phys. Rev. A137, 1726 (1965).

J. Kanamori, Prog. Theor. Phys. 30, 275 (1963).

M. Vojta, Rep. Prog. Phys. 66, 2069 (2003).

P.W. Anderson, S.B. Treiman (ed.), The Theory of Superconductivity in the
High-T, Cuprates, Princeton Series in Physics, Princeton Univ. Press, 1997.
M. Aizenman et al., Phys. Rev. A70, 023612 (2004).

E.H. Lieb, F.Y. Wu, Phys. Rev. Lett. 20, 1445 (1968).

C.N. Yang, C.P. Yang, Phys. Rev. Lett. 150, 327 (1966).

C.N. Yang, Phys. Rev. Lett. 19, 1312 (1967).

B. Sutherland, Beautiful Models, 70 Years of Ezxactly Solved Quantum
Many-Body Problems, World Scientific Publishing Co. Pte. Ltd., Singapore
2005.

R.J. Baxter, Ezactly Solved Models in Statistical Mechanics, Academic Press,
London 1982.

S. Gullapalli, M.S. Wong, Chem. Eng. Prog. 107, 28 (2011).

D. Jerome, C.R. Pasquier, One Dimensional Organic Superconductors, in:
A.V. Narlikar (ed.), Frontiers in Superconducting Materials, Springer, Berlin
2005, pp. 183-230.

T. Sugano et al., Phys. Rev. B82, 180401 (2010).

S.R.J.F. Clark, Strongly Correlated One-dimensional Systems of Cold Atoms
in Optical Lattices, Trinity College, Oxford 2007.

H. Tasaki, J. Phys.: Condens. Matter 10, 4353 (1998).

R. Kishore, A.K. Mishra, Physica A 344, 537 (2004).

D. Jakubczyk, Mod. Phys. Lett. B26, 1150005 (2012).

D. Jakubczyk, P. Jakubczyk, Acta Phys. Pol. B 42, 1825 (2011).
C.N. Yang, Phys. Rev. Lett. 63, 2144 (1989).

C.N. Yang, Mod. Phys. Lett. B4, 759 (1990).

F.H.L. Essler et al., The One-Dimensional Hubbard Model, Cambridge
University Press, 2005.

M. Noga, Czech. J. Phys. 43, 1223 (1993).

D. Jakubczyk, P. Jakubczyk, Cent. Eur. J. Phys. 10, 906 (2012).

B. Lulek, T. Lulek, A. Wal, P. Jakubczyk, Physica B 337, 375 (2003).
F.D.M. Haldane, J. Phys. C: Solid State Phys. 14, 2585 (1981).

B. Lulek, T. Lulek, P. Jakubczyk, D. Jakubczyk, Physica B 404, 115 (2009).


http://dx.doi.org/10.1098/rspa.1963.0204
http://dx.doi.org/10.1103/PhysRevLett.10.159
http://dx.doi.org/10.1143/PTP.30.275
http://dx.doi.org/10.1088/0034-4885/66/12/R01
http://dx.doi.org/10.1103/PhysRevA.70.023612
http://dx.doi.org/10.1103/PhysRevLett.20.1445
http://dx.doi.org/10.1103/PhysRevLett.19.1312
http://dx.doi.org/10.1103/PhysRevB.82.180401
http://dx.doi.org/10.1088/0953-8984/10/20/004
http://dx.doi.org/10.1016/j.physa.2004.06.026
http://dx.doi.org/10.1142/S0217984911500059
http://dx.doi.org/10.5506/APhysPolB.42.1825
http://dx.doi.org/10.1103/PhysRevLett.63.2144
http://dx.doi.org/10.1142/S0217984990000933
http://dx.doi.org/10.1007/BF01590190
http://dx.doi.org/10.2478/s11534-012-0055-6
http://dx.doi.org/10.1016/S0921-4526(03)00430-7
http://dx.doi.org/10.1088/0022-3719/14/19/010
http://dx.doi.org/10.1016/j.physb.2008.10.014

	1 Introduction
	2 The Hamiltonian and its symmetries
	3 Exact diagonalization
	4 Conclusions

