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Abstract

We derive an effective spin Hamiltonian for the one-dimensional half-filled
alternating Hubbard model in the limit of strong on-site repulsion. We show that
the effective Hamiltonian is a spin S = 1/2 Heisenberg chain with asymmetric
next-nearest-neighbour (nnn) exchange.

1. Introduction

During the last two decades the correlation induced metal—insulator (Mott) transition has
been a challenging problem in condensed matter physics [1]. In most cases the breaking of
spatial symmetry is a prerequisite for a Mott insulator [2]. The undoped high-7, copper-oxide
materials are famous examples of such Mott insulators [3]. However, the one-dimensional
Hubbard model [4]

Hiup = lZNZ‘,]‘CZ(XC‘]',Q+UZH,‘,¢H,‘,¢ (1)
i,j.a i

at half-filling represents a case where dynamical generation of a charge gap is not connected
with the breaking of a discrete symmetry [S5]. In equation (1) we have used standard notations:
Nig = Cj,aci,a» U is the Hubbard on-site repulsive interaction, and N; ; = 1 if i and j are
labels for neighbouring sites and equals zero otherwise. Thus the kinetic part represents hops
between neighbouring sites and the interaction part gives contributions only from electrons on
the same site. At half-filling the exact solution shows a uniform ground state with exponentially
suppressed density correlations [6] and gapless SU (2) symmetric spin degrees of freedom [7].
This is in agreement with the large-U expansion result, that at U > |f| the model (1) is
equivalent to the effective spin § = 1/2 Heisenberg antiferromagnet Hamiltonian [8],

Hueis = J ) Si-Sis1 +J Y8+ Siaa, )
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where J = 4t2/U(1 — 412/ U?), J' = 4t*/U? in the fourth-order perturbation. Several very
elegant mathematical tools have been developed for calculation of the effective spin-chain
Hamiltonians in higher orders [10-12]. However, in agreement with the exact solution [5],
higher-order terms are irrelevant and the ground state remains featureless.

Discussions of the Mott—Hubbard transition within the framework of Hubbard type models
are generally restricted to lattices of equivalent sites. However, the less common case where
the spatial invariance of the system is broken via the introduction of two types of atoms, say
‘anions’ and ‘cations’, has attracted much recent interest. In the simplest case of a two-site
ionic generalization of the Hubbard model we obtain a Hamiltonian of the two-band Hubbard
model [13]

A
H=t Z Ni,jczacj,a + 5 Z (n2i,a - n2i+1,a) + U, ani,¢nzi,¢ + U, Zn25+1,¢nzi+1,¢-
7

3)

i,j.o i i
In the limit A = 0 and U, = U, = U equation (3) reduces to the ordinary Hubbard model.
The limit U, = U, = U, A # 0, is called the ionic Hubbard model (IHM) [14]. In this paper
we study the alternating Hubbard model (AHM) [15] obtained from equation (3) in the limit
A =0.

The THM and the AHM describe two different ways in which the lattice invariance can
be broken. In the IHM the broken translational symmetry is already traced by non-interacting
electrons, via the single-electron potential energy difference between neighbouring sites (A).
In marked contrast with the IHM the lattice unit in the AHM is doubled dynamically, via the
different two-electron on-site repulsion energy on even (U,) and odd (U,) sites.

Current interest in the study of the Mott transition in 1D models with broken translational
symmetry was triggered by the bosonization analysis of the ionic Hubbard model (IHM) by
Fabrizio, Nersesyan and Gogolin (FGN) [16]. At U = 0 the IHM is a regular band insulator
with long-range ordered charge-density wave (CDW), while in the strong-coupling limit at
U > t, Aitis aMott insulator with a charge gap and gapless spin sector. The spin sector is also
given by the same Heisenberg chain (2), but with slightly renormalized coupling constants [14]

/!

LAt (14427 —AY

J - 77
Us (1—-22)°

472 1 472 (1 + 422 = 2\
ZL[ Lg} 4)

Ul1-22 U2 (1-x2)3

where A = A/U.

The bosonization analysis shows that the CDW-Mott insulator transition has a complicated
two-step nature [16]: with increasing U there is first an Ising type transition from a CDW band
phase into a LRO dimerized phase at Ug. With further increase of the Hubbard repulsion,
at Ug, > Uy, a continuous Kosterlitz—Thouless transition takes place from the dimerized into
an MI phase. The charge gap vanishes only at U = Uy, while the spin sector is gapless
for U > Ug,. This phase diagram was later confirmed by various numerical and analytical
studies [17-21]. Moreover, these numerical studies reveal a rather complex nature of the
strong-coupling, U >> A, t, insulating phase of the IHM. Although the spin sector of the [HM
in the strong-coupling limit is qualitatively similar to that of the ordinary Hubbard model, the
ground state is characterized by an LRO CDW pattern and therefore shows broken translational
symmetry [18-20].

In this paper we derive the effective spin Hamiltonian in the strong-on-site-repulsion limit
U., U, > t of the AHM. As we show below, in marked contrast with the ordinary Hubbard and
the ionic Hubbard models, in the case of AHM the effective spin Hamiltonian is not translational
invariant and is given by a frustrated Heisenberg chain with alternating next-nearest-neighbour
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exchange
Her =J Y SiSivi+ Y _(J = (=1)'8J))S; - Spaa, (5)
where
1 1 3 3 1 1
J=2—+—) -2 S+ S+—+— ). (6)
Uy, U U ud o utu. U,U?
11 Uy — U,
J/=2z4<—3+—>, 8 =2t 2=, (7)
Uus U¢ UsUg

The obtained effective Hamiltonian is the § = % shark-tooth Hamiltonian [9], the limiting

case of which (U, = U, = U) is a well known result for the Hubbard model.

2. The strong-coupling expansion approach

In this paper we apply the method developed by MacDonald et al in the case of the ordinary
Hubbard chain [11] to obtain the effective spin Hamiltonian for the one-dimensional alternating
Hubbard model given by the Hamiltonian Hapy = 7 + V, where

1

f =1 Z Ni,jczacj,a (8)
i,j.o

V=U Z nairnaiy + U Z N2i41,412i41,| - ®
i

In what follows we consider the strong-coupling limit, assuming U. > U, > |[f|. In
contrast to the case of the ordinary Hubbard model where subbands can be classified by the
total number of double-occupied states (doublons) Ny, in the case of AHM we have to deal
with a system where each band is characterized by two different numbers: the number of
doubly occupied sites in even and odd sublattices, denoted by Ny and Ny, respectively. The
hopping term mixes states from these subbands. The ‘unmixing’ of the AHM subbands can
be achieved by introducing suitable linear combinations of the uncorrelated basic states. The
S matrix for this transformation, and the transformed Hamiltonian,

Her = € Hanme ™,
are generated by an iterative procedure, which results in an expansion in powers of the hopping
integral ¢ divided by on-site energies U, and/or U,.

This expansion is based on a separation of the kinetic part of the Hamiltonian into three
terms: 77 which increases the number of doubly occupied sites by one, 7-; which decreases the
number of doubly occupied sites by one and 7; which leaves the number of doubly occupied
sites unchanged. In addition, in the case of the alternating Hubbard model each of these terms
splits into several different terms, depending on whether corresponding hopping process takes
place from even to odd sites or vice versa.

In particular, we split the 7 term into three separate hopping processes:

To =Ty + Tg° + Tg°, (10)
where
TOO =1 Z Ni,jhi,—aczacj,ahj,—a: (11)
i,j.o

is a ‘hole’ hopping term,
T =1 Z Nai 21 —aCh o Craltj—as (12)

i,j.o
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is a ‘pair’ hopping term which hops a pair to an even site and
d
Iy’ =t Z N2i+1,jn25+1,7acgi+1,acj,anj,fa, (13)
i,j,a
is a ‘pair’ hopping term which hops a pair to an odd site. Here z; , = 1 — n; .
The term which increases the number of doubly occupied sites by one is also separated
into two terms, 7y = 77 + T, where

Ty =t Z Nai, 21 —aChi o Cialtj—a, (14)
i,j.a
is the term which increases the number of doubly occupied sites by one on the sublattice of
even sites and

W =t Z N2i+1,jn2i+1,—aC;H],aCj,ahj,—a, (15)
i,j.a
is the term which increases the number of doubly occupied sites by one on the sublattice of

odd sites.
Similarly, the term which decreases the number of doubly occupied sites by one is also

separated into two terms, 7_; = T°, + T°,, where
TS = IZ Ni,Zjhi,faczaCZj,anw,fc( (16)
i,j.a
and
T = IZ Ni,2j+]hi,—aczaC'ZjH,an2j+1,—ou (17)
i,j.a

are the terms which decrease the number of doubly occupied sites by one on the sublattices of
even and odd sites, respectively.
One can easily check the following commutation relations:

[V, T = (m+8,0) A, T2, (18)
where
Uy, q==¢e,0
U. — U,), =de
A, = We = Uo) 1 (19)
U, — Ue): q = do
0, q=0.

We must emphasize that equation (18) is true in all cases where allowed hopping processes
connect only sublattices with different on-site repulsions.

Let us now start to search for such a unitary transformation &, which eliminates hops
between states with different numbers of doubly occupied sites:

H = ePHe ™ =M +[iS, H] + 3[iS, [iS, H]l +- - -. (20)

We follow the recursive scheme [11] which allows us to determine a transformation which
has the requested property to any desired order in /U where U = (U, + U,)/2. To proceed

further we define
TOUa) {m)] = Ty Ty -+ Ty 1)

mytm2”

Using equation (18) we can write

k
V. T®Ua), im}l] =Y Mg, (mi + 8,0 T ©1{al, (m}]. (22)
i=1
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H'® contains terms of order t*, denoted by H!¥!, which couple states in different subbands.
By definition [V, H'¥1] # 0 and H"¥! can be expressed in the following way:

k
HM =3 Z cHUmpT®la), my). Y mi #0. 23)
{a} i=1

If in each k th order step we choose S® = S*=D 4 S where S™ is the solution of the
equation

1S, v] = —H'W (24)

and therefore given by

Cio(m)) ‘
SW = i Z = TOUal fm}l, Y omi #£0, (25

i=1 Aa, (ml +5m, 0)
then the transformed Hamiltonian
H D _ I8P gye—is® (26)

contains terms of order ¥/ U¥~! which commute with the unperturbed Hamiltonian and mix
states within each subband only.

3. The Hubbard operators

To treat correlations properly, it is important to know whether at the beginning or at end of
the hopping process a particular site is doubly occupied or not. The introduction of so-called
Hubbard operators [22] provides us with the tool necessary for such a full description of the
local environment. The X 3}’ -operator is determined on each site of the lattice and describes
all possible transitions between the local basis states: unoccupied |0), singly occupied with
‘up’-spin |+) and ‘down’-spin |—) and doubly occupied |2). The original electron creation
(annihilation) operators can be expressed in terms of the Hubbard operators in the following
way:

el = X;’O +aXi27“ Ciq = X?"‘ +ozX;“2. 27)

L

Correspondingly, in terms of creation (annihilation) operators the Hubbard operators have the
form

X;XO = Cia(l - ni,fcr)a Xiza = —OlCZial’li,a,
—a T 20 _ il T
X = ¢ 4Ci—as Xi7 = —ac; _,Ciy (28)
2
XP =1 —ni )1 —niy), Xi®=niqni

XY =nio(1 —n;_y).

The Hubbard operators which contain even (odd) number of electron creation and annihilation
operators are Bose-like (Fermi-like) operators. They obey the on-site multiplication rules
XX =§,,X" and commutation relations

(X[ X7 1e = 8,30 X[ £ 8, X1, =

where the upper sign corresponds to the case when both operators are Fermi-like; otherwise,
the lower sign should be adopted.
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It is straightforward to obtain that

Tg=1) > N XX}, (30)
i,j «
T =1 i Z Noiar, X575 X2, Ty =1 > Ny X5 “X;* 31)
i,j o
TP = IZ ZO{NzH.l et ¢ TS = zzlz Ny ; X5 " X (32)
i,j o
T, = tZZaN,»,WX X572, TS =t) Y aNig; X{OX;¢2 (33)
ij o ij o

One can easily find that the spin S = 1/2 operators can be rewritten in terms of the
X-operators in the following way:

+ T +— — T —+
Si = ci,TCi’i = X[ R S = Ci Cip = X[ ,

l

SE=1XT = X). (34)

4. Effective Hamiltonian in the half-filled band case

In what follows we focus on the case of the half-filled band. In this particular case the minimum
of the interacting energy is reached in the subspace with one electron per site. Therefore, no
hops are possible without increasing the number of doubly occupied sites and for any state in
this subspace |W . g)

T |Ws) =0 T |W.s) =0 To|Wrs) = 0. (35)
Equation (35) may be generalized to higher orders
T [m]|Ws) = 0, (36)
if
k
M,’f[m] = Zmi <0 (37)

for at least one value of n. Equation (36) can be used to eliminate many terms from the
expansion for ' in the minimum (V') subspace. Thus, in the fourth order of T, the perturbed

Hamiltonian has the form

1 1
H® = ——T°T° — —T°,T¢
U, A

1 1 |
~ NN — G T — o TR T

o o-¢ oYe
1 do o di 1 00 1 do0
_ Ute TEITOOTOeTlo _ ﬁTEITO TO Tle - WTBITOOTO Tle
o € €
1 TO TOTdOTe _ 1 Te TderOTe _ 1 TO TO TOTO
U2Ue - UsU2 —2U§ —1fir hy

1 1 1 1
+ mT;’,T,"TEIT," + (W + W)Tf, T TS\ T + ﬁTEITfTE,Tf
oUe ¢ Vo e

o e

1 1
5773 Tf Te TeTe <—2 + —2>T_61T16T31T]0

T 20 2020, 2020,

1 1
T i TS T = s T T T
U,U.(U, + Ue) U2(U, + Ue)

1 1
S S— N L I —"— N LN (38)
UoUe (U, + Ue) U2(U, + Ue)
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Using equations (30)—(34), one can easily rewrite the products of 7-terms in (38) via the
Hubbard X-operators. Using the spin S = 1/2 operators in equation (34) one obtains

TBITIO = TflTle = —2[2 Z(S, . S,’+1 — %) (39)

TOTTYTY = T T Ty Ty = T TG T) T = TS, Ty T3 TY
= —2*Y (Si - Sin — ) (40)
i

T T Ty T = TO Ty Tg°TF = =26y (Si - Sivt — 1) +26* Y “(Soiv1 - Saia — §) (A1)

T TYTRTY = TO T Ty Tf = =264 ) (S; - Sis1 — §) +26* Y (i - Soiva — 1) (42)

TO T TPTY = T, T\ T =8t > (Si S — §)(Sj - Sju1 — 1) (43)
i, jAi—1,ii+]
TflTlonlTlo = TflTleT—elTle = TEITIOTElTle = T—elTleTflTlo
=41* Y (Si-Sin — §)(Sj - Sjm — §) (44)
ij
TOTETYTY = TS T\ TV TY =TS T2 IFTY = T2\ TS, IY 1Y
= 414 Z (S, < Sii1 — %)(SJ . Sj+1 — %) (45)
i j#i—1,ii+l

Therefore we find that in the fourth-order approximation the strong-coupling effective spin
Hamiltonian for the alternating Hubbard model is given by

Her = J Z(Si -Sis1 — D)+ Z(Szm Sz —§) + Z(SZi “Soi2 — 1), (46)
where
o 1 1 4f 3 3 1 1
J=2—+—)-2=+—=+—+— |, 47)
U, U u3 U3 UU. UU?
1 1 U,—U
Ji =2z4<—+—+¥), (48)
v Ul Uzu?
1 1 U, — U
J = 2z4<— +— — ¥) (49)
v Ul vzu?

The effective Hamiltonian thus obtained is that of a frustrated Heisenberg chain with alternating
next-nearest-neighbour exchange [23]. Note that the nnn exchange is larger for two spins
separated by a site with low on-site repulsion than for spins separated by a site with high
on-site repulsion.

5. Conclusion

In this paper we have derived the effective spin Hamiltonian which describes the low-energy
sector of the one-dimensional half-filled alternating Hubbard model in the limit of strong on-
site repulsion. The effective spin model is given by the Hamiltonian of the Heisenberg chain
with alternating next-nearest-neighbour exchange. This model has been intensively studied
in the last few years [23-27]. Unfortunately, conflicting results have been reported in these
studies regarding the relevance of the alternating nnn exchange. In some studies [23, 25, 27]
it was claimed that in the limit of small frustration, J'/J < 0.5, the asymmetry of the nnn
exchange destabilizes the isotropic Heisenberg fixed point and leads to a new phase with
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gapless excitation spectrum and vanishing spin-wave velocity. However, other studies [24, 26]
claim that the alternating nnn exchange is an irrelevant perturbation. We believe that detailed
numerical studies of the phase diagram of the alternating Hubbard model may shed more light
on this topic. The weak-coupling bosonization analysis of the same model is in progress and
will be published separately.
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Appendix

Using the technique developed above it is straightforward to derive the strong-coupling
effective Hamiltonian in the case of the alternating ionic Hubbard model, equation (3), in
the limit A # 0 and U, # U, > A, t.

In this case the effective Hamiltonian is also given by the Heisenberg Hamiltonian with
alternating next-nearest-neighbour exchange, equation (46), but with the following exchange
coupling constants:

5 1 1
J =2t +
U,— A U+ A

2t4|: 4 4 1 1
T Wt P T We— AP U+ A2 (Us — AU,
4(U. + U,) 1 1
+ p— J—
(Ue"‘A)z(Uo_ A)z (Ue"'A)zUo Ue(Uo_ A)2
B 2 _ 2 i|’ (50)
(A+U)(Us— AUy Ue(A +Ue)(Uy — A)
o4 1 1 U. +U, B 2
fr=a [(Ue TP Wo— AP (WUt D)2y — A2 Uo(Us + M) (Up — A)}’ eb
b= 2;4[ L, r Ue + Uo - 2 } (52)
(Ue+A)3 (UO_A)3 (Ue+A)2(U0_A)2 Ue(Ue"'A)(Uo_A)

Note that in the case when the ionic term is large on the site with larger on-site repulsion,
i.e. U. > U, and A > 0, the asymmetry in the nnn exchange in the case of AIHM
(Ue - Uo)

/ A4
A= U DU = ) Y

is larger than it is in the case of AHM

4 (Ue - Uo)

§J'(A=0)=2t
( ) UA0?

(54)

for A > 0 (A K U,, Uy).
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