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Abstract. We study the one-dimensional deformed ¢t —¢'—.J model in terms of the continuum field theories.
We found that at low doping concentration and far away from the phase separation regime, there are two
phases: the Luttinger liquid and the Luther-Emery liquid, depending on t'/t < (t'/t). or '/t > (t'/t).,
where (¢'/t). > 0. Moreover, the singlet superconducting correlations are dominant in the Luther-Emery

liquid.

PACS. 71.10.Fd Lattice fermion models — 71.10.Hf Non-Fermi-liquid ground states —

74.20.Mn Non-conventional mechanisms

1 Introduction

Strong electronic correlations are widely believed to be
crucial for the understanding of the anomalous properties
of high-temperature superconductors. A popular approach
in this context is the use of the t—J model, with holes mov-
ing in an antiferromagnetic (AF) spin background. (Here ¢
and J are the nearest-neighbor hopping amplitude and the
AF exchange interaction, respectively.) In recent years,
the measurements of angle resolved photoemission spec-
troscopy (ARPES) in SroCuO2Cly [1] indicate that it is
necessary to include a next-nearest-neighbor hopping term
to explain the ARPES data, which leads to the “extended”
t — J model. Subsequent efforts have concentrated on the
effects of the extra hopping terms on various properties
of planar and ladder systems, such as stripe stability [2],
competition between stripes and pairing [3], spin-charge
separation in two dimensions [4], and spin gap evolution
in two-leg ladders [5]. Currently, it is well-established that
a positive value of the next-nearest-neighbor hopping ¢’
enhances hole pairing, while the opposite occurs for ¢’ neg-
ative [3].

In the present paper, we study the deformed version of
the one-dimensional (1D) ¢ — ' — J model (see the follow-
ing). Our main results are as follows: (i) Far away from the
phase separation regime (J/t < 1), there are two phases
at low doping concentration: the Luttinger liquid (LL) for
t'/t < (t'/t). and the Luther-Emery (LE) liquid (spin-gap
phase) for ¢'/t > (t'/t)., where (t'/t). > 0. (The LE liquid
is a spin-gapped state with one gapless charge mode.) (ii)
The value of (¢'/t). is expected to depend on the hole con-
centration x and the ratio J/t. At low hole concentration
(x <« 1), however, it is insensitive to the value of J/¢ and
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is an increasing function of . (iii) The spin gap is opened
in the LE liquid and thus both 2kr charge density wave
(CDW) and singlet superconducting (SS) correlations are
enhanced. But it is the SS one which is dominant in the
LE liquid.

The rest of this paper is organized as follows: The de-
formed ¢ — ¢ — J model and the corresponding continuum
theory are introduced in Section 2. Section 3 is devoted to
the phase diagram of the 1D ¢ — ¢/ — J model. We study
the properties of the ground state in the spin-gap phase
in Section 4. The last section is the conclusions and dis-
cussions of our results.

2 Deformed t — t' — J model

We start with the 1D t — ¢/ — J model which is described
by the Hamiltonian

H=H,+ Hy,

where

H, = —tz (E}L-Jrlaéja + h.C.)
J

Y (ELQQEM + h.c.) :
J
1
H] = JZ S]' . S]’Jrl - Z nijnjy1 | -
J

Here the Hubbard operator [6] ;o is given by
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where cj, is the annihilation operator of electrons on
the site 5 with spin o, and a =T, ] correspond to spin

up and down, respectively. Moreover, n; = c}acja and
S; = % c}a(a)aﬁcjg. In the following, we shall take

t,J > 0. The extra factor in the Hubbard operator is
to impose the no-double-occupancy condition which re-
sults from the strong Coulomb repulsion between two elec-
trons with opposite spins on the same site. Inserting equa-
tion (3) into H}, leads to four- and six-fermion interactions
with the same strengths as the hopping amplitudes, which
defies the perturbative approach.

To overcome this difficulty, Chen and Wu proposed to
replace the Hubbard operator (3) by the deformed one [7]

(4)

with the deformation parameter 0 < A < 1. That is, a
non-zero probability to leak into the states with double
occupancy is now allowed. The deformed model has the
advantage that as 0 < A < 1 and J/t < 1, all four- and
six-fermion interactions can be treated as perturbations
and thus a field-theoretical approach can be performed. It
is hoped that both the ¢ — ¢ — J model (A = 1) and the
deformed one (0 < A < 1) fall into the same universality
class.

Now we would like to study the low-energy physics of
the 1D deformed ¢ —t' — .J model away from the phase sep-
aration regime. This can be achieved by studying the cor-
responding continuum field theory. Inserting equation (4)
into equations (1) and (2), expanding the electron opera-
tor around the Fermi points by

Cja A \ag [e7 T PLa(x) + e Ppa ()], (5)

where x = jag with ag being the lattice spacing and kg
is the Fermi momentum determined by the electron den-
sity n via kpag = §n, (n = 1 corresponding to the half-
filling.) and then taking the continuum limit (ag — 0) by
keeping tag, t'ag, and Jag finite, we found that the Hamil-
tonian describing the dynamics of ¥-fermions, up to the
four-fermion interactions, is given by

ET- = C;a(l — A?’Lj_a),

J

H, :/dac (H. + H,),

He =3 veo: (Judu+ Jrdr) : +0eJp I,
2
H, = ?ﬂ Vg - (JL-JL+JR-JR) AT - IR,

(6)
(7)

_ ot .
Jor) = U pya¥L(R)a b

1
Jrm =5 T e (@)aptrms (8)
In the above, : --- : stands for normal ordering with re-

spect to the Fermi points. The parameters appearing in

equations (6) and (7) are defined by veo=vr[l+2g./(mvF),
vs = vp[l + 3gs/(2mvF)], and

Ae = 4{A (1 - Ag) [t cos (%) + 2t cos (7‘(71)}

+7 sin (%) [t cos (mn) + 4t’ cos (%) cos (27m)]
~Teos? () } (9)

(10)

where vp = 2t (1 — A%)Qsinkp X [1 —|—4%/ coskzp} is the

Fermi velocity, and
ge =24 (1 - Ag) [t cos (%) + 2t' cos (ﬂn)}

+ [t cos (n) + 4t cos (%) oS (271'71)}
A% (ﬂn) J
X— sin(—)——,
m 2 4

gs = %{QA (1 - Ag) [tcos (%) + 2t cos (wn)}

+ {t(2 + cos (mn)) + 4t cos (%) (2 + cos (27m))}

><A72 sin (%) zJ}

We have set ag = 1 in the above expressions. In equations
(9) and (10), the terms proportional to A? sin (7n/2) arise
from the six-fermion interactions in H},, whereas the four-
fermion interactions in H} contribute to those propor-
tional to A(1 — An/2). (For the details of derivation, see
Appendix A.) Note that the above equations are derived
by assuming n # 1 and thus the Umklapp processes are ir-
relevant operators which can be neglected. The higher or-
der interactions between t)-fermions are neglected in Hy.
This is because in the weak-coupling regime (A < 1) they
are irrelevant operators in the sense of renormalization
group.

Before exploring the physics contained by equations
(6, 7, 9), and (10), three points have to be mentioned.
First, the Umklapp processes are neglected, which changes
the low-energy physics of the charge sector at half-filling
drastically. Therefore, the following analysis about the
charge sector cannot be extrapolated to that case. Next,
the inclusion of ¢ modifies the dispersion relation of free
electrons. It is possible that there are four Fermi points in-
stead of two upon hole or electron doping. The low-energy
physics in this case will be similar to that of the two-band
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system. However, this will occur only when [¢//¢] > 0.25
and the doping concentration exceeds some critical value.
On the other hand, the above derivation starts with the
one-band assumption — equation (5). Thus, we shall ap-
ply equations (6, 7, 9), and (10) to the following situ-
ations: (i) finite doping concentrations for [t'/t] < 0.25
and (ii) light doping for |’ /¢t| > 0.25. Finally, equations (9)
and (10) are valid only when A <« 1 and J/t < 1. Since
the 1D ¢ — J model is phase separated as J/t > O(1) [§],
the Hamiltonian Hy, describes the low-energy physics in
the region far away from the place where the phase sepa-
ration occurs.

3 Phase diagram

Because of the spin-charge separation, the dynamics of the
charge and spin sectors can be discussed separately. We
first consider the charge sector. In terms of the bosoniza-

tion formulas,
2
Jp+Jr = \/; 0P,

2
Jp—Jr = \/; 6;1690;

the Hamiltonian H. can be written as

(11)

Iﬂ%:%ﬁ@@ﬁ+%{&@ﬂ; (12)

c

1 — [Ae/(7ve0)]? and

1= X/ (mveo)
Ke= \ 14+ Xe/(mveo)”

Accordingly, the charge sector is gapless away from half-
filling.

Next we turn into the spin sector. The relevancy of the
coupling A\s in H, can be determined by the one-loop RG
equation, which is given by

where v, = vg

(13)

d s(1) 1 .,
dl _QW)\S(Z)'

(14)

For simplicity, we have set vs = 1 in equation (14). From
equation (14), we see that for A;(0) < 0, As flows to zero
and the spin excitations are gapless. On the other hand,
As(l = 00) — 00 as A;(0) > 0. In the latter case, the low
energy physics can be elucidated by abelian bosonization.
Using the bosonization formulas

i 5 COS (\/8_7r€155>,
0

g A g T =

1
z z 1
A =

0205, (15)
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Fig. 1. The critical value of t, at x = 0.1 and ¢ = 1 for different
values of the deformed parameter A.

where JLi(R) = Jz(R) + iJg(R), the A\g term becomes

1
8w

ﬁ cos (\/S_W@S) } .

AsJp - Jr = As { [(81¢5)2 - (8195)2]

When \; is positive, the cosine term becomes relevant and
(®s) = /m/2 | where [ is some integer. This results in a
spin gap.

To proceed, we have to use the expression of A; (10).
For given = > 0, J/t < 1, and A, we found that \s will
change its sign from A\; < 0 to A; > 0 by increasing the
value of t'/t, where x = 1 — n is the hole concentration.
Although equation (10) is derived under the assumption
A < 1, we shall extrapolate it to A = 1 to get a rough
estimate of the phase boundary. The critical value (¢'/t).
is determined by the equation A; = 0. The solution of it
gives the dependence of (t'/t). on = and J/t, and the re-
sults are depicted in Figures 1 and 2. As mentioned at the
end of Section 2, the proper starting point to treat the 1D
t —t' — J model is the two-band model instead of the one-
band model we employed in this paper for |¢'/t| > 0.25
and moderate values of x. Therefore, we only consider the
case with low doping concentrations in both figures. Fig-
ure 1 gives (t'/t). as a function of J/t at z = 0.1 for
A = 0.1,0.4,0.7,1. For fixed z and A, (¢'/t). is a de-
creasing function of J/t. But in the range we considered
it is, in fact, insensitive to the value of J/¢ at low doping
concentration except for small values of A. On the other
hand, for fixed J/t and A, the hole concentration x has
dramatic effects on (¢'/t).. This can be seen in Figure 2,
which shows that (¢'/t). is an increasing function of .

The above study indicates that the low-energy physics
of the deformed 1D ¢ — ¢’ — J model is described by the
LLs for ¢/t < (t'/t)., and it becomes a LE liquid as
t'/t > (t'/t).. In addition, Figures 1 and 2 suggest that
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Fig. 2. The critical value of t,, at J = 0.1 and ¢ = 1 for different
values of the deformed parameter A.

(t'/t)c > 0 even for A = 1. In fact, by extrapolating equa-
tion (10) into A = 1, we found (#/t). ~ 0.32 as x — 0.
(Note that the 1D ¢ —J model falls into the LL phase [9].)
Accordingly, a positive ¢’ favors the opening of a spin gap
and thus suppresses the AF ordering. Moreover, the J
term plays a minor role in determining the phase diagram
at lightly doping as long as the system is far away from
the region of phase separation. This can be seen by ex-
panding equation (10) according to the power of . Then,
the dependence of \s on J/t starts from O(2?), whereas
its dependence on #'/t starts from O(1).

4 Spin-gap phase

To further understand the properties of the ground state
in the spin-gap phase, we first examine the 2kr CDW and
SS susceptibilities. The corresponding order parameters
are defined by

Ocpw = T/JLMJR&,

7
Oss = 3 €afVLaVR3- (16)
In terms of the bosonization formulas
1 .
YL(R)a = No o GXP{IFZV‘lW(bL(R)a}a (17)

where 71} are real fermions which satisfy 77%( H= 1, they
can be bosonized as

Ocpw = “r exp {i\/ 27T@c},

Tao
7 .
Ogs = —,ymm exp {zv%r@c}, (18)
27ra0

where &, = (¢1 + ¢,)/V?2, &5 = (¢1 — ¢,)/V2, and v =
(cos (V27 ®dy)). Using equation (18), we obtain the long

distance behaviors of the 2k CDW and SS susceptibilities
n 1
<OCDW(Ta x)OCDW(OaO)> ~ R

<OSS(T,I)OTSS(0,0)> ~ (19)

K—l Y

|2

where z = v.7+iz. Equation (19) indicates that the domi-
nant fluctuations are the SS for K. > 1 and the 2k CDW
for K. < 1. To determine which one occurs in the spin-gap
phase, we resort to equation (9). In terms of As, A. can be
expressed by

Ae = ~1 As — — cos (g:ﬂ)f(:c), (20)
where f(z) = t[1 + cos (mz)] 4+ 4t'sin (Zz)[1 — cos (27z)].
Note that f(z) > 0 for 0 < z < 1 and ¢’ > 0. The spin-
gap phase corresponds to Ay > 0, which results in A\, < 0
from equation (20). Plugging this into equation (13) gives
K. > 1. Although both the SS and 2kr CDW correlations
are enhanced in the spin-gap phase compared with the free
fermions, the SS one is dominant.

To seek the origin of the enhancement of the SS corre-
lations in the spin-gap phase, we notice that the structure
of Hs (7) is identical to the continuum one for the spin-
1/2 Heisenberg chain with the additional next-nearest-
neighbor exchange interaction J’ (the J — J’ model) [10].
In that case, the low energy physics is described by the
LL as J'/J < (J'/J)c, where (J'/J). denotes the crit-
ical value of J'/J, because a negative value of A, flows
to zero under the RG transformations. By increasing the
value of J’ such that J'/J > (J'/J). and thus As; be-
comes positive, then A;(l — 00) — oo and the spin gap is
opened [10]. In the latter situation, the opening of the spin
gap is associated with the occurrence of the spin-Peierls
ordering, which breaks the symmetry of translation by
one site (the Zy symmetry) spontaneously. This compari-
son implies that in the presence of a positive ¢/, the spin
sector of the t — ¢’ — J model has the tendency toward
the spin-Peierls ordering without including the J’ term.
(The spontaneous breaking of the Zs symmetry in the spin
background is restored by the hole motion in the present
case. See Eq. (22).) On the other hand, the lowest-energy
spin excitations in the spin-gap phase are also the mas-
sive spinons, which are the kink or anti-kink connecting
two degenerate ground states. This observation on the spin
excitation spectrum provides another evidence to support
that the underlying spin background in the spin-gap phase
is the spin-Peierls state. Finally, we examine the correla-
tions of the dimerization operator:

€(x) = 8- Sjt1—Sj41- Sjta, (21)
where x = jag. Then, for |z| — oo, we have
2k
(e(w)e(0)) ~ 25 CErT) (22)

ake

Since 2kp = w(1—x), at lightly doping (z < 1), the cosine
term in equation (22) locally mimics the alternation that is
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characteristic of a dimerized spin chain (the J—J’ model).
The corresponding spin-Peierls ordering is weakened by a
power law due to the charge fluctuations.

To sum up, the effect of a positive t’ is to enhance the
spin-Peierls ordering (and suppress the AF ordering) such
that the whole system behaves like a doped spin-Peierls
state. The doped holes in the spin-Peierls state are in-
clined to form the local hole pairs due to the energetic
consideration. Furthermore, the calculation of the SS cor-
relator indicates that the other effect of a positive ¢’ is
to enhance the Josephson tunneling between these local
hole pairs, which results in the phase coherence between
them [11].

5 Conclusions and discussions

We obtain the phase diagram of the 1D ¢ — ¢’ — J model
by studying the deformed version of it. We found that the
effects of the positive ¢’ at lightly doping are (i) to open
the spin gap by enhancing the spin-Peierls ordering (and
suppressing the AF ordering), and (ii) to make the hole-
pair propagation become coherent and thus enhance the
SS correlations. In other words, a positive ¢’ provides a
mechanism for the occurrence of the 1D superconductors
in the one-band system with purely repulsive force.

Our findings about the effects of a positive t’ are rem-
iniscent of the role of the next-nearest-neighbor exchange
interaction, J', played on the spin-1/2 Heisenberg chain.
The existence of a spin-gap phase in the 1D ¢t — J — J’
model at low doping concentration was indeed predicted,
as long as J'/J > (J'/J). = 0.24 and J/t < (J/t)p,
where (J/t), = O(1) denotes the boundary of phase sepa-
ration [12,13]. The underlying reason is that a spin gap al-
ready exists at half-filling for J'/J > (J'/J). and it is sta-
ble against the lightly hole doping. As a matter of fact, the
opening of the spin gap in both the t—¢' —J and t —J — J’
models results from the same operator. From the view-
point of the Hubbard model, i.e. the t — ¢ — U model [14],
a J’ term in the low-energy effective Hamiltonian will be
generated from the ¢ term in the large-U limit, where
U > 0 denotes the on-site interactions between electrons.
However, the value of J' generated by this way is given
by J'/J ~ (t'/t)%. According to our results (Fig. 2), the
induced J’ is still in the region J'/J < (J'/J). at lightly
doping when t'/t > (t'/t).. Therefore, it is less possible
that the spin-gap phase we found arises from the .J’ term
induced by a positive ¢ though the spin-gap phases in
both models belong to the same universality class.

It should be mentioned that our results about the
opening of the spin gap in the deformed ¢ — ¢/ — J chain
are also valid at half-filling, i.e. n = 1. In that case, the
Umklapp processes ignored in our analysis become rele-
vant and thus a charge gap is opened, which corresponds
to K. = 0. Because the Umklapp processes are composed
of the spin-singlet operators, they do not affect the spin
sector, especially equation (10). Therefore, there still ex-
ists (t'/t)c > 0 at half-filling such that there is an alge-
braic long range AF order with gapless spin excitations for

t'/t < (t'/t), whereas a spin liquid phase with the long-
ranged spin-Peierls order emerges for ¢'/¢t > (' /t).. (Note
that at half-filling, equation (22) gives (e(z)) ~ (—1)%~.)
In this sense, the deformed ¢ — ¢’ — J model at half-filling
behaves like the J — J’ model instead of the Heisenberg
chain (or the t—¢ —J chain at half-filling), which is known
to be gapless in its spin sector. As mentioned in the previ-
ous paragraph, an effective J’ term will be generated from
the ¢’ term in the strong coupling regime of the t —t' — U
model, which also contains both the Luttinger liquid and
spin-gap phases. Compared with our results, it seems to
suggest that in the case of half-filling the deformed t—t'—J
model may belong to the same universality class of the
t —t' — U model in the strong coupling regime, in stead
of the t — ' — J model. Whether this discrepancy at half-
filling is a generical feature or not needs more work to
clarify it.

The application of our analysis on the deformed ¢ — J
type model to the usual one (A = 1) is based on the
assumption that the deformed model with A <« 1 is adia-
batically connected to the one with A = 1. That is, there
is no phase transition by increasing the deformation pa-
rameter A from A < 1 to A = 1. This assumption has
been examined in reference [7] where the phase diagram
of the t — J, model was studied. The phase diagram ob-
tained by the deformed model is identical to that predicted
by the numerical methods. This supports the use of the
technique of the deformed Hubbard operator to study the
t — J type models. However, a recent numerical work on
the t —t' — J chain indicated that even moderate values of
t’ results in the breakdown of the LLs [15]. In addition, the
low-doping phase shows similarities with the doped two-
leg t — J ladders where the Fermi surface takes the form
of a hole pocket and the quantum numbers carried by the
elementary excitations are the same as those of the doped
holes. From the point of view of the renormalization group,
the instability of the LLs found in reference [15] should
result from a relevant operator generated by the ¢’ term,
which mediates an attraction between the charge and spin
sectors. For example, the spin-charge recombination in the
two-leg ladders arises from the superexchange interaction
along the rung. The operators which mix the charge and
spin sectors may occur in the six-fermion interactions in
the continuum theory. But these are irrelevant operators
in the weak coupling regime, i.e A < 1. Nevertheless, we
cannot exclude the possibility that one of the six-fermion
interactions mixing the charge and spin sectors becomes
relevant in the strong regime, i.e. A = 1. This problem is
intimately related to the previous one: whether a phase
transition exists between A < 1 and A = 1 or not. This
issue deserves further study. In addition, to determine the
exact value of (¥'/t). at A = 1, further numerical work is
warranted.
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by the National Science Council of Taiwan under grant NSC
91-2112-M-029-012.
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Appendix A: Derivation of the continuum
Hamiltonian

In this appendix, we provide the details for the derivation
of the continuum Hamiltonian Hy, from the lattice model
given by equations (1) and (2). Equations (9) and (10)
result from this procedure automatically.

Inserting equation (4) into equation (1) gives

where
Hy = —t (1 — Ag>2 Z (c}Jrlacja + h.c.)
jra
' (1- A%)Q > (chisatsa +he), (A1)
o
and
H, =tA (1 — Ag) Z [c;r-Jrlacja(: Nj—a 4+ Mjti—q 1)
jra
+h.c.}, (A.2)
Hy = —tA? Z(C;r‘ﬂacja: Njtl—a i Nj—a :+h.c.) , (A3)
o
H; =t'A (1 - Ag) Z [C;r‘+2acja(3 Nj_a 4 :Njto_q 1)
o
+h.c.}, (A4)
Hy = —t'A? Z(C}Jrzacja: Njt2—a i Nj—a :+h.c.) . (A5)
jra

In the above, : nj, 1= njo— 75 and n is the electron density.
In the following, we shall restrict to the case away from
half-filling.

We first consider H;. Using equation (5), one may
find the following operator product expansion (OPE) for
« :Ta l

sin (k’Fao)

'I' ikpao —ikpa[)
C. Cia /00 =~ +e JL +e JR
J+1la ]a/ Tao @ e’

+ (€2ikerikFaowza¢Ra + hc) . (A6)

Furthermore, in terms of the i-fermions, the density op-
erator for spin «, : nj, :, can be written as

P Mja 1R ag {JLQ + Jra + (eQiszwzawRa + h.c.)} ,
(A.7)
where Jr,(gyo =: 11)2(3)&%(3)@ :. With the help of equa-
tions (A.6) and (A.7) and neglecting the constant term,
H; becomes

Hy; = 8tapA (1 — Ag) cos (k:pao)/dx (JLTJLL + Jr1JR)

+JrJr—: Qﬁzawmw}zg?ﬁ}%a 1) .

In terms of the identity

1
JiJi ==Jp, - Jp,

. (A.8)

we obtain
1 L1 1
Jrrdry = ZJLJL —JiJi = ZJLJL - gJL -Jr. (A.9)
In addition, we have
1
WL VLathstre = 5 IL IR + 20 Jr (A0)
Inserting equations (A.9) and (A.10) into Hy gives

Hi = 2tapA (1 — Ag) cos (gn)/da:{(:JLJL: + JrJR:

4
- 5(:JL -Jp+ Jg - Jg: +6JL-JR)}.

(A.11)

+2J1JR)

The same procedure is applied to Hz except that ¢t and ag
are replaced by ¢ and 2ag, respectively. Accordingly, we
have

H; =4t apA (1 — Ag) cos (wn)/d:c{(:JLJL: + :JpJR:

4
+2JLJR) — §(:JL ~Jr+Jg - Jr: +6J1 - JR)}
(A.12)

Next we investigate Ho. To proceed, we need the fol-
lowing OPE’s:

Tia(2)rs(0) ~ 22y (0),

o (A.13)

Ja0 1 (0).

2mz

Tra(2)1],5(0)

Then, using equations (A.7) and (A.13), we obtain for
a=T,|

CNjtla Mot /ag
2sin (kra sin (kra,
o 28 (kr 0){ (krao) + cos (krao)(Jra + Jra)
Tag 2mag

+ <€2iszeikFan£awRa —+ h.C.) }—i— s Jradra

+: Jpadra : +4sin® (krao)JLadRa- (A.14)

In equation (A.14), the 2nkp terms with n > 1 are ne-

glected. By using equations (A.6) and (A.14) and neglect-

ing a constant term, Hs becomes

_ 8tagA%sin (kpag)
™

1
+J.JR) ~1 (:Jradra:+ 2JRaJRa3)*ZTP2a¢Lﬁ¢E3¢RaS }

H,

/d:C{ COS2(kFa0)(JLTJLl+JRTJRl
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With the help of equations (A.9), (A.10), and the identity ~we obtain

tJradra 1+ JrRaJRa =
1 2
§(SJLJLS + :JRJR:) + § (ZJL -Jr:+:Jg - JRS), (A.15)

we arrive at

_ tagA? sin (7‘(;{:/2) cos (Wn)/d:c(: Tide it Tndn

+4J1JR) — Hap A° ZI: (ﬂn/2)/dx{[2 + cos (mn)]

X(:JL'JLSJrSJR'JR Z)+12JL~JR}. (A.lﬁ)

H,

With the same procedure, Hy becomes

2t'ap A? sin (7n) cos (27n)
Hy =

/dx(: Jrdi i+ JrJR
s
'an A2 si
8t'ag A" sin (mn) /da:{[Q + cos (2mn)]
us

3
X(: Jr,-Jr :+:Jr - Jr Z)+12JL~JR}. (A.l?)

+4JrJR) —

Finally, we turn into H;. First, we have

n;:/ag

~ 2sin (k‘Fao)

BT I

sin (k’Fao)
Tao mao
+:JpJp 4 Jrdr s +2JpJR — 2 cos (2kpayp)
X ?ﬂzawmwkgwm :

94 ,
~_ sin (kpag) [sm (krao) + cos (kpao) (Ji, + JR):|
Tao Tagog

+:JpJdp i+ Jrdg : +[2 — cos (2kpap)| IR
—4cos (2kpag)Jr, - JR.

+ cos (krao)(JL + JR)}

(A.18)

Next, in terms of the -fermions, the spin operator can be
written as

S;~ag [Jr + Jr + (**7"m +h.c.)], (A.19)

where m = %w};a(a)agw}m. Using the OPE’s

m(z + ag) - mi(z) = — [i +i(Jp + JR)}

- 8mag | mag
1 3
+§JL'JR* gJLJR; (A.QO)
mi(z+ ag) - m(z) = 5 i*’i(JL‘FJR)
8mag | mag

1 3
+§JL -Jr — gJLJR;

Sjt1-8S;/ag

3
———st:Jp - Jp i+ Jr - Jr: +2JL - JR
4m2af

+e2kra0m (z + ag)-mi(x) + e 2 r0mT(z + ap)-m(z)

_ 3sin(kpag) [sin(krao)

+ cos (krao)(JL + JR)

27’((10 mao

+:Jp-Jp i+ :Jr-Jr: +[2+COS(2]€FCL0)]JL'JR

3
~2 cos (2kpag)JrJR. (A.21)

Again, the 2nkp terms with n > 1 in equations (A.18)
and (A.21) are neglected. With the help of equations
(A.18) and (A.21), we get

Hy = Jag / da {;JL Tt g Jge +4 cos2(gn)

XJL'JR} -

XJLJR}.

By collecting equations (A.11), (A.12), (A.16), (A.17),
and (A.22), we obtain the continuum Hamiltonian Hy
with the expressions (9) and (10).

Ja T
TO d:c{ JrpJr 4+ JrJR: +4c052<5n)

(A.22)
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