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Fate of spinons in spontaneously dimerized spinadders
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We study a weakly coupled, frustrated two-leg spin-1/2 Heisenberg ladder. For vanishing coupling between
the chains, elementary excitations are deconfined, gapless spin-1/2 objectspaltats We investigate the
fate of spinons for the case of a weak interchain interaction. We show that despite a drastic change in ground
state, which becomes spontaneously dimerized, spinons survive as elementary excitations but acquire a spectral
gap. We furthermore determine tegactdynamical structure factor for several values of momentum transfer.

. INTRODUCTION Herea, is the lattice spacing, and the field&andJ? are the
right and left currents of the WZWN model corresponding to

The role of frustration in quaSi-One-dimenSional magnetiCChainj. They parametrize the smooth component of the mag-

materials has attracted much experimental and theoretical aletization Finally A is the staggered component of the
. N

tention in recent years. On the theoretical side, the Simplezwagnetization on chaip Using Eq.(2), the zig-zag inter-

Exgmplg of a f;ustrated qu.antt;]m_ magrr:et is the S.p'ﬂ[)l/ hain interaction can be expressed in terms of the WZNW
eisenberg antiferromagnetic ¢ am wit nearest-ne|g Offields. In this way one straightforwardly obtains the current-
exchangesJ and next-nearest-neighbor exchangieThis . rent interactioh®

model is equivalent to a two-leg laddé&see Fig. ], where
the coupling alongbetween the legs of the ladder is equal
to J(48J).

The zig-zag ladder model is believed to describe theyhere \;x8J. A standard renormalization-grougRG)
quantum magnet SrCyQRefs. 1,2 above the magnetic or- analysis then shows that the antiferromagnetic interchain in-
dering transition, which takes place at abdut2 K. The  teraction A\, leads to a spontaneously dimerized ground
exchange constants are estimated taJse1800 K, [6J/J|  state>® In Ref. 9 it was shown that, in addition to the
~0.1-0.2% A second material with zig-zag structure that current-current interactiof8), a “twist” term arises
has recently attracted much interest is©sCl,.> However,
in Cs,CuCl, all neighboring chains are coupled by a zig-zag H¢=p(nfa,n3—n3a,n3). (4
interaction and no pronounced ladder structure exists. ) ) ) )

In Refs. 4—6 it was argued that a weak antiferromagnetidn the presence of exchange anisotropies the twist term in-
zig-zag coupling between the chains drives the model to duces incommensurabilities in the spin correlatidkige ex-

massive phase, characterized by spontaneous dimerizati®§Ct this to hold true even in the $) symmetric caséno

(see, also Ref.)7 Let us briefly review some important parts excha_nge anisotropigwe are intergsted in here. In the latter
of the derivations of Refs. 5,6. The lattice Hamiltonian of theC@S€ it can be shown that the twist term and current-current

zig-zag ladder is interacFion are equally importarjt in the RG sense: Fhey di-
verge (i.e., reach strong couplingsimultaneously, with a
fixed ratiol® As far as the S(R) symmetric zig-zag ladder is

H=32 > S Sne1t 83X (SiatSin1) Son. concerned, it is therefore not possible to separate the effects
=12 n " (1)  ©f the twist and current-current interactions in a simple way.
However, from a purely theoretical point of view it
where we assume that 1. The low-energy effective action clearly is desirable to develop a thorough understanding of
for Eq. (1) is now obtained as follows. Fof—0 one is  the physics due to isolated current-current and twist interac-
dealing with two decoupled Heisenberg chains, which can bé&ons. Their effects can be disentangled by introducing an
bosonized in terms of two Wess-Zumino-Novikov-Witten
(WZNW) models by using the standard relation between the J

He=N1(I53+3ID)(I3+3) —No(I3E+3333), (3

spin density on chaifp and the fields of the WZNW model !
(see, e.g., Ref.)8 AR &1 VAR
Si(x) _ 3
=[IF)+I 0]+ (-D¥%ndx). ()
Qo FIG. 1. Heisenberg zig-zag ladder.
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exchange anisotropywhich makes the twist more and the
current-current interaction less relevant in the RG sense. Us-
ing this trick, a pure twist interaction was studied in Ref. 9.

The role of an isolated current-current interaction has
been previously investigated in connection with the zig-zag
ladder in Refs. 7,5,6. In particular, the spectrum of elemen-
tary excitations and the dynamical structure factor were cal- FIG. 2. The twistless ladder model.
culated in Ref. 6 using largi-techniques. It is known that _ ) o
extrapolation of largeN results to small values &f can lead ~ The interaction part is given by
to incorrect resultd! Having this in mind, we carry out an — —
exact calculation in order to determine the spectrum and Hine=N1(J1+31) - (J2+J2) +Aong- Ny, ©)
structure factor. We find that the larderesults are indeed
qualitatively incorrect.

As explained above, in the zig-zag ladder both twist and
current-current interactions are present; therefore, strictly
speaking, our results cannot be directly applied to this modeNo marginal perturbation with the twist-term structure arises
Nevertheless, we believe that many of our findings presentefecause the staggered magnetization operators add rather
below remain qualitatively correct when applied to modelthan subtract due to the geometry of the problsee Fig. 2.

(1). We discuss this point in more detail in Sec. VIL. The absence of such term can also be deduced from the

In order to connect our results to a microscopic model, weexistence of discretéreflection symmetries of the lattice
consider a frustrated spin ladder modified in such a way thatiamiltonian (5). If J, =2J, only the marginal(current-
only current-current interactions emerge in the low-energ\curreny interaction survives. This is the case we study in the
effective action. remainder of this paper.

The outline of this paper is as follows: in Sec. Il we  We note that for generic values 8f andJ, the interac-
introduce a frustrated spin-ladder model giving rise to theijon of staggered magnetizations dominates and the resulting

desired low-energy effective field theory. In Sec. Ill we showphysics is essentially the same as for the standard ladder
that the resulting field theory is essentially equivalent to anJj, =0) (see also chapter 21 of Ref.)15

O(4) Gross-Neveu modéf Sections IV and V are concerned
with the description of the ground stéie and elementary
excitations. In Sec. VI we determine the exact dynamical
structure factor for several values of momentum transfer and The low-energy effective actiof8) and(9) can be recast
show that there are no coherent contributions to the structuras a theory of four massive, interacting, r@dhjorana fer-
factor. We conclude with a summary and discussion of oumions, or equivalently, four weakly coupled Ising mogels
results.

with the coupling constants

N=(J +2)ag,  Ap=(J —2Jy)ag. (10

IIl. DUALITY TRANSFORMATION

3

Il. A FRUSTRATED LADDER WITHOUT TWIST H=5 2 valYadxtha= Yadyle)
The model we consider is a generalizatbof the stan- N ne 3 NN 3
da_lrd two-leg spin ladder w_hich, ap_art from the on-rung cou- + 12 0 . 2 d/i%lﬂj%— %%ZOE (/,i%_
pling J, , also includes an interactiah, across both diago- j>i=1 i=1
nals of the plaquettes. The Hamiltonian reads (12)

_ Herev,=v,=v3=vs#v, are the velocities of the four Ma-
H _Jj;m ; Sin- SJV”“J’JLE Stn* S2n jorana fermions. The lattice spin operators are expressed in
terms of the Majorana fields and order and disorder operators
of the four Ising models as

+JX§ [Sin Son+1+ Sins1-Sanl. (5)

SE(X)ox—i +__ —A(-1 xlag ,
We assume that L) =i (rihat haha) — A(=1)"0ug ppo30¢

J,J,,3>0, J>J, ). (6) S (X) i (Pratho+ Pratho) + A(— 1)¥%00; 0y papg, (12)

The low-energy effective action can be derived by non- ... S (x)=Si(x) £ S5(x) and A is a nonuniversal con-
Abelian bosonization in the usual way. The Hamﬂtomanstant Analogous expressions are available for the other com-
density is found to be of the form : 9 P

ponents of the spin operatdtsA standard one-loop RG
HX) = Hy(X) + Ho(X) + Hint(X), 7 _anaIyS|_s ghows that the coupling flows to zero, so we will
() =Ha () H200 + Hind %) 0 ignore it in what follows. In order to further simplify the
whereH, , are critical SY(2) WZNW models with a mar- problem, we also neglect the small difference between the
ginally irrelevant current-current perturbation>0): velocitiesvg anduvg, and finally perform a duality transfor-
mation on the 0-Majorana
(:J-J 433 ) —=Ngdi-Ji,  j=1,2. (8) - -
i i ovjdjs ) Yo— s, Yoo — s, Oo—pms, Ho—04. (13

27mug

Hj="%"
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,?erggggcsﬁefir;p's?ﬁ f;g?iegg; by the séfidtted lines have a FIG. 4. Qualitative picture of the spin configuration in the
Y 9 PIELS. dimerised ground states: spins along the thick diagonal bonds have

. . . . a tendency to form singlets.
This yields the Hamiltonian of the O(4) Gross-Neveu y g

model?

(Sin- Son)e(J1(x) - Io(x)) +(N1(X) - Na(X)),
iUS 4 _— — )\l 4 — — > > > - - -
M= 2 widdi—hidit 5 2 it (S1n Szne)#(J2(0) - Jo(x)) = (Re(x) - Na(x)),
a4 <§2,n'§1,n+1>°‘<jl(x)'jz(x)>_<ﬁl(x)'ﬁz(x)>- (17

After performing the duality transformation to the(4)
Gross-Neveu model and bosonizing, we obtain

Under Eq.(13) the spin densities transform to

S () % =i (o Prrifp) — A(—1)¥20u gy,
_ <ﬁl(X)-ﬁz(X)>O<<COS\/E(p+COS\/E(p,)=iCOhSt m,
SE(X) i (Yhatha— thatha) + A(— 1)'%0 1 0op30,. (15)
(J1(X) - J5(X))yo{(cosy2m e, cosy2me_)?)=constm?,
IV. GROUND STATE (18

In order to proceed, it is convenient to use the represenvhere mecexp(—const)/J, ) is the (exponentially small
tation of Eq.(14) in terms of two sine-Gordon modeig. soliton mafs in trle sine-Gordon model. Due to the smallness
Ignoring terms that only renormalize the velocity we find of m, the(n;(x)-n,(x)) expectation value dominates in Eq.
that Eq.(14) is equivalent to (17), so that within the exponential accuracy the dimerization

is proportional to the quantum soliton mass. Hesymme-

B Us ) ) try of the low-energy effective Hamiltoniaf16), that mani-

H_i; 5 [(9x@)) "+ (x6:)°] fests itself in the degeneracy of the two ground states corre-
- sponding to different signs in Eq18), is spontaneously
1 1 broken, implying the existence of massi¥e kinks. It turns
+2N; 8—[(0x<pi)2— (946)%]1— —ZCOS\/Ecpi , out (see belowthat these kinks are elementary excitations of
m (2mao) the model.
(16)

. . B. Zig-zag ladder
where 6, are the dual fields. The two sine-Gordon models g-zad

(16) occur on the S() invariant strong-coupling separatrix ~ Let us discuss the implications of the emergence of spon-

of the Kosterlitz-Thouless phase diagram and are thus in thineous dimerization for the case of the zig-zag ladder if we
massive regime. ignore the twist term. For the zig-zag ladder the appropriate

definition for the dimerization is

A Twistess fadder d=($100- Gx+ad) - Sx-ag2). (19

The low-energy effective modgll6) exhibits a localZ, ) o ]
symmetry related tchndependentrjn_slations by one lattice !n the continuum limit we find
spacing on each chairp(. — ¢ + \/7/2). This symmetry is
spontaneously broken in the ground state and leads to a non- dec(c0s\2m¢.. co82mp_)= = constm. (20
vanishing dimerizatiorisee Fig. 3 Notice that theZ, sym-  The resulting dimerization patterns are shown in Fig. 4. We
metry appears to be a feature of the low-energy sector onlelieve that taking into account the twist term will not quali-
and follows from the fact that spin curreni§2 are transla- tatively change this picture.
tionally invariant objects. The transformatiors;(n)
—35[Sip+1+Sip-1], or a similar one withS; —S,y, V. EXCITATIONS
changes the lattice Hamiltonian but leaves the low-energy

effective field theory invariant and maps the two ground From the exact solution of the sine-Gordon moddl6)
states onto one another. we infer that there are only four elementary excitations cor-

In order to characterize the dimerization patterns of theesponding to solitons and antisolitons in thesectors. We
two ground states, we determine the expectation values denote these bg.. ands... The elementary excitation have
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FIG. 5. A two-spinon state in the twistless ladder. Spinons cor- +
respond to kinks between domains with different sign of the dimer-
ization. Solid lines depict bonds along which there is a tendency to
form singlets. /

a simple interpretation in terms afimerization kinksi.e.,

domain walls separating regions of dimerization with oppo- /d‘

site sign. It can be shown along the lines of Ref. 16 that these

particles carry spint 1/2. In terms of the low-energy effec- FIG. 6. “Resonating” ideal dimer configurations.

tive theory of two sine-Gordon mode(46), the total spin

density is given by picture one obtains from Fig. 6 is then that on average there

L is indeed a spin-1/2 associated with each kink.
2 Zion For the zig-zag case a much nicer picture emergesZihe
1(X) +S5(x) = \/T_W[ax‘”(x) toe-(]. (2D symmetry corresponds to a reflection symmetry on the lattice
and kinks look like left over spin-1/2’s as shown in Fig. 7.
Kinks interpolate between asymptotic values of the figlgds  The intuitive picture of Fig. 7 fits well to the identification of
differing by = \/7r/2 as is most easily deduced from the facta spinon in a spin-1/2 chain as a bare spin insertion into the
that the classical vacua of E€L6) are located at ground staté’

77- -
(@) ctase= \[En‘ R p— 22) VI. DYNAMICAL STRUCTURE FACTOR

) ) ) The long-distance asymptotics of the spin-spin correlation
wheren; are arbitrary integers. Integration of EQ1) then  fynctions are dominated by the soft modesagat0,m,q,

yields that a single kink carries spin =0,m, whereq andq, denote the wave numbers along and
perpendicular to the two chains, respectively. In what fol-
S N (23  lows we will determine the dynamical structure factor for

“2x V2 T2 wave numbers in the vicinity of the above four pointsﬁn

i space. Due to the spin-rotational symmetry the dynamical
The results presented below for the dynamical structure facsicture factor is given by

tor are consistent with the interpretation of these kinks as

gapped spinonsAltogether there are two spin-1/2 multiplets, o o
corresponding to one multiplet for each leg of the Iadder.S(w,q,ql)oclmif dxf dte fettiax
The emerging physical picture is quite simple and pretty: the - 0

two-spinon states observed in the structure factor simply cor- 7 e z e

respond to the kinks related to the spontaneous breakdown of XS0 = S(10},{81(0,0 = $(0,01]),
the discreteZ, symmetry. Simple visualizations of this pic- (29
ture are shown in Fig. 5 for the twistless ladder and in Fig. 7 . ) )

for the zig-zag ladder. where the positive(negative sign corresponds ta, =0

For the twistless ladder the kinks correspond to verticaldL = 7).
domain walls between regions with different signs of dimer-
ization. There is a spin-1/2 associated with each domain A. Summary of large-N results
wall, although this is not immediately obvious from Fig. 5.
In order to get a feeling why a spin-1/2 might be associate(ilat
X\(ljltct]uglae(fgig-lgla(é'I’egtrgﬁrfglgi(ag ;Egvc;aﬂlsgg(_)ga;g ;n;;r:;néi_ao? of Eq. (14) is equivalent to a theory of free massive
. " e Majorana fermions
ric superposition of two dimerized states. Each such state
represents a sequence of plaquettes with ideal singlet bonds

across the plaquette diagondisith each spin involved in f o
one bond only, has a period &, and is shifted with respect

to the other state by one lattice spacing. If the “double-zig-

zag” phase occupies a finite domain of the ladder, for the ’/

two 2a,-periodic dimerized states to resonate, the number of

rungs within such a domain should be odd. Then the two- FIG. 7. Physical picture of a two-spinon state. Spinons corre-
kink configuration in Fig. 5 can equivalently be viewed asspond to kinks connecting domains with different sign of the dimer-
the superposition of states shown in Fig. 6. The intuitiveization.

The dynamical structure factor has been previously calcu-
ed in the framework of a largi-approacif. The limit N
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. N ®
v, o dé,---de,
H= 7 2, b= i timyigs. (29 =22 | G
The presence of the mass term reflects the spontaneous X[On - O1)a a1 O (30)

breakdown of parity, which in turn implies the existence of _

two degenerate ground states. The sign of the mass terms, @§eren is the number of particles ang; {s. ,s.} speci-
well as the expectation valués-,) and(u,), depend on the fies their respective “flavor’(soliton or antisoliton in+ or
choice of ground state. In the case whéwg)#0 (the mass — Sectol. Inserting Eq(30) in Eqg. (28) and using Poincare
of the triplet is positive the structure factor foy, =0 andq  invariance yields

around 0, = was shown to b

- dé,---do
S(0,q~0,0%—27Im S, ﬁ
. 1 _ 7 — > > n=0 aj ( 77) n
S(w!quao)oc |(1)| 5((1) \/Us(q 7T) +m )! 2
X|F]0( 01' o Hn)a1-~-an|
m?q? . )
~ - olv —mz sinh 6,
S(w'q 0,0)“ Ssmv (26) " Sq 7 J
wheres?= w?—v2g?. The explicit expressions for the struc- w—m; coshf; +ie

ture factor around q,q,)=(0,7),(m,7) are complicated,
but reveal the presence of incoherent two- and three-particle )

continua, respectively. We will now show that the results 8| vsg+m> S'”hei)

obtained in the larg® limit are qualitatively incorrect. The - : , (31
reason for this failure of the largd-approach is that it en- w+m>, coshd +ie

tirely neglects the existence of topological kinks interpolat- i .

ing between the two degenerate ordered ground states. Ex- . .
tra?polation of the largéy rgesults to lower vaISes M should WhereFjo(di---6n)a,.. .o, is the sine-Gordon current form
be done with caution because the spectrum of @@l  factor

Gross-Neveu model is very sensitive to the valueNdf .
4 Fio(Or- - On)ay 0 =(01i%0,0]0n - O1) -

(32

We now determine the dynamical structure factor usingWe hote that am-particles state only contributes to E§)

H i 2 2_ 2.2 2m2
exact results on form factors in the sine-Gordon md@i@l ~ 200ve then-particle threshold, i.e.s°=w™~vsgq"=n"m-,
We start with the casg, =0, q~0. The smooth component Thus, at low energies’< 16m? only two-particle states con-

of the sum of the two spin densities is expressed in terms dfiPute. The corresponding form factor'is
the sine-Gordon models as follows:

B. Exact results

. [0t 65
5 7 F]0(01102)552_2m3|m—< 2 )f(el_ 02)1
1()()"'82()()|smootﬁ)c Ixp+toxp— . (27)
This is nothing but the sum of the temporal components of f(0)=i sinh6/2
the current operators in the two sine-Gordon modeje% ( 2w
+j%). We are interested in the structure factor, i.e., «
B sinz(i(a—wi)) i
S(w,q~0,0)oclm02,+ i %dxfo dt X exp fo A ) M?)—l}
Xl a[00,1),19(0,0)]), %9
(29) After performing the@ integrations we obtain
. . s m2v2 2 f(ZG(S)) 2
wherev is the velocity of the excitations. We express Eq. S(w,q~0,0) s9° | , (34)

(28) in the spectral representation using our knowledge of a
complete set of states in terms @inti) soliton scattering
states. Energy and momentum are parametrized in terms @fhered(s)=arccosh§/2m) and 4n><s?<16m?. As we al-

s%\/s?—4m?

the rapidity variabled as ready mentioned, the resuiB4) is exact as long as?
<16m?. For larger energy transfers there genal) correc-
p=msinh#, e=mcoshd, (29 tions due to four, six, eight, etc., particle states. These can be

calculated in the same way as the two-particle contribution.
wherem is the mass of the four elementary excitations. TheApproaching the thresholsi=2m from above, Eq(34) goes
resolution of the identity is given by to zero likeys—2m.
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The result(34) has the same structure as the one obtainedtructure factor comes from two-particle states. In other
in the largeN approximation. We note that the vanishing of words no coherent one-particle excitation exists.
the structure factor foq=0[ S(w,0,0)=0] reflects the fact From the above results for the dynamical structure factor
that thez component of spin is a conserved quantity. we deduce that the low-lying excitations are described in
Next, we consider the structure factor &~0,7). The  terms of a gapped two-particle scattering continuum. As we
smooth component of the difference of spin densities is  have mentioned above, the elementary excitations carry spin-
1/2. This leads us to identify them azassive spinons

Si(X) - Sg()()|smootﬁx d:pr—d P . (39
This is precisely the difference of the spatial components of
the currents in the two sine-Gordon modejls € j* ). Using VIl. SUMMARY
:hg (?[?(actt tV\;ﬁ—patmcI;a for:cn f?ctor we obtain the leading con- We have studied the effects of pure current-current inter-
ribution to the structure tactor actions in a frustrated two-leg spin ladder. We have shown
5 2 5 that spinons which are gapless topological excitations
m°w|f(26(s))| (36) propagating along decoupled Heisenberg chains, survive as

S(0,q=0,m) 32— 4am? elementary excitations in the frustrated ladder, but acquire a
finite mass gap. We have given an interpretation of these
wheref(0) is given by Eq.(33) and again °<s’<16m’.  massive spinons as quantum dimerization kinks. The kinks
Note that the structure factor does not VaniSth#O as the are deconfined and, in all physica| states, appear 0n|y in
magnetization difference between chains is not conserveghajrs. As a result their contribution to the dynamical struc-
This is due to the fact that our starting point doex have  tyre factor is entirely incoherent. Our findings bear a strong
O(4) symmetry: after the duality transformation we obtain anresemblance to those GRef. 23.
O(4) symmetric Lagrangian, but correlation functions trans- e believe that our results not only apply to the ladder
form nontrivially. This result is of course expected, since the(s), put with some modifications also to the zig-zag ladder
interchain interaction must break the O(4$U(2) (1). As discussed above, in the zig-zag case there is a twist
X SU(2) down to SU2). term in addition to the current-current interaction. We con-
Finally, we examine the structure factor at~7,0) and  jecture that the effect of the twist term is merely to shift the
(q~m,m). The bosonized forms for the staggered compo-minimum of the two-spinon continua atj€ ,0) and @
nents of the sum and difference of the spin densities are- 7 ) to incommensurate wave numbers, i.e., tp=(r

found to be +6,0) and =7+ 8,7), where|d|<1. Such a picture is
, , consistent with what is known from numerical studi#s2°
SE(X) + S5(X) | stagg* cOSV TP cOS70, and also fits well to what one would expect on the basis of an
(uncontrolled extrapolation of the results fos=0O(1)
SE(X) — S5(X)| stagg® SIM/7® siny7®, (37 (Refs. 27,2810 | §|<1.

Coming back to the twistless chaifb), it should be
yvhere(l)z(<,o++<p_)/\/§ and®= (0, — 0_)/\2. At present pointed out that its ground state and excitations have been
it is not known how to calculate form factors for the Opera'previously studied for the special cage=J (Refs. 29,30
tors appearing in Eq37) as they involve both the field and (“Bose-Gayen modelY. In this case, the Hamiltoniafb)
the dual field. However, it is still possible to determine theexhibits an enlargedlocal) symmetry, related to the inter-

qualitative behavior of the structure factor. From [Egj) it changeS,(n)«S,(n) at arbitrary rung n, and decouples
is clear that the structure factor involves the calculation of,:5 two commuting parts describing either an array of en-

form factors of operators tirely decoupled on-rung singlets or an effecti@&= 1
chain® In both cases, the ground state belongs to the uni-
[cos orsirj( \/qu+ [cos orsirj( \/E&) versality class of thgundimerized Haldane spin liquids
2 2 with the spin-1 massive magnons being coherent elementary

excitations*?3 This is in marked contrast with our findings

_ \/; _ \/; for J,=1J, <J and implies the existence of a crossover
[cos orsn]( 5@ |[cosorsif| \/56-|. (38  petween the two regimes at some intermediate coupling.
It should be understood that the region where the margin-
These form factors are obviously products of form factors inally perturbed ladder N\,=0) and the Bose-Gayen model
the two sine-Gordon models. Let us therefore concentrate ostart overlapping, i.e., the vicinity of the poidt =2J,
the + sector for the time being. It was shown in Ref. 22 that=2], is not accessible within our continuum approach,
the operators ca§r/26, and sin/7/260, in the sine-Gordon based on the assumption thit,J <J. Staying on the line
model with coupling constang= /87 have fermionic char- J, =2J, and increasing, would enforce the amplitude of
acter and thus have nontrivial form factors with one-solitonthe current-current perturbation\{) to increase, in which
states. On the other hand, we know from Ref. 19 thatase no reliable conclusions are available. On the other hand,
cosym/2¢, and sin/w/2¢ ., are of bosonic character. We, one can start approaching the Bose-Gayen regime by keep-
therefore, conclude that part of the operato(38) has fer- ing J, fixed and increasingy . In this case one inevitably
mionic character. This implies that it couples only to statesdeviates from the lingJ, =2J,, and that gives rise to the
with at least onéanti) soliton. An analogous statement holds appearance of the strongly relevant perturbatigm, - n,.
true for the— sector, so that the leading contribution to the The latter introduces an extra potential
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U~N\o[2 cos2m(p.—¢_)—cosy2m(¢.+@_) Haldane phases on the both sides of the Jine2J,, can be
smoothly connected with those of the Bose-Gayen model.
xXcosy2m(6,—6-)], (39  This, however, does not exclude the existence of other

that couples the two sine-Gordon modéls), removes the Phases in the three-parameter space of the miaglel .

Z, degeneracy between the two dimerized ground states, and AS discussed in Refs. 31 and 28, a similar soliton confine-
thus leads to soliton confinement. The soliton-antisolitonMeNt scenario is realized if one adds an explicit dimerization
pairs start forming triplet and singlet massive bound state¥0 the zig-zag Hamiltoniail).

and transform to coherent single-particle excitations. If the

deviation from the lineJ, =2J, is large enough, the.,
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