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Effective field theory for one-dimensional valence-bond-solid phases and their symmetry protection
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We investigate valence-bond-solid (VBS) phases in one-dimensional spin systems by an effective field theory
developed by Schulz [Phys. Rev. B 34, 6372 (1986)]. While the distinction among the VBS phases is often
understood in terms of different entanglement structures protected by certain symmetries, we adopt a different
but more fundamental point of view, that is, different VBS phases are separated by a gap closing under certain

symmetries. In this way, the effective field theory reproduces the known three symmetries: time reversal, bond-
centered inversion, and dihedral group of 7 spin rotations. It also predicts that there exists another symmetry:
site-centered inversion combined with a spin rotation by 7. We demonstrate that the last symmetry gives
distinct trivial phases, which cannot be characterized by their entanglement structure, in terms of a simple
perturbative analysis in a spin chain. We also discuss several applications of the effective field theory to the phase
transitions among VBS phases in microscopic models and an extension of the Lieb-Schultz-Mattis theorem to

non-translational-invariant systems.
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I. INTRODUCTION

Disordered ground states, which do not break any symmetry
of the corresponding Hamiltonian, are classified into a single
phase in the standard framework of the Landau-Ginzburg-
Wilson (LGW) symmetry-breaking theory. However, it is now
widely recognized that phase transitions can occur among
those disordered states in quantum many-body systems. This
suggests that there exist a variety of disordered quantum
phases. Systematic understanding of these phases, usually
referred to as topological phases, requires new concepts
beyond the LGW theory.

While the standard characterization in terms of local order
parameter fails for the topological phases, a more general way
to classify the gapped quantum phases, based on the local
unitary transformation (LUT), has been proposed in Ref. [1].
In this scheme, two gapped ground states of local Hamiltonians
belong to the same phase if and only if the one is connected
to the other by some LUT. If the two ground states belong to
different phases, a gap closing (i.e., quantum phase transition)
is necessary under any path that continuously connects the two
Hamiltonians in the parameter space. In one dimension (1D),
all the gapped ground states fall into a single phase unless some
symmetry is imposed to the Hamiltonian and the LUT [2].
Once some symmetry is imposed, there exist two classes of
the quantum phases in 1D: conventional symmetry-breaking
phase and symmetry-protected topological (SPT) phase [1,3].
The latter phase does not break the imposed symmetry and
thus cannot be characterized by local order parameters.

A notable example of SPT phases is the Haldane phase
in a spin-1 chain [4,5]. Its properties are well understood in
terms of the Affleck-Kennedy-Lieb-Tasaki (AKLT) state [6,7].
Although there is no local order parameter due to the absence
of symmetry breaking, the spin-1 Haldane phase typically has
a nonlocal (string) order parameter [8,9] and spin-% gapless
excitations at the ends of an open chain [10]. While these
features do not always exist once the AKLT Hamiltonian is
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perturbed, they can be traced back to a locally entangled nature
of the state. In fact, this local entanglement can be directly
observed as the twofold degeneracy in the entanglement
spectrum [11]. Furthermore, this entanglement cannot be
removed as long as we keep one of three symmetries: time
reversal, bond-centered inversion, and 7 rotations around two
orthogonal spin axes [11,12]. Thus, in the presence of these
symmetries, the Haldane phase cannot be smoothly connected
to unentangled states, that is, direct-product states. Therefore,
the spin-1 Haldane phase is understood as an SPT phase.

The entangled nature of the Haldane phase is most
conveniently described in terms of matrix-product state (MPS)
[13—15]. In the spin-1 Haldane phase, the aforementioned three
symmetries act on the matrices with a nontrivial projective
representation [11], which enforces the degeneracy of the
entanglement spectrum. In general, different SPT phases
in 1D are labeled by different projective representations
of a symmetry group G [2,16,17]. Since the projective
representation of G corresponds to an element of a discrete
group, the second-cohomology group H?(G,U(1)), different
SPT phases cannot be smoothly connected to each other; the
projective representation serves as a topological invariant. In
the language of MPS, an MPS must violate the injectivity to
change this topological invariant [2,12,16,17]; this implies the
existence of gap closing between different SPT phases. Since
a topologically trivial state that can be smoothly connected to
a direct-product state is characterized by the trivial projective
representation (i.e., linear representation), it must be separated
from the spin-1 Haldane phase by a gap closing.

A similar argument can be extended to valence-bond-solid
(VBS) phases, which are constructed in a manner proposed
by AKLT [7]: On a lattice with spin-S, we first decompose
a spin-S into 2§ spin-%’s on each site and then form spin
singlets between nearest-neighboring sites. After distributing
the singlet bonds over the whole lattice with keeping the lattice
symmetry, we project the 2.5 spin-%’s onto a spin-S on each
site. A state constructed in this way is called the VBS state and
a phase that is adiabatically connected to a VBS state is called
the VBS phase. VBS phases are realized as disordered ground
states of various quasi-one-dimensional spin Hamiltonians: for
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examples, spin chains with single-site anisotropy [8,18-24],
dimerized chains [7,25-27], and spin ladders [28—37]. A phase
transition between two VBS phases is observed when the parity
of the number of singlets in one phase differs from that of the
other under a certain spatial cut [38]. As in the case of the
spin-1 Haldane phase, it is expected that this phase transition
is due to the change of the topological invariant protected by
one of the above three symmetries [12].

Although the symmetry-protected nature of the VBS phases
is well understood as the nontrivial projective representation on
the MPS, if one goes back to the original concept of the LUT,
their nature can in principle be characterized by the presence or
absence of gap closing between the two phases under a certain
symmetry. The latter approach is particularly suitable for 1D
systems, for which conformal field theory (CFT) provides a
faithful description of gapless ground states, in contrast to that
the MPS provides an efficient description of gapped ground
states. We can also study the gapped ground states (with or
without symmetry breaking) by perturbing the CFT in a quite
controllable way by using the renormalization group. Thus,
we can directly examine the presence of gap closing from
one phase to another by the field-theoretical approach. In this
respect, the well-known Zg classification of 1D interacting
Majorana fermions with time-reversal symmetry has been
shown within both the MPS and field theory [39,40]. It is
then natural to expect a similar field-theoretical approach for
the VBS phases. In fact, Berg et al. [41] have suggested
the importance of an inversion symmetry for the stability
of the spin-1 Haldane phase by a bosonization approach.
However, their study did not yield the full identification of
the symmetries later known by the MPS approach.

In this paper, we accomplish the field-theoretical approach
to identify the full symmetries protecting the VBS phases in
1D spin systems. To this end, we adopt an effective low-energy
theory proposed by Schulz [18], which is a simple sine-Gordon
theory obtained by Abelian bosonization. Surprisingly, this
rather old theory actually captures essential properties of
the VBS phases such as their symmetry protection. We first
apply his theory to several spin systems, such as the spin
chain, spin ladder, and those with a dimerization. We then
show that, once different VBS phases are identified as gapped
phases with different signs of the sine-Gordon coupling, his
theory faithfully explains what symmetry preserves the gap
closing between them. Those symmetries include the known
three symmetries [11]: time reversal, bond-centered inversion,
and dihedral group of m spin rotations. Furthermore, there
is another symmetry: site-centered inversion combined with
a spin rotation by . Since this symmetry is not associated
with the nontrivial projective representation [42], phases
protected only by this symmetry are not distinguished by
their entanglement structure. However, if we adopt the first-
principles definition of gapped phases, which states that they
are distinguished by a gap closing, different VBS phases are
still distinct even under the last symmetry. The effective theory
also suggests that site-centered inversion symmetry forbids the
unique gapped ground state for half-odd-integer spin chains.
This is a nontrivial extension of the Lieb-Schultz-Mattis
theorem [43] to non-translational-invariant systems.

This paper is organized as follows. In Sec. II, we introduce
an N-leg spln—— ladder model as a prototype of various quasi-
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1D spin Hamiltonians. In Sec. III, using Abelian bosonization
technique, we revisit the low-energy effective theory for the
ladder model, which is originally discussed by Schulz [18].
Although the original derivation was based on perturbation
theory, we further argue its consistency with symmetry.
The extension of the Lieb-Schultz-Mattis theorem is also
discussed. In Sec. IV, we illustrate how the effective theory
describes VBS phases for several well-known spin models.
For those who just wish to appreciate how the effective theory
describes different VBS phases, it will be enough to see
Sec. IV D where the edge states are argued. Section V shows
a main result of this paper: the low-energy theory faithfully
identifies the four symmetries protecting the VBS phases. We
also draw a microscopic implication of the newly discovered
symmetry. Section VI concludes this paper. Two Appendices
complement technical details of the analyses in the main text.

II. MODEL

We consider an N-leg spin-% ladder given by the Hamilto-
nian

H=H+H +H. )

The first term represents N decoupled spin-% chains

H”_JZZ SiLjSit1,j 'J’+1J+Asljl+lj) )
i

where 5, ; is the spin-z operator with the rung (leg) index
i (j), J is an antiferromagnetic intrachain exchange, and A
controls its uniaxial anisotropy. The second term H represents
interchain exchange couplings, which are generally written in
the form

H = Z Z Z [JI:V(%/J')( i,j l+01 J’ ot S, ]StJra j' )

oo JE)
+Ji(ﬂl/1)slj H—a}] (3)

Their coupling constants can be either ferromagnetic or
antiferromagnetic. « is taken to be a small integer such that
the couplings will be short ranged. A spin-ladder model
defined by H; + H, is invariant under several symmetry
operations: one-site translation &, i Sit1, j» bond-centered
inversion s; ; — §,_; ;, time reversal 5; ; — —s; j, U(1) spin
rotation around the z axis, and 7 rotation around the x or y
axis. The last term in Eq. (1), H’, contains some perturbations
that (partially or fully) break the above symmetries. In the
following, we first identify the low-energy description of VBS
phases in the ladder Hamiltonian Hy + H and then examine
the stability of gap closing between those VBS phases by
adding the symmetry-breaking perturbation H’.

Before proceeding, we here show examples of the simple
limiting cases of our model (1). If wetake« = Oand j' = j +
1, we have a ladder model only with perpendicular interchain
couplings

Hl_ ZZ JJx—y lj l]+1 +Sl J° tj+1) + JJ_St e lj+1] (4)
i j=1

Depending on the boundary condition along the rung, this
model is referred to as the spin fube if 5; y11 = 5;,1, while
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FIG. 1. Various spin ladders considered in this paper. (a) Four-
leg spin tube and (b) conventional (open) ladder with perpendicular
interchain couplings. (c¢) Regarding a spin-2 as four spin-%’s, a spin-

2 chain can be mapped onto a four-leg spin-1 ladder model with

2
diagonal interchain couplings.

the open spin ladder if Ei, ~+1 = 0. Those ladder models are
depicted in Figs. 1(a) and 1(b). The N =2 case has been
extensively studied [44—55]. There are also several systematic
studies on N-leg spin ladders and tubes [28-37].

Another example is a ladder mapping [18,56—61] of the an-
tiferromagnetic spin-S XXZ chain with a uniaxial anisotropy

Hxxz = Z [J(stfﬂ + Siniy+1 + ASiZSiZ+1) + Dz(StZ)z]’

&)

where S'l- is the spin-S operator on the site i. If we decompose
a spin-S into 2§ spin-%’s as

28
Si= S (6)
j=1

we can express Hxxz as a sort of spin ladders with diagonal
couplings [see Fig. 1(c)]

Hxxz = Hy+ ) ) [J(s5si0y + 80 88)
A

+ JAs? .+ D,s? .57

Z
LS iy l’j,] + const. (7)

Here, the number of legs is N = 2S. If the composite spins
on each rung (6) are projected onto the fully symmetric sector
with total spin S, we will recover the physics of the single
XXZ chain (5). However, even without the projection and
even though we consider the model with a perturbatively small
interchain coupling, we can still recover qualitatively the same
low-energy physics as that of the XXZ chain [18,56-61]. The
second term of Eq. (7) is nothing but Eq. (3) with J1*, ; ) =
oI5 0.y = Deyand JT ;= JA.

III. BOSONIZATION AND EFFECTIVE HAMILTONIAN

In this section, we apply the Abelian bosonization ap-
proach [62-64] to the ladder Hamiltonian (1) with H' =
0. Following the discussion by Schulz [18], we revisit an
effective low-energy theory only with a single bosonic field.
We further discuss its consistency with symmetry. We also
propose an extension of the Lieb-Schultz-Mattis theorem for
non-translational-invariant systems.

PHYSICAL REVIEW B 93, 104425 (2016)

A. Bosonization

For —1 < A <1, the decoupled chain part Hj is a
collection of N critical spin-% chains. In the continuum limit,
H) is described by N massless free bosons as

v N 1
H) ~ E/dx; [K(axe,»)z + ?(8x¢j)2}, ®

where we have introduced dual fields with respect to each
chain, satisfying

/ lT[ /
[¢;(x),0;(x)] = 78jjr[sgn(x —x')+ 1], C)]
v and K are the spin velocity and the Luttinger parameter,
_ mwJagv1 — A2 B T (10)
2cos™! A o —cosI A’

and x = iap with the lattice spacing aq. In Eq. (8), we have
neglected a marginally irrelevant term at A = 1 since it is
unimportant in the following discussion. Spin operators are
expressed in terms of the bosonic fields as

Sij ,,a_Jzaxqu — (=Darsin(v2¢)),  (l1a)
st~ eV bo(—=1) + by sin(v2¢))].  (11b)

where ay, by, and b; are nonuniversal constants. Substituting
these expressions into Eq. (3), we obtain

H ~ / dx 2[80,(j*j/)8x¢jax¢j’ + 81.4j.7» 05 V2($; + )
J#T
+ 82,07, COS V2 — b;1) + g3.().j COs V2(0; — 0;)
+ 84,(j,j») COS ﬁ((pj + @) cos «/i(éj —0;)

+ 85.j.jn CosV2(¢p; — dj)cosv/2(0; — 0], (12)
where
agp
80,(j.j") = F Z Ji,(a.j,j’)’ (133)
a;
810N = "o D DT iy (13b)
aj
(2 94
82.G.j) = 2_00 Z(_l) JJ_y(a,j!j/)s (13¢)
b(Z) o Xy
83.G.0) = o Z(—l) Iy (13d)
b% xy
84,(j.j" = 2_61() Z Jl,(g,jqj’)’ (13e)
b o
85U = T ogs I sy (13f)

For brevity, we will collectively denote g; (;,j») as g;. For
instance, when we say that g; is relevant under renormalization
group, all g;(; ;’s are relevant. If we denote the scaling
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dimensions of g; as x;, they are given by xo =2, x| =
x, =K,x3=1/K,and x4 = x5 = K + 1/K. In general, the
expression (12) is valid only for perturbatively small J,’s.
However, as long as there is a continuity between the weak-
and strong-coupling limits, we can use the above expression
to investigate qualitative properties of the system for arbitrary
strengths of J, ’s.

B. Effective Hamiltonian

Since our model involves N bosons and they are not
decoupled in general, the analysis of the Hamiltonian Hj + H
is a formidable task. However, on the purpose to describe
gapped disordered phases such as VBS phases, it is enough
to see an effective Hamiltonian only with a single boson. To
this end, let us introduce a center-of-mass field &y and N — 1
relative fields ®, withv=1,... ,N — 1,

N

N
1
Dp=—=> ¢;, D= u¢; (14)

£ J J
VN D j=1

If we add one extra dimension to u?’) and set u&N) =1/+/N,
ug” ) with w=1,...,N forms an N-dimensional orthogonal
matrix satisfying

N N

>l =5, Wul? =850 (15)

j=1 n=1

Their duals ®( and ©, are similarly defined as

N N
1
O=—=Y 0. 6,=) us;. (16)
VNS j=1

The original chain fields are now represented as

N-1
1
(v)
¢j = _,—q>0+ Zuj D,
N v=1

a7

N-1

1 Sl

9_,‘ = ﬁ@@ —I— ua )®v-
v=1

In terms of these new fields, H is rewritten as

N v 2 1 2
Hy~ o | dx| K(3:80)" + 2 (3: Do)

v Nl , 1 N
+ g/dx UZ:; [K(ax(%) + E(axepu) } (18)

We note that such a set of linear combinations of the fields
is usually taken to diagonalize the marginal interactions
0,90, ¢, and therefore not restrictive in the form of Eq. (14).
However, in order to derive the effective Hamiltonian only with
a single bosonic field, it is essential to take the above choice.
For general Hamiltonians, this choice of linear combinations
leaves some marginal interactions. Those interactions actually
renormalize the original velocity and Luttinger parameter, but
we assume that they do not affect the relevance of the coupling
constants in Eq. (12). In the following, we thus neglect the
effect of the marginal coupling go.
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As seen from Eqs. (12) and (17), both the terms with g, and
g3 never involve the center-of-mass field {®(,®y} but may
contain all the relative fields {®,,,®,}. Our central assumption
is to consider that g3 is the most relevant coupling constant and
reaches the strong-coupling limit faster than the other g;’s. This
is natural to favor gapped disordered phases in the sense that
we must suppress any Ising antiferromagnetic order driven
by g1 and g;. If the model is SU(2) symmetric or easy-plane
anisotropic, this assumption is readily justified since g3 has the
smallest scaling dimension and the largest initial value. Once
g3 goes the strong-coupling limit, the relative fields ®, are
pinned and acquire masses. Correspondingly, their duals @,
strongly fluctuate. Thus, we can integrate out {®,, ®,} and
obtain an effective Hamiltonian only with {®, ®¢}. As first
shown by Schulz [18], the effective Hamiltonian is obtained
as

v 1
Hegr = / dx|:2—0<K0(3x®0)2 + —(axcbo)Z)
T K()

+ o 19
8eff COS (R_N)i| 19)

for even N, while
v 1
Hegt =fdx 2 Ko(8,00)* + — (3, Do)’
2 Ko

, 20
+ 8o COS (—)] (20)
Ry

for odd N, where vy and K, are the renormalized velocity
and Luttinger parameter, respectively, and Ry = 1/+/2N is
the compactification radius of &, which is explained below.
The vertex operator of &, is generated by the (N/2)th
(Nth) order perturbation in g; for even (odd) N. Even if g
accidentally vanishes, such a vertex is also generated by the
same mechanism for g4, by replacing cos +/2(6 ' — 0) with its
expectation value [60,61]. For completeness, we demonstrate
the perturbative derivation of the effective Hamiltonians
in Appendix A. Those effective Hamiltonians were also
obtained directly from the spin-N /2 Heisenberg chain using
non-Abelian bosonization through the SUQ2)y ~ U(1) x Zy
CFT [65,66].

When the coupling gesr or g.; is relevant, the effective
Hamiltonian describes a unique gapped ground state for even
N, which turns out to be in a VBS phase, while a gapped
degenerate ground state for odd N. As we will see below,
this becomes clear by considering the periodicity condition
(compactification) of ®,. We also give a nonperturbative
argument for the validity of the effective Hamiltonian from
the point of view of the symmetry.

C. Compactifications of bosons and symmetry

In the effective Hamiltonians (19) and (20), the vertex
operators of @ actually have the lowest scaling dimensions
for each parity of N among those compatible with the com-
pactification conditions and the symmetry of the Hamiltonian
H, + Hj. To see this, we first return to the compactification
conditions of the bosonic fields with respect to each chain:

¢~ +1V2, 6 ~6; +1V2. Q1)
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Substitution of these conditions into Eqs. (14) and (16) yields
the conditions for the new fields {®y,®q, P, ,0,}. However, in
deriving the effective Hamiltonian, we have assumed that ®,
were pinned and hence {®,,0,} could be integrated out. This
modifies the compactification of ®( from that for the fields
remaining free, as demonstrated in Appendix B. As a result,
we obtain the compactification condition for ($g,®y):

Oy~ Py + 27 Ry, Oy~ Oy + 2w Ry, (22)
where
Ry = 1/~2N, Ry =./N/2. (23)

This compactification forces vertex operators that can be added
to the effective Hamiltonian to be of the form exp(ip®o/Ry +
ig®o/Ry), with some integers p and g.

Clearly, the vertex operator of Eq. (19) only has a single
minimum of @ in the period 27 Ry, while that of Eq. (20) has
two minima. The number of independent minima corresponds
to the number of ground-state degeneracy once the vertex
operator becomes relevant.

Further restrictions on the vertex operators come from the
symmetry of the Hamiltonian H; 4+ H,. All the symmetry
operations considered in this paper are defined through an
individual operation on each spin—% operator §; ;. From
the bosonized forms of §; ; in Eq. (11), we can identify
the corresponding symmetry transformations on the bosonic
fields. In Table I, we list the symmetries of H 4+ H, and their
transformations on 5; ; and {®g, ©}. The symmetry operations
on the chain field {¢;,0;} can also be recovered by setting
N =1

We note that some symmetry transformations in Table I
form larger symmetry groups. One such group is the dihedral
group of spin rotations by m, D, = {I,R,,R,,R;}. This
can be seen by, for example, R,R, = R.. Another is a 1D
space group formed by an odd-site translation, bond-centered
inversion, and site-centered inversion: {1,trs,Z;,Z;}. This can
be understood as follows: if we impose both the site-centered
inversion symmetry with respect to the site i = 0 and the
bond-centered inversion symmetry with respect to the bond
between i =r and r 4 1, those inversions automatically
enforce the system to be invariant under the (2r + 1)-site
translation, i.e., Z,Z, = trs (the transformations of the bosonic
fields are independent of r). Those group structures are also
reflected in the bosonic fields, up to ambiguity from their
compactifications (22).

PHYSICAL REVIEW B 93, 104425 (2016)

Although only 7 rotations around spin axes are shown in
Table I, we have assumed the U(1) spin-rotational symmetry
around the z axis in the Hamiltonian H; + H . In the bosonic
language, this makes the effective Hamiltonian invariant under
the shift ®y — ©¢ + y Ry with a real number y in [0,27).
Thus, any vertex operator of ®, is forbidden by the U(1)
symmetry.

A symmetry constraint on the vertex operators of &y comes
from the symmetries under &, — —®,. This restricts the ver-
tex operators to even functions in ®(, namely, cos(pPy/Ry).
Another constraint arises from trs or Z;. These symmetries
leave the effective Hamiltonian invariant under &5 — & +
mw NRy. For even N, this shift can be absorbed in Eq. (22) so
that cos(p®/ Ry ) for any positive integer p is allowed. On the
other hand, these symmetries only allow cos(p®y/Ry) with
even p for odd N. The above symmetry analysis is consistent
with the effective Hamiltonians (19) and (20) derived by
lowest-order perturbation theory, which only keep the vertex
operators with the lowest scaling dimensions, i.e., the lowest
values of p.

D. An extension of the Lieb-Schultz-Mattis theorem

For half-odd-integer spin chains with one-site transla-
tional invariance and the U(1) spin-rotational symmetry, the
Lieb-Schultz-Mattis theorem [43,67] states that the ground
state either has a gapless excitation or spontaneously breaks
translational invariance in the thermodynamic limit. This
theorem can also be understood by means of the bosonization
approach [68]. We first review the idea of Ref. [68] and then
extend it to non-translational-invariant systems.

Within the effective Hamiltonian, if only one of vertex op-
erators cos(p®o/Ry + o) with p > 2 and some real number o
is relevant, @, selects one of p independent potential minima,
resulting in a gapped degenerate ground state. On the other
hand, if all the vertex operators are irrelevant, the ground state
behaves as a free boson and thus is gapless. Therefore, if
the effective Hamiltonian only allows the vertex operators
cos(p®o/Ry + o) with p > 2, the fate of the ground state
is either gapless or degenerate with a finite excitation gap.
This is indeed the case for half-odd-integer spin chains, or
equivalently odd-N spin—% ladders, with odd-site translational
invariance. The ground-state degeneracy is accompanied by
spontaneous breaking of translational invariance.

TABLE I Symmetry transformations on the spin operators s; ; and the center-of-mass field {®, ®}.

Symmetry operation Symbol Transformation on spins Transformation on field (®y,®,)

Odd-site translation trs Sij = Sitq) " &) — Oy + T NRy, Oy — Oy + TRy
Time reversal T Sij—> —=5,° Dy > — P, ©9 —> Oy + Ry
Bond-centered inversion I §,~,_,- — §|_,-,_,v Dy(x) > —Dy(—x), Oy(x) = Oy(—x) + TRy
Site-centered inversion Ts E,u_,- — E_,v’j Oo(x) > —DPo(—x) +TNRy, Op(x) = Og(—x)

7 rotation around x axis R st = st s;‘ff — —si’:’].z Dy — — D, 0y — —0,

7 rotation around y axis R, 5t =8 s = =8 Dy - — D, Oy — —Oy+ TRy

7 rotation around z axis R, R R AT it Dy — D, ©) — Oy + 7Ry

4q is an arbitrary odd integer.
"With complex conjugation.
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For the effective Hamiltonian to have only the vertex
operators with multiple potential minima, the U(1) symmetry
is not necessarily required. In fact, we find that for odd-N
spin-% ladders, the ground state is either gapless or degenerate,
when the system has (i) trs and either 7 or D,, or (ii) Z, and
either 7 or D,. Both of those conditions leave the effective
Hamiltonian invariant under

by — &g+ T NRy,
~ 24)
Oy — B¢+ TRy,

so that only the vertex operators leading to some degenerate
ground state are allowed. Thus, the condition (ii) does not
require the translational invariance. We remark that for @
to transform in the above form, we must ensure that there is
no magnetization. In fact, a finite magnetization in the z axis
modifies the transformation of & and can lead to a unique
gapped ground state [68]. The absence of the magnetization
is ensured by 7" or D,. Although the present discussion based
on the effective Hamiltonian is far from mathematical rigor,
the same restriction on the ground state under the condition (i)
has been proven by the MPS formalism [2]. Actually, a slight
modification of this MPS proof also leads to the condition (ii)
[69]. Although we here only consider 7 or D,, the theorem can
be generalized to any symmetry transforming in the nontrivial
projective representation. A related discussion to the condition
(ii) is also given in the point of view of a Berry phase associated
with a local gauge twist [70].

IV. APPLICATION TO MICROSCOPIC MODELS

In this section, we apply the effective Hamiltonian to
several spin models. We especially focus on the integer-spin
chain, even-leg spin ladder, and dimerized spin systems. These
systems are known to exhibit VBS phases. We show that
the distinction between different VBS phases is given by
different signs of the coupling constant g.¢ in the effective
Hamiltonian (19). We also briefly discuss how to obtain the
edge states.

A. XXZ chain with integer spin

We first consider an XXZ chain with integer spin S and
an onsite uniaxial anisotropy, whose Hamiltonian has already
been given in Eq. (5). Possible VBS phases in this model are
schematically represented in Fig. 2 for S = 1 and 2. For § = 1,
its phase diagram has been extensively studied [8,18,19,21]
and there are two gapped disordered phases. One is the Haldane
phase locating around the Heisenberg point A = 1 and D, =
0, and the other is the large- D phase stabilized for sufficiently
large positive D,. Both the phases do not break any symmetry
of the Hamiltonian, but they are separated by a Gaussian phase
transition with central charge ¢ = 1. For § =2, the phase
diagram has also been studied [18,22-24,71-74] and again
the Haldane and large- D phases were found. However, careful
numerical simulations have indicated that there is no phase
transition between these phases [22-24]. Thus, for S = 2, the
Haldane and large-D phases essentially belong to the same
phase.

Such a difference between the S = 1 and S = 2 Haldane
phases is extended to the difference between the odd-S and

PHYSICAL REVIEW B 93, 104425 (2016)

(@) (b)
S =2 Haldane:

epepetsps

Intermediate-D:

S =1 Haldane:

Large-D: {!ﬁ\%’ﬁﬁ_ﬁ!ﬁﬁ-
@ (oo (e (e e)
Large-D:
oo\ (oo (o0
ce) 3 Go)
~— ~— ~—

FIG. 2. Schematic pictures of the VBS phases appearing in the
XXZ chain for (a) S =1 and (b) S = 2. The black dot represents
a spin—% and the black circle means the symmetrization of enclosed
spin- % ’s. Two spin- % ’s linked by the red solid line form a singlet, while
spin- % ’s enclosed by the black rectangle are frozen to the S* = 0 state.

even-S Haldane phases [12]. This fact can be seen at the level
of the effective Hamiltonian (19). Through the ladder mapping
in Eq. (7), the initial coupling g; is given by

a
g1 =—UA-D,). (25)
ao

Assuming that A < 1 and thus g3 is most relevant, we obtain
the effective Hamiltonian (19) with the coupling constant [18]

gett ~ —A(D, — JA)S, (26)

where A is a nonuniversal constant. As demonstrated in
Appendix A, it is reasonable to take the prefactor A as some
positive value.

If the effective coupling g.s is relevant, it leads to a
unique gapped ground state without any symmetry breaking.
We expect that this gapped ground state corresponds to the
Haldane phase around D, = 0 while the large-D phase for
D, > JA. For odd S, increasing D, from zero, the coupling
constant g.; must change its sign. Thus, the Haldane and
large-D phases are naturally identified as the ges > 0 and
geft < 0 regimes, respectively, and there manifestly exists a
Gaussian transition at gerr = O between those phases. For
S =1, this identification of the VBS phases by the sign of
gefr 18 justified by nonlocal order parameters [41,52,75] and
spin—% edge states [53]. On the other hand, for even S, the
coupling constant g.g never changes its sign by increasing
D,. Thus the Haldane and large- D phases can be adiabatically
connected to each other with avoiding geir = 0. From Eq. (26),
it appears that there is a gapless pointat D, = J A, as predicted
by Schulz [18]. But, a finite g is also generated from
the coupling g4 < J and then can open a gap [60,61]. We
note that a similar argument focusing on the power of the
coupling has been done by Nonne et. al. [66] in the context
of a 1D multicomponent Hubbard model. Equation (26) may
also indicate that the gap exponentially decays to zero in the
semiclassical limit S — oo.

We finally refer to the existence of the so-called
intermediate- D phase [20], which is a realization of the spin-1
Haldane phase in spin-2 chains. This phase is separated from
both the spin-2 Haldane and the large-D phases. Recent
numerical simulations on the Hamiltonian (5) showed that
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it is absent [23] or restricted in a quite narrow region on
the parameter space [22,24]. At the level of the effective
Hamiltonian, this subtlety on its existence can be seen from the
fact that it requires higher-order perturbations to change the
sign of g.rr. However, once we introduce a quartic anisotropy
D4y, (S7)*, the intermediate- D phase is stabilized for a wide
range of D4 [23,76]. Since D4 contributes to geg at the first
order for § =2, it is relatively easy to make the sign of
gefr positive, leading to the intermediate-D phase. This also
provides a strong evidence that the sign of g.f is responsible
for the distinction of VBS phases.

B. Spin tube with even N

As the second example, we consider a spin—% tube with
even N,

N
H= ZZ[JE,‘,; “Sip1j + IS Sl 27

i j=1

The ground state is in the rung-singlet phase for J; > 0, which
is smoothly connected to the direct-product state of singlets
formed on each rung, while in the spin-N /2 Haldane phase
for J, < 0. Qualitative properties of the both phases can be
understood in the strong-coupling limit J, — =oo0.

As in the integer-S XXZ chain, we can see the difference
between the odd-N /2 and even-N /2 Haldane phases in terms
of the effective coupling constant

et ~ —A'(J )V, (28)

where A’ is a positive nonuniversal constant. For N € 47, + 2,
the rung-singlet phase takes the negative sign of g whereas
the Haldane phase takes the positive sign. This indicates
that the rung-singlet and odd-N /2 Haldane phases belong to
different phases separated by a gap closing. On the other hand,
for N € 4Z, the rung-singlet and even-N /2 Haldane phases
always share the same sign of g.s and thus belong to the same
phase.

In this model, to go from the J, < O region to the J; > 0
region, we have to pass through an obvious critical point at
J1 = 0, which corresponds to the N decoupled critical chains.
However, no matter what we take as a continuous path of
parameters, we should observe a gap closing between the odd-
N /2 Haldane and rung-singlet phases, according to the change
of the sign of g in the effective Hamiltonian (19). In fact,
such a nontrivial phase transition has been observed for N = 2
by introducing a diagonal exchange coupling [38,77-81] or a
uniaxial anisotropy [55]. In contrast, we can find some path
that connects the even-N /2 Haldane and rung-singlet phases
without gap closing. For example, in the two-coupled spin-1
chains,

_JZZS'J

i j=1,2

l+1 j + JJ_ ZS' 1 12a (29)

the absence of gap closing between the spin-2 Haldane and
rung-singlet phases has been observed [12,41,82]. This can
be explained by the fact that, through the ladder mapping, ges
takes the form gegr ~ —A¢J? — A1 J? with Ag; > 0and hence
is always negative.
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C. Dimerization

The third example of interest is the open spin ladder
with an explicit dimerization. Let us consider the N-leg spin
ladder (27) with a “columnar” dimerization,

N
H =8) % (=D (30)
i j=1

which explicitly breaks both trs and Z;. This extrinsic
symmetry breaking does not affect the effective Hamiltonian
for even N but does for odd N. It allows the vertex operator
cos(®y/Ry) to be added to Eq. (20). Therefore, we can here
deal with both the odd-N and even-N cases in the same
effective Hamiltonian (19).

Equation (30) is bosonized as

N
H ~ dSZ/dx cos(v/29)), 31
j=1

where d is a nonuniversal coefficient. For N = 2, the dimer-
ization contributes to the effective coupling g as [83]

geit ~ —J1L — B&?, (32)

where B > 0, according to a similar analysis to Appendix A.
This implies that, for J; < 0, the Haldane phase with g >
0 is driven into another phase with ger < O by a strong
dimerization [84-86]. If we denote a VBS phase as the
(m,n)-VBS phase that is adiabatically connected to the state
with m singlets on each odd bond and n singlets on each
even bond, the latter phase with g.s < O is identified as the
(2,0)-VBS phase depicted in Fig. 3. On the other hand, if one
starts from the rung-singlet [(0,0)-VBS] phase for J; > 0, no
phase transition is expected since the sign of g.¢ is unchanged.

For N = 3, perturbations involving the dimerization, such
as 83 cos(«/iq&l) cos(\/quz) cos(«/§¢3) and J, 6 cos ﬁ(q)l +
@) cos(v/2¢3), generate the effective coupling

oit ~ ByJ18 + B8, (33)

with B | > 0.For J, < 0, we have a phase transition at some
finite value of 8. This is consistent with a phase transition
between the (2,1)-VBS and (3,0)-VBS phases, as found in

(a) (b)
Rung -singlet [(0,0)-VBS]: (2 1)-VBS:
TTTIL I // =l
Haldane [(11)-VBS]: ’
P (3,0)-VBS:
2.0)-VBS: S R A
(.)—. e ETRER ey

6—#6—66—6

FIG. 3. Schematic pictures of the VBS phases appearing in the
open spin ladder with the columnar dimerization for (a) N = 2 and
(b) N = 3. The black dot and red solid line represent a spin—% and
singlet bond, respectively.
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Refs. [87-89]. Schematic pictures of those phases are drawn
in Fig. 3.

In general, the dimerization (30) gives the following leading
contributions to the effective coupling g.:

N/2
geit ~ — Y BuJ*T"s (34)
m=0
for even N, and
(N-1)/2
Gefr ~ Z Bl;1 JiNfl)/27m62m+1 (35)
m=0

for odd N, where B,, and B, are positive nonuniversal con-
stants. For /|, < 0, we can find at most N distinct solutions for
gefr = 0, although the actual number of the solutions depends
on the nonuniversal constants. This may coincide with the
2S + 1 VBS phases separated by 2.5 phase transitions that have
been found in the dimerized spin-S chain [20,25,27,90-92].

D. Edge states

We can also justify the above identifications of the VBS
phases with the gapped phases of the effective Hamilto-
nian (19) by the existence of edge states. Although there exist
related discussions from the nonlinear sigma model [93] or
the Majorana-fermion description [53], we could not find any
discussion using Abelian bosonization. Therefore, we here
briefly explain how it works.

If we define the system on a finite segment i € [1,L —
1], the open boundary condition corresponds to the Dirichlet
boundary conditions on ¢; [53]:

$,(0)=0

¢;(Lag) = {gi ?rf,- N

where n; are integers. Then, the boundary condition for ® is
given by

forL €27 +1, (306)
1/2) for L € 2Z,

P(0) =0

y(Lag) — |27 R for L €2Z+1, G7)
oLE40) = Non Ry’ + N/2) for L € 27,

where n’ is an integer. Let us first consider the even-N case.
For geir > 0, @y is pinned at the potential minimum 7 Ry in
the bulk, while it is locked into O at the boundaries. (Recall
that @ is defined modulo 27t Ry.) Thus, there must be kinks
near the boundaries, at which &y jumps by mRy. Since
these kinks break the symmetry &, — —®, corresponding
to 7, Ry, and R,, each edge gives twofold ground-state
degeneracy. On the other hand, the kinks do not necessarily
break the symmetry involving 7, or Z; since the coordinate x
is also transformed simultaneously. Therefore, the boundary
degeneracy is not required for VBS phases protected only by
those inversions [11,42]. For g < 0, @ is pinned at 0 in the
bulk as well as the boundaries, so that it does not necessarily
have kinks. For the odd-N case, depending on the parity of L,
the locking position of @ differs by  Ry. This indicates that
the position of the kink, i.e., the edge state, depends on where
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we introduce cuts in the system. This is also consistent with
the VBS picture in Sec. IV C.

V. SYMMETRY PROTECTION OF VBS PHASES

In the effective Hamiltonian (19), two distinct VBS phases
are characterized by the different signs of g.s and separated
by a phase transition at g.;r = 0. However, when some of
the symmetries listed in Table I are broken by introducing
the perturbation H’, we can add new vertex operators to the
effective Hamiltonian (19). In order to see the role of symmetry
on the distinction of the VBS phases, we examine the stability
of the phase transition at g.;r = O in the presence of such extra
vertex operators. For odd N, we here explicitly break both
trs and Z; as done in Sec. IV C, so that the resulting effective
Hamiltonian takes the form of Eq. (19) as for even N. It turns
out that one of 7, Z;,, D,, and Z; x R, is sufficient to maintain
the distinction between the two gapped phases with geg > 0
and ger < O: the first three are known to protect the VBS
phases from the entanglement point of view [11], whereas the
last one is not understood in the same way and separately
discussed in Sec. V C.

In the following, we assume that H' is small enough so that
the effective Hamiltonian description with a single bosonic
field @ is still valid (i.e., g3 is most relevant and hence the
relative fields can be integrated out). Furthermore, we assume
certain uniformness of the perturbations; coupling constants
of the vertex operators do not depend on the coordinate x.
This is practically done by keeping only the ¢ =0 and 7
components from the Fourier transform of the interaction
since the other components with incommensurate momenta
vanish in the continuum limit. We do not consider random or
pointlike interactions since they cannot produce a uniform gap
that remains finite for a sufficiently large system.

A. With U(1) symmetry

We first consider the case where the U(1) spin-rotational
symmetry around the z axis is preserved. This symmetry
forbids any vertex operator of ®, and makes the analysis
much simpler. Although this case has been discussed by Berg
etal [41]for N = 2, we here clarify the full set of symmetries
protecting the VBS phase. From Table I, we find that the three
symmetry operations 7, Z;,, and R, (or R,) take the same
form of the transformation on ®:

D) — —D. (38)

For even N, Z; also takes the same form up to the shift t N Ry,
which can be absorbed into the compactification of ®,. Once
all these symmetries are explicitly broken, we can add a vertex
operator odd in ®,. Keeping only the most relevant operators,
we obtain

Hes = / dx[ <K0(3 00 + —(a ) )
o o 39
+ge“cos<RN)+gsm(RN)i|. (39)

If gesr is relevant, g is also relevant since they share the same
scaling dimension. If we vary ges from —oo to +oo with
fixed g, we can continuously connect the two minima of
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4 cos(®y/Ry) since we can unify the two vertex operators
into a single one, g’ cos(®y/Ry — y) with g’ =/g%; + &* and
y = tan"'(g/g.). Hence, the two gapped phases with g > 0
and g < 0 are smoothly connected without gap closing. One
of the four symmetries, 7, 7, Z,, and D,, together with the
U(1) symmetry, is therefore required to protect a Gaussian
phase transition between them and distinguishes the two
phases.

B. Without U(1) symmetry

Next, we do not assume the presence of the U(1) symmetry.
Then, vertex operators of ®, are generally allowed in the
effective Hamiltonian (19). We find that 7, Z,,, and D, take
the same form of the transformation on ®,

©9 — O+ Ry, (40)

as well as that on ®(, namely, &y — —Pj;. We note that
one of the elements of D, is not enough to reproduce the
above transformation properties. In the presence of one of
these symmetries, we obtain an effective Hamiltonian

1
Her = / dx[—z”0 (K()(ax@o)z n —(axd>o>2)
g K()

e (R) s ()}
8eff COS Ry cos RN .

Here, we have kept only the most relevant operator among
cos(2g®0/Ry) with g > 1. While we can also add an
additional vertex sin(20,/ Ry) when D, is broken, it can
be absorbed into the last term in Eq. (41) by an appropriate
unitary transformation. g.¢r and f have the scaling dimensions
Ko/(4R12V) and 1/(1:’12V Ky), respectively.

Let us assume that cos(®y/Ry) is the only relevant vertex
operator of ®. Indeed, in order to make all the higher-order
vertices cos(p®y/Ry) with p > 2 irrelevant, we require
1/N < Ky < 4/N. In this case, both of the couplings gt
and f appearing in Eq. (41) are relevant. Hence, if we vary
geff from —oo to 400, we will find three phases: the first
one is dominated by ger < 0, the second one is governed
by f around g = 0, and the third one is again dominated
by gerr > 0. Along this continuous path of ger, we will
find two points where neither ®; nor ®, can be locked
to the potential minima because of their dual property. At
such points, the low-energy property will be described by a
fixed-point theory in which the two vertex operators take the
same magnitude of the coupling constant and the same scaling
dimension 1 [obtained by solving Ko/(4R12V) =1 /(1?12\,](0)].
Such competitions are described by the B> = 4w self-dual
sine-Gordon Hamiltonian [94]

Hp_ir = / dx[%((mo)2 +(3:90))

+ G(cos(v/4rm Do) + cos(%@o))]. (42)

It has been known that this Hamiltonian describes the Ising
criticality with central charge ¢ = % This can be seen by
refermionizing it in terms of two copies of the Majorana

fermion (see, e.g., Refs. [51,53]).
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Therefore, we conclude that, in the presence of one of
the three symmetries 7, Z,, and D,, the gapped phase
with gesf < O is separated from that with g > 0 by an
intermediate phase governed by f, whose phase boundaries
are described by the Ising transition. In other words, a Gaussian
transition that exists in the presence of the U(1) symmetry is
now split into the two Ising transitions. Even if we assume
Ky < 1/N and make cos(2®dy/Ry) relevant [cos(2®0/1§N)
is now irrelevant], a similar result will be obtained in terms
of the double-frequency sine-Gordon model [95,96]; the two
gapped phases are again separated by an intermediate phase
whose boundaries correspond to the Ising transition. In such
an intermediate phase, there must be some spontaneous Z,
symmetry breaking, which has been numerically observed in
the absence of the U(1) symmetry [3,11,55].

Finally, we consider the case in which only the symmetry
corresponding to ®y — —®y, such as R, 7 x R, or Zj, is
imposed, while we do not impose any symmetry constraint on
®y. In this case, possible vertex operators of ®( are solely
determined by the compactification condition (22). Keeping
only the most relevant vertex of ®,, we obtain an effective
Hamiltonian

v 1
Hegr = / dx|:2—0<Ko(3x®o)2 + —(ax%f)
s K()

[N ~ O
+ gefr COS (R_N> + f cos <E>i|’ (43)

where f has the scaling dimension 1 /(41?12\, Ky). Along the
same line argued above, the maximal competition of locking
between & and O will be described by the 82 = 27 self-dual
sine-Gordon Hamiltonian [94]

Hgoopy = / dx [%((%(90)2 + (3, P0)*)
+ G'(cos(v2m D) + Cos(@@o))}, (44)

where both of the vertex operators have the same scaling
dimension % Since this Hamiltonian is known to be massive,
there is no phase transition between the two regimes governed
by gefr and by f. As a result, the two gapped phases with
geft < 0 and g > 0 are no longer distinguished and thus can
be adiabatically connected.

We conclude that two gapped phases with the different
signs of g.g are separated by phase transitions only when the
Hamiltonian is invariant under the symmetry operation

@0 —> —CI)(),
- 45)
@0 — @0 +7TRN.

The corresponding symmetries are time reversal 7, bond-
centered inversion 7, and dihedral group D,. These sym-
metries are fully consistent with those obtained by the MPS
approach [2,11,16]. We remark that, although 7, is always
together with translational invariance in those studies, Z; alone
is sufficient to distinguish two gapped phases by following the
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argument of Ref. [42]. Our result is directly applied to any
value of spin S or leg N. Together with the results in Sec. IV,
those three symmetries are necessary to distinguish different
VBS phases.

C. Trivial phases protected by Z,

We still have another symmetry whose transformation
on {®(,0} is given by Eq. (45). It is a symmetry under
the combined operation of site-centered inversion and the
rotation around the z axis, namely, Z, = Z; x R, which gives

Dp(x) > —Po(—x) + TNRy,

- (46)
Op(x) > Op(—x)+ T Ry.

This is equivalent to Eq. (45) for even N. Therefore, 7, also
ensures the separation of two gapped phases with the different
signs of g, leading to the distinction of VBS phases. One
may think that this is an artifact of our effective Hamiltonian
approach. However, this observation is also confirmed by the
MPS approach [42]. In fact, gapped phases protected by Z,
alone are not classified by the projective representation [42],
so that they are trivial phases in the sense that they can be
smoothly connected to direct-product states. This is contrasted
to the phases protected by either 7, Z,, or D;; they are
distinguished by different projective representations and thus
different entanglement structures.

In order to understand this fact, we introduce an integer-S
chain

N
H=Y" [JE- i+ > D5, (S5) - h(—l)isf}, (47)

n=1

where D, are onsite uniaxial anisotropies and 4 is a staggered
magnetic field. For S = 1, this model has already been inves-
tigated in several contexts [97-99]. The staggered magnetic
field breaks all the symmetries giving a nontrivial projective
representation: 7, Z,,, and D,. However, it still preserves Z; and
the U(1) symmetry. Then, the Haldane phase is now smoothly
connected to a direct-product state |[+ — +—---), where +
represent the S° = 41 states, and thus in a trivial phase.
Nevertheless, there still exists a phase transition between this
trivial phase and the large-D phase, which is also trivial and
connected to another direct-product state |0000. .. ), where O
represents the S° = 0 state. In Ref. [42], it has been shown
that the distinction between these trivial phases is indeed
guaranteed by Z, alone.

From the perspective of the effective Hamiltonian, through
the ladder mapping, the staggered field is bosonized as

28
—h Y (—1)'Si ~ ah Z/dx sin(v2¢;).  (48)
i j=1

For integer S, this contributes to the effective Hamiltonian (19)
as even-order perturbations and thus does not generate the
sin(®g/ Ry ) term. Since the staggered field plays a role similar
to the dimerization in Sec. IV C, it induces phase transitions at
which g vanishes.

We further provide a simple perturbative argument to see the
phase transitions between trivial phases. Let us first consider
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S = 1. Now, the uniaxial anisotropy is only Dj3. In the limit
of isolated spins at J = 0 and for D = h, the two states |+)
and |0) are degenerate on each even site, while |—) and |0) are
degenerate on each odd site. If we regard these states as the
two basis states of spin-1,

1) =1+, )
M) =10);, )

we can write the strong-coupling Hamiltonian up to the first
order in J:

Hsc = Z [27 (57 sr +57570) + Isisi

— (J +h = D3)(=1)s7]. (49)

|0); forie?2Z,
|—); forie2Z+1,

If the last term is absent, this model is nothing but an easy-plane
XXZ chain and described by a massless free boson. Since the
last term represents a staggered field and is now relevant, a
finite field immediately opens an excitation gap. Therefore,
we have a Gaussian phase transition when J = D — h and
D5, h> J.

We can proceed similar analyses for general integer-S
chains with higher-order uniaxial anisotropies Dj,. Starting
from the isolated spins and appropriately tuning D3 and
h, we can make the two states |S—1I) and |S—[—1)
degenerate on each even site, while |—S + /) and |—-S + 1 + 1)
on each odd site, for integers / =0,...,5 — 1. Applying
first-order perturbation theory in J, we can similarly obtain
an easy-plane XXZ chain with a staggered field as given in
Eq. (49). Thus, for D, ,h >> J, there will be a Gaussian phase
transition between two trivial phases that are smoothly con-
nected to the direct-product states |S —1, — S +1/,...) and
|[S—1—1,—S+1+1,...), respectively. We expect that
there is a continuity between a state | S — k, — S + k, ... ) with
k=0,...,S and the spin-(S — k) Haldane (or intermediate-
D) phase [20] since 7, Z;, and D, are explicitly broken in the
present cases. Nevertheless, there are still S-phase transitions
between trivial phases protected by Z,. Their distinction

f(D3, D) &

Do

AY

S

N

tt LA tt A
e \@oe9 \ge@ \o9

TEEE

()@ EYEY

»
>

h

Gty >

FIG. 4. An expected phase diagram for the spin-2 chain (47). The
horizontal and vertical axes correspond to the staggered magnetic field
h and some function of Dj,, respectively. The VBS pictures for three
Haldane phases realized at 7 = 0 are shown in the left, while those
for three trivial phases realized in the presence of / are shown in the
right. The arrows in the VBS pictures represent polarized spin—%’s
along the staggered magnetic field.
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follows from that those direct-product states take two different
1D representations of R, on each site [42]. A naively expected
phase diagram of Eq. (47) for § = 2 is shown in Fig. 4. Very
recently, the phase transitions among those trivial phases are
numerically verified for a spin-2 chain, in which three trivial
phases are distinguished by site-centered inversion combined
with two different kinds of 7 rotation [100].

For odd N or half-odd-integer S, the above discussion
based on the effective Hamiltonian is not applicable since
the combined symmetry Z, forbids cos(®y/Ry). However,
this instead allows sin(®(/Ry). By replacing cos(®y/Ry) by
sin(®y/Ry) in Eq. (19), it may also be possible to show the
existence of two gapped phases protected by Z, for odd N.
Those phases should be trivial and may correspond to some
antiferromagnetically polarized states.

VI. CONCLUSION

In this paper, we studied the nature of VBS phases by
means of an Abelian bosonization analysis originated by
Schulz [18]. We showed that within the effective Hamiltonian,
the distinction between two different VBS phases is given by
the difference in the sign of the effective coupling constant.
This identification of the VBS phase is consistent with the
known phase diagrams of several microscopic spin systems
and the presence of the edge states. Upon this identification,
we showed that different VBS phases are separated by a
gap closing under the four symmetries: time reversal, bond-
centered inversion, dihedral group of m spin rotations, and
site-centered inversion combined with a spin rotation. In
contrast to the first three symmetries, the last symmetry does
not give any entanglement characterization of the VBS phases;
it turns out to give distinct trivial phases. We demonstrated this
fact in a spin chain with a staggered magnetic field by using
perturbation theory.

We again emphasize that the above results obtained in this
paper are solely based on the definition that different gapped
phases are separated by a gap closing. This point of view will
be particularly important when one considers the classification
of gapped phases protected by lattice symmetries, which may
not exhibit any characteristic entanglement property. Another
interesting fact is that the two quite different approaches, a
bosonic field theory and the MPS formalism, give perfectly
consistent results not only for the symmetry protection of
the VBS phases, but also for the Lieb-Schulz-Mattis theorem
for non-translational-invariant but site-centered inversion-
symmetric systems. This may indicate some intimate con-
nection between these approaches, as it can be seen from the
continuous MPS [101].
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APPENDIX A: PERTURBATIVE DERIVATION
OF EFFECTIVE HAMILTONIAN

In this Appendix, using the perturbation theory, we provide
an evidence that a nonuniversal prefactor A in the effective
coupling constant (26) is positive. Similar discussions will be
applied to show the positivity of other nonuniversal prefactors
in the effective couplings appearing in Sec. IV. Although
the original work by Schulz [18] considered the perturbation
theory for a correlation function, we here directly work on the
partition function and derive the effective Hamiltonian.

In the bosonized expression of H + H in Sec. IIT A, g3 is
supposed to be the most relevant coupling and thus ®,, acquire
masses. We then wish to obtain the effective Hamiltonian only
with {®, ®p} by integrating out the massive relative fields
{®,, ©,}. In the following discussion, for simplicity, we only
consider the perturbation in g;, which gives an interaction term
to the resulting effective Hamiltonian.

We start from the partition function

Z = /D@ODCD] - Dq)]v_]678{1@0]7&[@”]78{"[(Do’q)“]’ (A1)

where

S.[®g] = — / dzr[i(af%)u(ax@o)z}, (A2)

2 v?
N-1
v
2

K
—~[1
e = 5— / d’ry [;(afdmz + (ax<1>v>2]
v=1

+ / d2r Z g3,(j,j’) COS \/5(9] — 9]'/), (A3)
J#J

S100.@) = [ dr Y g0 60 V20, + ). (A9
J#J

and 7 = (tr,x). The partition function is expanded in
Scr[q)09(bv] as

Z-z / Dge 5190 3 LIS, [0, 0,17),  (AS)
=0 n'

where the expectation value (. . . ), is taken with respect to the
ground state of S, [, ]:

1
(..), = E/qu DOy (e SR (A6)
Z, = /chl .. DOy e, (A7)
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If N is even, the first nonvanishing contribution appears at the (N /2)th order in S, [P, D, ]. For example, we consider

n=1

N2
Inp = <H( 81.2n— 12n))/d €08 V/2(¢hon - 1(Vn)+¢>2n(rn))> (A8)

We can write

N/2
Inj = <H (_8 1,<2n2—1,2n>) / d?r, [V 2@u1 Gk en ) 4 eiﬁ(¢zn1<r,,)+¢>z”(rn>)]>
n=1

r

N/2 N/2
~ (l_[ (—%) / dzrn)<exp (z’ﬁ > GG + ¢2m<7m>)) + H.c.> , (A9)
m=1 r

n=1

where we have dropped all the cross terms in the second line. Since the relative fields &, are disordered, the expectation values
of such terms will vanish after the integration over the coordinate. Using the canonical transformation in Eq. (14), the exponent
is rewritten as

N/2 N/2 N/2 N—1

> [$om1Gn) + )l = —= > PoFu) + > Y (s + usy) u(Fn)
m=1 \/_m 1 m=1 v=1
N/2 N/2—1N—1 2m N-1 N
Zd>o(rm>+ D u @G — @uFas D]+ Y D PuFr). (AL0)
m=1 v=1 k=1 v=1 k=1

In the last line, the third term will vanish due to the orthogonality of ug’) in Eq. (15). For N = 2, the latter two terms do not
appear. Substituting this expression into Eq. (A9), we see that the second term gives a product of correlation functions

N/2—1
< 1—[ eiﬁwm<Fm)ei~/§wm<F,,,+l>> , (A11)
m=1 r
where we defined
N—1 2m
W, () =D u @, (). (A12)
v=1 k=1

Since W,, are sums of the disordered fields ®,,, their correlation functions exponentially decay. If the masses of W, are sufficiently
large, the correlation functions rapidly decay and hence a leading contribution to the integral (A9) may only come from their
amplitudes at 7, ~ 7,,,1. Thus, we approximate the correlation functions as delta functions and obtain

N/2 N/2 N/2—1
Injp ~ (1—[( 81, <zn212n>> f dzrn> |:exp (21\/7 > <I>0(rm)> ]"[ Cnd(F — rm+1)+Hci| (A13)

where the amplitudes C,, are nonuniversal constants and positive by definition. After integration over the N/2 — 1 coordinate
variables, we obtain a vertex operator only with ®:

N/2—-1 N/2
Inp &~ —( ]_[ C )(]_[ (—%)) /d2r cos (V2N @ (7). (A14)

n=I1

Similar contributions arise from any possible pairing of ¢ ;. Putting them back onto the action in Eq. (A5), we obtain the effective
action Se[ Do] defined through Z ~ f Ddye~Sel®l Tf the couplings between chains do not depend on j, namely, g1, ;) = &1,
we can write the effective action as

Sarl®o] ~ 7 / dzr[%(mo)z + (axcbo)?} — (g / Pr cos(vIN D), (Al5)

where the nonuniversal coefficient A’ is positive since it is solely proportional to a sum of products of the positive amplitudes
C\Cy...Cyja—1.For N = 2, this is simply read off as A’ = 1. Equation (A15) corresponds to the effective Hamiltonian for even
N in Eq. (19). For odd N, the above procedure is repeated for the Nth order perturbation in g;, yielding Eq. (20).
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APPENDIX B: COMPACTIFICATIONS
OF BOSONIC FIELDS

In this Appendix, we derive the compactification condition
for the center-of-mass field (22). Each chain bosonic field is
compactified as

¢j~¢j+27l’l’lj}", 9j~9j+2ﬂmjf» (B1)

where n; and m; are arbitrary integers, and r and 7 are
compactification radii satisfying r7 = % In this paper, we
choose

1
—. (B2)
V2
After the canonical transformation in Eqgs. (14) and (16), we
have the compactification conditions

r=r

2rr
Py~ g+ —= ) nj, (B3)
«/W; !
JTN N
Oy~ Oy + — (B4)
R
N
o, ~ &, + 277 Zug.”)nj, (BS)
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N

O, ~ O, + 217 Y u'm;. (B6)
Jj=1

These conditions are true when all the fields remain free.

However, when the relative fields ®, are pinned at the values

in potential minima as in Sec. III B, the condition for ®

is modified. In this case, the fluctuations of ®, are strongly

suppressed and this gives a set of constraints on m ;:

> ulm; =o0. (B7)
J

Recalling the orthogonality of u(j"), the solution of these linear
equations is easily found as

= My, (B)

where M, is an arbitrary integer. On the other hand, n; have
no constraint and we set Z n; = Np with a single arbitrary
integer Ny. Hence, we obtam the compactification condition

for {@0,@0}.
Oy~ Py +2rRyNy, Oy ~ Oy +27RyMy,  (B9)

where we have set

Ry = — R —,/N
MmN YTV

These compactification radii still satisfy Ry Ry = %

(B10)
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