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Affleck, Kennedy, Lieb and Taski (AKLT) constructed an exemplary spin-3/2 valence-bond solid
(VBS) state on the hexagonal lattice, which is the ground state of an isotropic quantum antiferro-
magnet and possesses no spontaneous magnetization but finite correlation length. This is distinct
from the Néel ordered state of the spin-3/2 Heisenberg model on the same lattice. Niggemann,
Kliimper and Zittartz then generalized the AKLT Hamiltonian to one family invariant under spin
rotation about the z-axis. The ground states of this family can be parameterized by a single param-
eter that deforms the AKLT state, and this system exhibits a quantum phase transition between
the VBS and Néel phases, as the parameter increases from the AKLT point to large anisotropy.
We investigate the opposite regime when the parameter decreases from the AKLT point and find
that there appears to be a Berezinskii-Kosterlitz-Thouless-like transition from the VBS phase to an
XY phase. Such a transition also occurs in the deformation of other types of AKLT states with
triplet-bond constructions on the same lattice. However, we do not find such an XY-like phase
in the deformed AKLT models on other trivalent lattices, such as square-octagon, cross and star
lattices. On the star lattice, the deformed family of AKLT states remain in the same phase as the
isotropic AKLT state throughout the whole region of the parameter. However, for two triplet-bond
generalizations, the triplet VBS phase is sandwiched between two ferromagnetic phases (for large
and small deformation parameters, respectively), which are characterized by spontaneous magneti-
zations along different axes. Along the way, we also discuss how various deformed AKLT states can
be used for the purpose of universal quantum computation.

I. INTRODUCTION

Quantum magnetism!, since the invention of Heisen-

berg model and later Bethe’s solution in 19312, remains
a very active research field with various fascinating phe-
nomena emerging, such as quantum phase transitions3,
spin liquids®, and topological order®®, etc. The Heisen-
berg model has been studied in higher dimensions and ex-
hibits Néel order for various spin magnitudes on various
bi-partite lattices. The spin-3/2 Heisenberg model on the
hexagonal lattice is such an example. In contrast, Affleck,
Kennedy, Lieb and Taski (AKLT) constructed an ex-
emplary spin-3/2 valence-bond solid (VBS) state on the
hexagon lattice, which is the ground state of a quantum
antiferromagnet whose Hamiltonian is also invariant un-
der spin rotation, and possesses a finite correlation length
but no spontaneous magnetization?. Such a VBS phase is
an generalization of the 1D Haldane phase to two dimen-
sions, and is also of interest given recent development in
symmetry-protected topological phasest®2  Addition-
ally, from the viewpoint of quantum computation, the
spin-3/2 AKLT state on the hexagonal latticet*14 as well
as other trivalent lattices™®, has been shown to provide
the necessary entanglement for implementing universal

measurement-based quantum computationtt.

Niggemann, Kliimper and Zittartz (NKZ) generalized
the AKLT Hamiltonian to one family that is invariant
under spin rotation about the z-axis*’. The ground
states of this family can be parameterized by a single
parameter (denoted by a below) that deforms the AKLT
state. They found that the system exhibits a quantum
phase transition between the VBS and Néel phases, as
the parameter a increases from the isotropic AKLT point

(a= \/3) to large anisotropy a. The transition can be ob-
tained accurately by mapping to a classical eight-vertex
model and agrees with their Monte Carlo study, yield-
ing a critical point at a.; ~ 2.54. In Ref¥ the authors
have studied the family of AKLT model on the honey-
comb lattice by using the product-wavefunction renor-
malization group method!?. They calculated the de-
tailed parameter-dependence of Néel order and correla-
tion length and confirmed the phase transition between
the VBS and Néel phases. Incidentally, a recent work
by Darmawan, Brennen and Bartlett showed that, as re-
gards to quantum computation, in addition to the utility
at the AKLT point!314 this family of deformed AKLT
states can be used as a universal resource for a > 1 in
the VBS phase up to the same VBS-Néel transition®’.

For small a parameter (a < 1), the deformed family is
less explored, and the classical model by NKZ is no longer
valid, so we are motivated to examine this regime further.
When the parameter a decreases from the AKLT point
and we find, via the numerical tensor-network methods,
that there appears to be a Berezinskii-Kosterliz-Thouless
transition at a.; ~ 0.42 from the VBS phase to an quan-
tum XY-like phase. Such a transition also occurs in the
deformation of other types of AKLT states with triplet-
bond constructions (more details below). In contrast, on
other trivalent lattices, such as square-octagon, cross and
star lattices, we do not find such an XY phase in the de-
formed spin-3/2 AKLT models. On the star lattices, the
deformed family of AKLT states (with the singlet-bond
construction) remains in the same phase as the isotropic
AKLT state throughout the whole region of the param-
eter considered. Moreover, for two triplet-bond gener-
alizations, the triplet VBS phase is sandwiched between



two ferromagnetic phases (for large and small parame-
ters, respectively), which are characterized by sponta-
neous magnetizations along different axes. The deformed
AKLT states on various trivalent lattices, therefore, pro-
vide a rich variety of phases.

For the various deformed AKLT families, we also dis-
cuss whether they can be used for universal quantum
computation. The situation at the exact AKLT point was
previously studied in Refs ¥4 on the hexagonal lattice
and in Ref12 on other trivalent lattices. In particular, we
find that the resourcefulness of the deformed AKLT fami-
lies, for all four types of bond states, persists (from a = 1)
up to the transition of the VBS to the ordered phase on
the square-octagon and cross lattices, extending the re-
sults of Darmawan, Brennen and Bartlett on the hexag-
onal lattice?). The loss of the capability for universal
quantum computation for these deformed AKLT states
is due to the growth of the size of an effective qubit to
a macroscopic size, and this is consistent with the per-
colation of ferromagnetic or antiferromagnetic domains
at the transition. However, on the star lattice, regard-
less of the type of bonds, the deformed AKLT states are
found not to have the capability for universal quantum
computation.

The paper is organized as follows. In Sec. [T we de-
scribe the spin-3/2 AKLT states with various bond gen-
eralization and local deformation. In Sec. [[TIl we discuss
how to express these various states in terms of tensor
network or tensor product states?. We also review the
method of the tensor renormalization group (TRG)44,
which is used to find the overlap of the wave functions
in a polynomially efficient way. In Sec. [[V] we first
briefly review a mapping from the deformed AKLT state,
|¥(a,w)), to the 2D classical eight-vertex model, from
which the critical point between the disordered phase
and an ordered phase can be obtained analytically. We
then discuss how the deformation can be applied to the
AKLT model via the tensor product states and present
the phase diagram of the deformed AKLT state on the
hexagon lattice by evaluating the order parameter, a scale
invariant quantity (which we call the Chen-Gu-Wen X-
ratio) and the correlation function. The transition point
from valence bond state to ordered phases agrees with
analytical results via mapping to classical models. In
Sec. [V] we focus on other trivalent lattices, such square-
octagon, cross and star lattices and study the respective
phase diagrams. In Sec. [VII} we discuss how various de-
formed AKLT states can be used for universal quantum
computation, in particular on square-octagon and cross
lattices. We conclude in Sec. [VIII] with a summary and
some discussion. In Appendix [A] we briefly review the
classical vertex models®**24, The exact solution of free
fermion model is given in Appendix In Appendix [C]
we review the classical Ising model on the union jack and
checkerboard lattices, and use the property to explain to
critical point from disordered phase to ordered phase on
the square-octagon lattice as well as the behavior of the
spontaneous magnetization.

II. AKLT STATES, THEIR DEFORMATION
AND GENERALIZATION WITH TRIPLET
BONDS

The AKLT state. The original spin-3/2 AKLT state
is constructed as follows”. One splits a spin-3/2 particle
into the three virtual spin-1/2 degrees of freedom and
each virtual spin-1/2 particle forms, with its partner vir-
tual spin-1/2 particle on the adjacent site, a singlet state,
| 1) — | 41). The on-site Hilbert space of three virtual
spin-1/2 particles is then mapped to that of a physical
spin-3/2 particle by projecting onto the symmetric part
to the tensor product of three spin-1/2 spaces, as shown
in Fig.|1|(a). The AKLT state has a closed form in terms
of tensor product state (TPS), with a local rank-4 tensor
at each site, where three virtual indices represent the de-
grees of freedom the three virtual spin-1/2 particles, as
shown in Fig. [1] (a).

The AKLT state on the hexagonal lattice is a valence
bond solid state and it is an exact and unique ground

state of the following two-body interacting Hamiltonian®,

Haxir = Z(hAKLT)ij

where the sum runs over all nearest neighbor pairs of
lattice sites and S; is the spin-3/2 operator. From the
construction of the AKLT state, it is easy to see that
(S*) =0 for a =2x,y,2

In contrast, the Heisenberg model on the hexagonal
lattice exhibits Néel order and hence is not in the same
phase as the AKLT model. In fact, the phase diagram has
been explored by allowing the second and third terms to
have varying coupling constants Jo and Js, respectively,
while preserving the rotational symmetry=”

— —

H= Z[ i S+ Da(Si S+ s(Si S (@2)

A phase transition between the disordered VBS phase
and Néel phase can occur for sufficiently large J3.

Deformation. In this paper we focus on the family of
spin-3/2 AKLT ground states parameterized by a single
parameter a as follows'Z,
[W(a)) o< D(a)®*N|¥ak 1), (3)
where D(a)®¥ is to apply operator D(a) to each phys-
ical particles, where D(a) = dzag(f, 1,1, f) in the
S% basis and N denote the total number of sites. This
ground state at a fixed a is a unique ground state of
a 5-parameter Hamiltonian constructed in Ref™, whose
detailed form is not repeated here. But a simplified par-
ent Hamiltonian such that |¥(a)) is the ground state can



written alternatively as

H(a) = Z D;j(a)(hakrr)ijDij(a), (4)
(i,5)

where we have defined, for convenience, D;;(a) =
[D(a);' ® D(a)j_l]. For a = /3, the Hamiltonian re-
duces to Eq. and the ground state is the AKLT state.

By examining the properties of the ground states, NKZ
found that there is a phase transition at a. ~ 2.5416
from the disordered VBS to a Néel ordered phase as a
increasestd. The emergence of the Néel order can be un-
derstood in the large deformation limit a — oo, where
there are two possible configuration of neighboring sites:
(i) | ) (i.e. S*| ) = 2| ©1)) on the first sublattice and
a| ) (ie. S*[4) = —2| I})) on the second one and (ii)
vice versa. The resulting ground state is a superposition
of two possible Néel states: |¥(a — o0)) = | fUY ... O
Y+ | I ... §). Even though it is of the Schrodinger-
cat form, small fluctuations will break the Zs symme-
try and the ground state will select spontaneously either
| A oo ) or | U ... ), displaying long-range or-
der. Thus, a transition between VBS and Néel phases is
expected.

In the other limit a — 0, the basis states | 1) and | )
are suppressed and the resulting ground state is essen-
tially composed of spin-1/2 particles (except that +3/2
components of S* and SY are allowed), and one expects
that the U(1) symmetry on the x-y plane might give rise
to an XY phase. A major question to be addressed in
the one-parameter deformed AKLT state is whether an
XY phase actually emerges or whether there might be
any other phase that is not previously identified by NKZ
and if so where the transition is.

It turns out that it is particularly helpful to use the
tensor network representation of the state and see the
phase transition by tuning the parameter. In particu-
lar we will employ a renormalization scheme of the ten-
sors, coined the tensor renormalization group (TRG),
much in the spirit of the spin blocking scheme used in
the coarse graining of the Kadanoff real-space renormal-
ization group (RG) approach. For example, we con-
firm the phase transition from valence bond solid state
to Néel phase by calculating directly the magnetization.
For the small a region in the deformed AKLT model
on the hexagonal lattice, we find that as a decreases,
the VBS phase makes a transition to the XY phase via
a Berezinskii-Kosterlitz-Thouless (BKT) transition¢28
first revealed in a classical XY model, and later studied
in quantum spin-1/2 models, see e.g#?*3L. This conclu-
sion is reached by characterizing the scaling behavior of
the correlation length.

Generalization with triplet bonds. The original
AKLT states, including the one-dimensional (1D) spin-
1 AKLT state and the two-dimensional (2D) spin-3/2
AKLT on hexagon lattice, were constructed using the
virtual qubit pairs forming a singlet bond, i.e. [¢p7) =
|01) — |10), where o*|0) = |0) and c*|1) = —|1). How-

ever, there are three other orthogonal maximally entan-
gled quantum states of two spins in the form of triplet
bonds, which can also be used in the general construc-
tion,

%) = 00) = [11)
) = [01) + [10). (5)

It is worth mentioning that the 1D AKLT states built up
from different bond states |w), w € {¢T, 1%} belong to
different symmetry protected topological ordered phases
with different 1D representations.

A natural question is what difference will be for these
2D deformed AKLT states, labeled by |¥(a,w)), where a
is the same deformation parameter used before. In gen-
eral, the valence bond state construction can be used on
any lattices, and with regards to spin-3/2 cases, on lat-
tices with coordination number three, such as the hexag-
onal, square-octagon, cross and star lattices, all of which
will be considered below.

As a brief summary, we find a phase transition at
a. = 2.5425 on the hexagonal lattice and a. = 2.6547
on the square-octagon lattice and a, = 2.7280 on the
cross lattice, separating the disordered VBS phase from
an ordered phase (antiferromagnetic phase for w = =
and ferromagnetic phase for w = ¢*). The XY phase
only appears in the hexagonal lattice and the BKT-like
transition is located at a. = 0.42. In particular, the
star lattice is geometrically frustrated and the frustra-
tion effect has important consequences on the ground-
state properties, especially bonds with w = 1*. Namely,
the deformed AKLT states constructed with these bond
states remain disordered and in the same phase for all
parameters a¢ > 0. In contrast, for the deformed AKLT
states, |¥(a,w = ¢*)), on the star lattice with ferromag-
netic bond state |¢T), we find a phase transition from
the disordered phase to an ordered ferromagnetic phase
at a. = 3.0243, as well as another transition at a. = 0.58
to another ferromagnetic phase.

III. THE GROUND STATES IN TERMS OF
TENSOR NETWORK STATES

In this section, we discuss the tensor-network form of
the various ground states, parameterized by parameter
a. To begin with, we consider the original AKLT state
under deformation D(a),

@) o< D(a)®N[¢akrr), (6)
where D(a) = cliag(%7 1,1, %) in the S* basis. Locally

the physical degree of freedom can be obtained by apply-
ing a map D’(a)P to the three spin-1/2 particles at each
site, where P is the projector that map the virtual space
to the physical one,

P =| )(000| + | 1) ({001| + (010] 4 (100|)+
| 1) ((011] + (110] + (101]) + [ 4)(111f,  (7)



and the D’(a) is a local deformation as

D'(a) =a(| (M [+ H )+
[ DA T+TDE (8)

Hence, the AKLT wave function with deformation can
be written as

v =@ (D'@P) @ (9)

veV leL

where the bond states are placed on every link [ of lattice
and the projectors D’(a)P map the virtual space at each
vertex v to physical space. In general, we can place any
bond state |w) as shown in Tableon each edge of lattice.
For tensor multiplication, it is natural that two neighbor-

w z base x base y base
¢7  ]00) +[11)  [0:02) + [1o1s)  [0y1y) + [1,0,)
¢~ 00) —[11)  [021z) +[120z)  |040y) + [1y1y)
P |01) +[10)  [0:02) — [1a1a)  [0,0y) —[1y1y)
v~ |01) —10)  |0s1s) — [1402)  [Oy1y) — [140y)

TABLE I. The representations of bond states with different
basis.

ing virtual spins of two different physical sites are in the
same state, i.e |¢1) = |00) + |11). In particular, these
four two-qubit orthogonal basis can be transformed each
other by local operator. For example,

67) = 100) — [11) = I ® 0*[¢ ™)
[¥F) =101) +[10) = I @ 0"[¢ )

™) = 101) — [10) = I ®io¥|¢™), (10)

where I denotes 2 x 2 identity matrix, and o*,i € {x,vy, 2}
are Pauli matrices. The hexagonal lattice is bipartitioned
into A and B sublattice sites.

The deformed AKLT wave function with bond state
|w) can be represented by

0(a.2) =@ (D'@P) @i =

veV leL
[¥(a, k) =@ (D'(@P) Ra*ls*)
veV leL
= ® (D/(a)P)U ® (D/(Q)P(Uk)®3)v®|¢+>la
vEV, vEVE el

(11)

where 0%,k € {0,z,y, 2z} are Pauli matrices and 0 =
I. Graphically this construction is shown in Fig. (a).
The deformed AKLT state can thus be represented as
a tensor-network representation on the hexagonal lattice
with bond state |w) (of bond dimension x = 2) given by

W(a,w))= Y ATr(A B2 ANB)|s151..5,),
81,82,....SN

(12)

FIG. 1. (a)The Valence bond picture of the spin-3/2 AKLT
state on the hexagonal lattice: The circles represent the map
form virtual to physical spin space, the dots represent the vir-
tual spins, and the lines represent the maximally entangled
bond. (b) Contract the physical index of a tensor on a lattice
site a with the physical index of its complex conjugated ten-
sor and remove the non-diagonal term that one double bond
shows an anti-parallel pair to form a single bond tensor. (c)
Horizontal contraction of two lattice sites belonging to the
sublattices A and B respectively.

(a) (b) (c) (d) ;

FIG. 2. The lattice structure (a) hexagon, (b) square oc-
tagon, (c) cross, (d) star

where A% 5 and B(Z 5,+, are rank-4 tensors with phys-

ical index s; and s;, respectively, and internal indices
aiBivi and ;fjv;, respectively. The s; € {f,1,{,{}
corresponds to the basis of S = 3/2 states. The “tTt”
denotes tensor contraction of all the connected inner in-
dices according to the underlying lattice structure. For
example, the nonzero elements of the tensors with defor-
mation a and bond state |¢~) are

Agoo =a, AIOO = Agm = Agm =1

Alfu =a, A%Ol = A%IO = Aéu =1, (13)
Bﬁn =a, BIOl = BIlO = Bgn =-1
Bgoo = —a, 3301 = Béw = B(%(n =1 (14)

It is straightforward to write down the tensors of the
AKLT states with other bond states w.

A. Other lattices

Below we discuss the deformed AKLT states with var-
ious bond states and on various other trivalent lattices.



FIG. 3. (a) The tensor network representation for square
octagon lattice. (b) Combining the four tensors in a square
to form a new tensor. The square octagon lattice thus deforms
into a square lattice with T, (white) and T3 (black) tensors
on the respective sublattices.

Square-octagon lattice. The deformed AKLT wave
function on the square-octagon lattice also can be rep-
resented by the tensor network state with A (black cir-
cle) and B (white circle) sublattice in Fig. 3| It can be
built by maximally entangled state |w) that can trans-
formed by applying Pauli matrices (0%,0Y,0%) to |¢pT) =
|00) + |11), as follows:

¥(a,) = @ ((")D'(@)P)

v

veVa
® (= 0(@P) @lo*),  (15)
veVR leL

where k € {0,2,y,2} and 0 = 1. The local tensors can
then be written down easily.

We resort to the TRG method to calculate the phys-
ical quantities and describe the steps, for example, on
a square-octagon lattice starting with the original local
double tensors T 4 (or Tg), which can be formed by merg-
ing two layers tensors A (or B) and A* (or B*) with the
physical indices contracted. From this we build a new
rank-3 tensor as shown in Fig. b) by combining the
four tensors around a square to form a new tensor T,
and T’;. The original square-octagon lattice tensor net-
work is now mapped to a square-lattice model, for which
one can then apply the usual TRG method.

Cross lattice. The deformed AKLT family wave func-
tion on the cross lattice also can be represented by a
tensor network state with A (black circle) and B (white
circle) on respective sublattices in Fig. |4l The wave func-
tion is given formally by Eq. (L5), except on the cross lat-
tice. The local tensors can then be written down easily.
To compute physical quantities with TRG, it is useful to
merge the local tensors into to a tensor network on the
kagome lattice.

Star lattice. To construct the ground state, we use the
tensor network and valence bond solid construction once
again. The wave function with six sublattice as shown in

FIG. 4. (a) The tensor network representation for cross
lattice. (b) Combining the four tensors in a square to form a
new tensor. The cross lattice deforms into a kagomé lattice
with three tensors on the respective sublattices.

FIG. 5. (a) The tensor network representation for star lattice
with six sublattices. (b) Combining the three tensors in a tri-
angular to form a new tensor. The star lattice deforms into a
hexagon lattice with two tensors on the respective sublattices.

Fig. 5| (a) can be given by

¥(a,w) = Q) ((@")¥D@Pr) & ((@")*D'(Pr)

v

veEVA veEVER

0% (D’(a)P)v 0% (D'(a)P)v

veVe veVp

0% (UkD’(a)P)v 0% ((o—k)®3D'(a)P)v
veEVE veVER

Q1) (16)
leL

The local tensors can then be written down easily. To
compute the physical quantities by using TRG, we can
merge nearby local tensors to form a tensor network on
a hexagonal lattice.

B. Numerical methods

In a two-dimensional system, it is difficult to calculate
the tensor trace (tTr) exactly since all indices on the con-
nected links in the network need to be summed over. Sev-
eral approximation schemes have been proposed as solu-
tions in this context such as the projected entangled pair



states (PEPS) algorithm®3233. the corner transfer ma-
trix renormalization group (CTMRG) method®#2 the
tensor renormalization approach?239%39 the higher order
tensor renormalization group (HOTRG)*?, and the ten-
sor network renormalization (TNR) method**¥2 which
tackle this problem essentially by using truncation to
scale the computational effort down to the polynomial
level. In this paper, we use the tensor renormalization
group (TRG) approach which is akin to the real space
renormalization in the way that, at each step, the RG
is structured by merging sites (by contracting respective
tensors) and truncating the bond dimension according to
the relevance of the eigenvalues in the Schmidt decompo-
sition of the old tensors. Each step of the TRG approach
reduces the number of sites by half. Eventually, the en-
tire network collapses to only a few sites and the double
tensor trace appearing in the expectation value can be
calculated easily.

IV. THE DEFORMED AKLT FAMILY ON THE
HEXAGONAL LATTICE

A. Mapping to a classical vertex model

In this section, we study the phase transitions of a
family of quantum spin-3/2 models on the trivalent lat-
tice such as a hexagonal lattice, a square octagon and a
cross lattice analytically and numerically. In the work of
NKZ17, they found the phase transition of between the
VBS phase to a Néel phase in the one-parameter family of
the deformed AKLT state on the hexagonal lattice. They
showed that the ground state properties can be obtained
from the exact solution of a corresponding classical eight
vertex model, and the resulting transition point agreed
with their Monte Carlo simulations. We briefly review
their classical mapping. First, they look at the norm
(U|¥) of the ground state with bond state [p~) (and
|pT) as well). In graphical language, that means they
place a copy of the lattice on top of the first one and con-
nect the vertices which lay exactly on top of each other
as shown in Fig. (b) In tensor network language, af-
ter contracting physical index, the tensor is called double
tensor that means each virtual bond contain two indices
such as o,/ € {0,1}. The double tensor with at least
one unequal pair (0, 1) are called off-diagonal vertices and
vice versa.

The classical vertex model consists of the 16 vertex
weight w(iy, i9,13,74) in which the iy, can take value 0 for
left /down arrow and 1 for right/left arrow (see Appendix
IA). The first step is to treat the two-valued state vari-
able of double tensor as single bonds. This step is we
called “diagonal approximation”. Interestingly, for the
hexagonal lattice, it was shown inZ, that the probability
of finding an unequal pair (0,1) for each bond vanishes
exponentially as a increases. The off-diagonal vertices
become negligible in the regime of the phase transition
between VBS and an ordered phase. Thus, the double

tensor can be treated as a the diagonal vertices, with
double indices reduced to only one index on each bond.

The second step is to map the network on the hexago-
nal lattice to that on the square lattice. This can be done
by contracting all horizontal links in Fig. c). Now the
norm of ground state represented by double tensors is a
16-vertex model on the square lattice. This is still not a
solvable model, then by applying a Hadamard transfor-
mation to all bonds, all vertices (in the sense of vertex
models) which have an odd number of arrows pointing to-
wards them have a vanishing Boltzmann weight. There-
fore, a eight-vertex model can be obtained with the fol-
lowing weights of vertices,

1
wy = i(a2 + 3)? (17)
1
wQ:wgzw4:w5:w6:§(a2—1)2 (18)
1
wy = wg = 5(a2 +1)2 -2 (19)

Moreover, the Boltzmann weights of this eight-vertex
model satisfy the free fermion condition (see Ap-
pendix. For a > 1, all vertex weights are non-negative.
By exploiting such mapping, NKZM showed that for

a < G, = 3+ 2\/§ ~ 2.5424 the original quantum
state is in a disordered phase while for a > a., the quan-
tum state exhibits Néel order. Both the AKLT point
a = /3 and the infinite temperature point a = 1 lie
within the disordered phase.

In addition to the results just summarized from NKZ
we also replace the singlet bond states by the three triplet
states. In tensor network language, this means that we
exchange the bond generators by ¢ or ¢* or the iden-
tity respectively. It turns out that the norm square from
the deformed AKLT with different bond states all get
mapped to the same classical model, as the lattice is bi-
partite and any bond states can be related to one another
by a physical local unitary transformation (which cancels
in the double-layer contraction).

B. Spontaneous magnetization with tensor network

As a check and benchmark, we study the magnetiza-
tion near this transition with the tensor-network method.
As explained above, depending on the bond state |w), the
corresponding VBS phase will make a transition to either
antiferromagnetic or ferromagnetic phase, but the tran-
sition point in terms of a is the same.

As shown in Fig. @(a), our numerical results verify that
the second order transition between the VBS and ferro-
magnetic phase with w = ¢* occurs at a., = 2.5425 and
it can be characterized by a nonzero spontaneous magne-
tization in the FM phase. As for the antiferromagnetic
case (with w = %), the system undergoes a second-
order quantum phase transition from the VBS phase to
the Néel phase characterized by staggered magnetization

(87 =% Zfil(—l)i<sz> as shown in Fig. |§|(b)
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FIG. 6. The magnetization (S*) and staggered magnetiza-

tion (S?) as a function of parameter a using TRG with bond
dimension D. = 24 on the hexagon lattice. It indicates a tran-
sition from VBS phase to ordered phase at ac, = 2.5425 with
(a) w = ¢F and (b) w = ¥*. However, it does not capture
the phase transition from XY phase to VBS for bond state

We remark that if the wave function in the ferromag-
netic phases is a superposition of both possible ordered
states, we will have zero magnetization. The spin-up fer-
romagnetic phases will give a positive magnetization and
the spin-down one will give negative magnetization. The
equally weighted superposition of them gives rise the zero
magnetization. In order to obtain the spontaneous mag-
netization we can apply a very tiny symmetry breaking
field in practice (and check that the obtained magnetiza-
tion is independent of the small breaking field). But this
is usually done at the level of the Hamiltonian. However,
here we only have the ground-state wavefunctions. We
achieve the effect of symmetry breaking by applying, e.g.,

~ 2 N N
v Vi v
= =<—.— .—>
=) =TS tu-l
-1 V1 vt
vt iy

FIG. 7. The quantity X2/X: obtained by taking the ratio
of the contraction value of the double tensor in two different
ways. Xo/X; is invariant under gauge transformation, such
as unitary operators U and V. It can be used to distinguish
different fixed-point tensors.

an operator

1+2h. O 0 0
_ 0 143h. 0 0
Ofhz) = 0 0 1-2in, 0 ’
0 0 0  1+432h,

(20)

to all sites of the ground-state wavefunction before evalu-
ating the magnetization, where h, is a small numer such
as 1075, For staggered magnetization, we apply O(h.)
and O(—h;) to different sublattices, respectively. The
transition from the magnetization (or staggered magne-
tization) for all cases is found to be at a., = 2.5425,
consistent with results from NKZ.

C. Chen-Gu-Wen X ratio

In the special limit case a — oo, the effective terms
of local tensor representation in A site are Agoo = a,
AY,| = a and in B site the effective ones are Bly, = a,
B}, = a for bond state |¢*) and B, = a, BY, = a
for bond state |[¢)F). In this limit the wave function is
a cat state, containing two dominant configurations |
L4, and | UL U, -.) for the bond state [¢pF),
and | 1, M, -y and | 4, 4,4, 4, ...) for the bond state
|¢%). So the transition from the disordered VBS to the
ordered phase is expected and is exactly what has been
found and the transition point is labeled as a.,.

However, for a < 1 the diagonal approximation is not
valid, and thus the classical vertex model cannot be used
to describe this region. But from arguments presented
in Sec. [[] we expect that an XY phase might emerge, as
the | 1) and | {) components are suppressed. We shall
examine this small a regime in detail later.

Since our ground states are expressed in terms of the
tensor network, there is a useful quantity, which we call
the X-ratio, introduced by Chen, Gu and Wen*?, that can
be used to probe phase transitions. For a local tensor,
the X-ratio is given by X5/X;, where X; and X5, shown
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parameter a. For a > 1, it displays a phase transition at
ac, = 2.5425 on the hexagon lattice for w = o*,v*. The
critical exponent vq, ~ 1.01. However, it is not clear for
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as diagrams in Fig. [7] are defined as follows,

2
Xl = Z AZvaayﬁ X (AZ/,B’,OL',ﬁ’)* 5
s,a, 8,0/,
Xz = > (Afxﬁmﬁ x Afy,é,a,é) X

s,8",0,8,7,6,2/,8" 7,6

(A% )" X (A g7,00.50)") (21)
According to Chen, Gu and Wen, this X-ratio is expected
to have the same value in the same phase after sufficient
RG coarse-graining, and therefore can be used to detect
phase transitions®). To compute this, we use the tensor
renormalization group (TRG) to flow our wave function
to the fixed point (or for large number of coarse-graining
steps) and compute the invariant X-ratio Xo/X;. A
sharp change in the X-ratio signals a phase transition.
The resulting X-ratio vs. parameter a is shown in
Fig. [§] and we monitor its value as the number of RG
steps increases. We clearly see that a phase transition is
identified at a., = 2.5425, which coincides with the tran-
sition between the VBS and ordered phases. The value
of the X-ratio in the ordered phase can be understood
as follows. As the wave function in the large a limit is

a superposition of | 11, I, 11, U ..) and | 4,1 U, 1, ...), and

such a cat state has non-trivial Xo/X; = 1/2. For ex-
ample, the state | 1,4, M4, ...) + | 4,4, 1, ...) on the
square lattice can be represented by the tensor product
state with nonzero components: Afl,,, and Alf1117 leading
to X5/X1 = 1/2. We remark that as a approaches a, ,
the curves for X5/X; in Fig. show a crossing, and from
this we obtain the critical exponent v,, ~ 1.01 using the
scaling method in Ref44,
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FIG. 9. The (S®) and (SY) as a function of parameter a in
bond state w = ¢~ with small perturbation (a) with different
small field hg along z direction and (b) in the XY plane along
angle 0 with hy = 5 % 107°.

Between 0 < a < 0.5, there seems to be a non-trivial
value of X5/X; and it suggests that there is a transition
there. However, the results are noisy and are likely due
to the fact that TRG cannot handle critical states well
without using sufficiently bond dimensions, so we must
examine this region more carefully with other quantities.

D. XY-like phase: induced magnetization and
correlation length

We now examine the phase diagram by tuning param-
eter a with bond state w. We find the planar state and
(anti)ferromagnetic phases, as well as a valence bond
solid (VBS) state between them. To examine the mag-
netic properties, we apply a finite small field hy along 6
direction in XY plane to obtain the induced magnetiza-
tion. To realize this in the wavefunction, we can apply
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to it with an effective field operator,

, 3 1 1 3
D(hg)=U], diag(1+ 5 ho, 145 ho, 1= 5 ho, 1= ho)Ups.

(22)

where Uj, = ei(m/2)5% ¢i05% ig an unitary gate that takes

6 direction back to Z direction. The induced XY or-
der magnetization depends on the magnitude of the field
hy as shown in Fig. @(a), demonstrating that there is
no spontaneous magnetization. The results, presented
in Fig. [9(b), show that the induced XY magnetization
cos(0)(S®) +sin(#)(SY) has a magnitude that is indepen-
dent of the 6 direction. This is consistent with the fact
that the wavefunction does not have a spontaneous mag-
netization and has a U(1) symmetry, hence it suggests
that this may correspond to an XY phase.

To check the important feature of the XY phase that
the correlation length is infinite, we compute the corre-
lation function (in absence of an external field),

C(r) = (S(7)S(r5)) = (SIS ET),  (23)

where r = |r; — 75| and S = (58*,5Y,5%) is spin opera-
tors. On general grounds, one expects that the correla-
tion function behaves as

C(r)y=Ar~"e /¢, (24)

where 7 is an algebraic exponent (which is the anomalous
exponent at criticality) and £ the correlation length. For
example, at a = 0.1, we find that the correlation function

10° ‘ ‘
\
B/(a—a, )"
‘\ == gp=Ae flomae)
\ 1 1V
\ ‘SPower =A (a’_acl)
10°F % |
“wr
103 L
102 ! ! ! ! L L L
0.42 043 0.44 045 0.46 0.47 048 0.49 0.50

a

FIG. 11. The correlation length under the deformation with
parameter a on hexagon lattice. The related error ratio of
> u Opower(a)/ >, dxr for the above range of data is 4.98.

displays an algebraic decay, as shown in Fig. [10(a). This
is obtained using the mean-field second renormalization
group (SRG)*¥, which is an improvement over the simple
TRG method. We find that there is an extended gapless
region near a = 0. In contrast, in Fig. (b), at a =0.9
the correlation function decays to zero exponentially, and
is consistent with a finite correlation length in the VBS
phase. This suggests that for a¢ small enough, an XY
phase emerges, and there should be a phase transition as
a decreases from the VBS phase.

To locate the transition and characterize its nature,
we examine the dependence of the correlation length as
a decreases from the VBS phase. (The correlation length
is infinite in the XY phase.) We find that as a is low-
ered, the ¢ increases rapidly and it diverges at a., (and
stays infinite below that critical value), which is the char-
acteristic of continuous transition. Whether the transi-
tion is finite-order (e.g. second) or infinite-order can be
inferred from the scaling of the correlation. As shown
in Fig. we fit the correlation length to the essential-
singularity form predicted in the Berezinskii-Kosterlitz-

Thouless transition®2,

Exr(a) = AeP/(amae)” (25)
The fit gives

A=123; B=285 v=0185 a. =0421. (26)

We note that in the original BKT transition tuned by
temperature, the exponent v is 1/2%%. Although a be-
haves like a temperature, its physical meaning is a tuning
parameter in the anisotropy of spin in the z direction, we
thus allow the exponent v to be determined by the fit
and it needs not be identical to 1/2. To compare with
the typical continuous transition, on the other hand, we
also fit the correlation length to the typical power-law
dependence

’

Epower(a) = A'(a —ag,)™", (27)



resulting in A’ = 1.23; v/ = 147; a, = 0.4205. In
order to determine which fit function is better, we then
evaluate the deviation of correlation lengths from the cor-

responding fit, as follows:

i) — £(a)
T e

where i = ‘KT’ or ‘power’ labels the form of the correla-
tion length from Eq. 25 or Eq. respectively. We find
that the related error ratio 7 = )" dpower(a)/ >, OxT is
4.98 for the range of data in Fig. and this shows that
the fitting &kr(a) is better than Epower(a).

From the above analysis we thus conclude that the
transition at a, ~ 0.421 in deformed AKLT state on
hexagonal lattice is BKT-like as in both the classical and
quantum 2D XY models with temperaturé?2?31, The pa-
rameter a acts like the temperature in the classical XY
model. In the whole region 0 < a S a,, there is no spon-
taneous magnetization and thus it corresponds to the
classical XY phase at nonzero temperature. The same
conclusion holds regardless of the bond state w used in
the construction of the deformed AKLT family on the
hexagonal lattice.

(28)

V. OTHER TRIVALENT LATTICES: SQUARE
OCTAGON AND CROSS

In this section, we discuss deformed AKLT states on
the square-octagon and cross lattices, as their phase di-
agrams are similar.

A. The spin-3/2 model on the square-octagon

lattice

Niggemann and Zittartz (NZ) considered the deforma-
tion of the AKLT state on the square-octagon lattice,
and they found that similar to the case on the hexagonal
lattice there is a VBS to Néel transition?®. They also
used the on-site diagonal approximation to construct a
solvable 8-vertex model and obtain the approximate tran-
sition at a., ~ 2.65158. We will briefly review their con-
struction and derive an improved 8-vertex model, even
though not exactly solvable, that gives a closer transition
(obtained numerically) to results from direct TRG eval-
uation of the spontaneous magnetization in the quantum
model.

Vertex model by NZ under on-site diagonal ap-
proximation. Let us consider the deformed spin 3/2-
AKLT state (with the single state |[¢v~) bond state) on
the square octagon lattice. As in the case of the hexago-
nal lattice by NKZ, the norm square (¥|¥) of the quan-
tum state will be mapped to the partition function of
a vertex model with some approximations, in particular
the diagonal approximation. By the diagonal approxi-
mation, one neglects the off-diagonal terms of the double

10

+

FIG. 12. (a) On-site diagonal approximation: merged unit
cell for the square octagon lattice. (b) Loop diagonal approx-
imation: unit cells of the new approximation

tensor as in the hexagonal case, owing to the exponen-
tially decaying probability of unequal bonds as the pa-
rameter a increases. This approximation is done for each
site, i.e., every vertex on the square-octagon lattice. We
shall refer to this as the on-site diagonal approximation.
The next step is to generate a vertex model on a square
lattice by merging several sites (four here) as shown in
Fig.|12fa). This again gives rise to a 16-vertex model, as
in the hexagonal case. The 16-vertex mode is mapped to
a new 8-vertex model via the Hadamard transformation,
with weights being

1
—(a® + 4a® + 30a* + 52a% + 41)

wi = g
wo = %(a2 — 1)

wg = wy = —%(QQ —1)3(a® +3)

ws = we = —%(GQ — 1)?%(a* +2a* +5)

wy = wg = 1(OL2 —1)%(a* + 2a* + 5). (29)

2

It turns out that these weights satisfy the free fermion
condition (see also Appendix, w1 We +W3Wy = WsWe +
wrws, and thus one can find the transition point at

ac, = (1/2(5 +4V2) + V2 + 1)1/ ~ 2.65158.  (30)

Thus under the on-site diagonal approximation, NZ con-
cluded that for a > a., the quantum state possesses Néel
order and for a < a., the quantum state is in a disordered
VBS phase.

For the deformed AKLT states constructed using the
triplet bond state [¢)7) = |01) + |10), we check that the
same vertex model is obtained and the same approximate
transition point lies between a disordered phase and a
Néel ordered phase. But for the deformed AKLT states
from both [¢*) = |00) + |11) bond states, the transition
is between a disordered phase and a ferromagnetic order
phase, a conclusion drawn from almost the same classical
eight-vertex model except the signs in ws, wy, ws, wg.

Improved vertex model by loop diagonal approx-
imation. In the above procedure to derive an effective
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state on the square-octagon lattice using the exact tensor net-
work (no reduction), only on-site diagonal double tensors (site
reduction), and the loop diagonal approximation (loop reduc-
tion). It indicates a transition from VBS phase to Néel phase
at a., = 2.6547 for exact, at a., = 2.65158 for site reduction
and a., = 2.6547 for plaquette reduction.

vertex model on the square lattice (starting from the de-
formed AKLT states on the square-octagon lattice), four
sites from the square-octagon lattice are merged into one
site on the resultant square lattice. It turns that instead
of making the diagonal approximation at each site, we
can first merge the four sites in a loop and make diagonal
approximation later. We call this loop diagonal approxi-
mation, in which off-diagonal double tensors are dropped
only after the merging; see Fig. b). This means that
we allow unequal pairs (0,1) on all contracted double
bonds. This procedure is justified for the square octagon
lattice by a result of Niggemann and Zittartz?%, where
they found that the probability of finding an unequal
pair on a double bond within the merged plaquette is
greater than the probability of finding an unequal pair
on the free double bonds. The resulting 16-vertex model
can then be reduced to an eight-vertex models:

1
= 5(a8 + 4a°® 4 30a* + 524 + 57)

w1 =
1
w2 = 5( 2 - 1)4
1
w3 = wy = 75( 2 - 1)3(a®+3)
1
ws = we = —5( 2 —1)2(a* + 24% +5)
1
wr = wg = =(a® — 1)*(a* + 2a* +5). (31)

2

We note that this model differs from that of NZ by just
one Boltzmann weight wy, with a difference of 8. How-
ever, the free fermion condition no longer holds. It is
useful to use the tensor network algorithm to compare
these two approximations. But the transition point pre-

11

dicted from this model, a., = 2.6547, turns out to be
closer than that predicted by NZ (a., =~ 2.65158) to the
transition a., = 2.6547 from the numerical study (see
Fig. directly on the deformed AKLT family.

Numerical results with tensor network. Using
the TRG method we find that the family of the de-
formed AKLT states has a transition point located at
ac, = 2.6547, as captured by behavior of the local order
parameter (namely (S?) in bond w = ¢* and the stag-
gered one (S?) in bond w = ¢*) as shown in Fig.[14] This
is similar to the large-a side of the phase diagram in the
hexagon case. The observable of quantum state can be
represented by the tensor network and evaluate it by us-
ing TRG. As mentioned above, in order to compare with
these two approximations, we can reduced the local ten-
sor of observable first. The numerical results in Fig. [I3]
shows that the transition point from the on-site diago-
nal approximation (a., = 2.65158) is close to the NZ
result (a., ~ 2.65158). Then, the magnetization curves
of with/without loop diagonal approximation are almost
exactly the same. This is, on square octagon lattice, the
loop diagonal approximation is better than on-site diag-
onal approximation.

We also find that the X-ratio Xo/X; can identify this
critical point by their sharp change as shown in Fig.
At a > 1 region, we extract the critical exponent v from
the data collapse of the order parameter X5/X; under
the renormalization flow and find v,, ~ 1.02. However,
unlike the hexagonal case, we do not find any transition
for small a values. The system remains disordered in the
same phase all the way down to a = 0. This can be seen
by exponential decaying correlation for small a values.
We find the finite correlation length at a = 0 and they
are almost the same by increasing the cutoff D, under
SRG processing.

The spontaneous magnetization. Here we discuss
how we can obtain spontaneous magnetization in the or-
dered phase. Since the difference in different bond con-
structions is whether the resulting ordered phase is fer-
romagnetic or antiferromagnetic, we shall for simplicity
consider the bond state |¢T). The free-fermion eight-
vertex model using this bond state (as well as |¢~)), un-
der the on-site diagonal approximation, gives the follow-
ing weights,

1
5(aS + 4a% + 30a* + 52a* + 41)

w1 =
1

wy = §(a2 - 1!

1
w3y = Wy = §(a2 —1)3(a® +3)

1
ws = Wg = 5((12 —1)%(a* + 24 + 5)

1
wy = wg = §(a2 —1)%(a* + 24> 4+ 5). (32)

It was known that the free fermion model can be mapped
onto the Ising model on the union jack lattice*™8 (see
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FIG. 14. The magnetization (S*) and staggered magnetiza-
tion (S?) as a function of parameter a using TRG with bond
dimension D. = 24 on the square octagon lattice. It indicates
a transition from VBS phase to ordered phase at a., = 2.6547
with (a) w = ¢* and (b) w = ¢*.

Appendix |C] ). We find the various interaction energies
of the Ising model are given by

1. ,a2-1
a’® -1
K=K =—In(——=
K n(a2+3)
1
p=5a — 1% +3). (33)

The Ising model undergoes a phase transition at Q% =1
and a,, =~ 2.65158 exactly the same transition point that
we extracted from the free-energy behavior of the eight-
vertex model. However, from this mapping, the ferro-
magnetic phase lies in 1 < a < a,,, opposite to the
phase diagram of the quantum model. This is due to the
Hadamard transformation used in deriving the 8-vertex
model, and as noted in?, this transformation maps the

12

RG=2
RG=3 []
RG=4
RG=6
RG=8
RG=10

FIG. 15. The quantity X2/X; for tensors under the renor-
malization flow by tuning a parameter a. As performing more
steps of renormalization group, the crossover become sharper
and sharper around a., = 2.6547. The critical exponent
Vo, ~ 1.02.

low temperature region of the quantum state to the high
temperature region of the eight-vertex model and vice
versa. But we can reconstruct the original tempera-
ture behavior of the classical model using the Kramers-
Wannier duality. This duality maps the original Ising
model on the union jack to an Ising model on the dual
lattice, i.e., the square octagon and the low-temperature
regime of the original model to the high-temperature
regime of the dual model and vice versa®, and hence the
correct correspondence of the classical magnetization to
the quantum magnetization can be identified. As pointed
out by Baxter™, the free-fermion vertex model can also
be mapped to the Ising model on the checkerboard lat-
tice, which is self-dual. We thus carry out the duality on
the checkerboard lattice and we obtain the magnetization
that reverts the temperature dependence,

1-Q )8 i 02>1
=1l ) e (34)
0 others,
where
02 — (w} + w3 — w3 —w?)? — 4(wswe — w7w8)2. (35)

16wswgwrwsg

This magnetization behavior is shown in Fig. and it
can be regarded as the disorder parameter of the free
fermion mode? . Surprisingly, as shown in Fig. n we
find that the behavior of the magnetization matches very
well the expectation value of the following effective quan-
tum spin operator of the deformed AKLT states under
the same on-site diagonal approximation

100 0

~ 01 0 0

=100 -1 0 (36)
00 0 —1



FIG. 16. Checker board lattice and the two types of Ising
spins associated with its vertices.
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FIG. 17.  The spontaneous magnetization M of the dual
checkerboard Ising model (red) compared to the ground state
expectation value of S, (blue).

This seems to hold for the ordered phases in other lat-
tices, such as the hexagon and the cross lattice.

B. The spin-3/2 on the cross lattice

The alternative lattice to investigate in this section is
the cross lattice shown in Fig. [l We adapt the procedure
introduced in the previous section. The deformation and
the AKLT state are applied to the new spatial geometry
of the system. To construct the ground state, we use
the tensor network and valence bond solid construction
again.

For the mapping to the classical model we carry out
the on-site diagonal approximation and arrive at a 16-
vertex model on the kagome lattice with all 16 nonzero
vertex weights. By employing the same Hadamard trans-
formation and on-site diagonal approximation, we obtain
an eight-vertex model, whose Boltzmann weights for all
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(between) on the cross lattice.

virtual bonds are given by

1
wy = 5(as + 4a® 4 30a* + 52a” + 41)
1
wy = i(a1 —1)?
1
w3 = wy = 5( 2 —1)%(a® +3)
1
ws = Wg = i(a2 —1)2(a* + 24 + 5)
1
wy = wg = §(a2 —1)2(a* + 24 +5). (37)

While the Boltzmann weights from the loop diagonal ap-
proximation almost the same classical eight-vertex model
from on-site diagonal approximation expect the constant
term of wy, with a difference of 8. However, we cannot
find an analytic solution of the transition.

On the other hand, we found that the probability
of finding an unequal pair on a double bond within
the merged plaquette is greater than the probability
of finding an unequal pair on the free double bonds
as shown in Fig. Let us discuss how to obtain
the the probability of finding an unequal pair Py; nu-
merically. First, the wave function of deformed AKLT
state can be represented by tensor product state, |¥) =
tTr(As1 A2 A% ..)|s1, S2, 83, ...). The local double tensor
T can be formed by merging two layers, tensors A and A*
with only physical indices contracted. We then prepare
a operator Op; defined on the two-virtual-particle space,
which gives one as two virtual particles are unequal and
others are zero. The Fy; can be obtained by determin-
ing the expectation value of operator Ogy; for one bond,
(V|08 |®) = tTr(T'T?T30j;....), where i is the location
of operator Op; which could be inner the square or be-
tween two squares. The result, in Fig. shows that
the the probability for finding an unequal pair between
two squares is lower than inner the square. From it, we
can predict that loop (square) diagonal approximation
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a with D, = 24 for TRG in taking the expectation value.
It indicates a transition from VBS phase to Néel phase at
ac, = 2.7280 (no reduction). By reducing the off-diagonal
terms, we can obtain the transition at a., = 2.7245 for on-
site approximation (site reduction) and a., = 2.7280 for loop
approximation (loop reduction) .

is better than on-site diagonal approximation. The loop
diagonal approximation can avoid the truncation error
from the reduction of virtual bonds in the inner square.

Again, we can obtain the transition point numerically
at a., = 2.7245 by on-site diagonal approximation and at
Gc, = 2.7280 for loop diagonal approximation, as shown
in Fig. The magnetization under the latter approx-
imation matches very well with the magnetization ob-
tained from full quantum calculations using TRG, which
gives the transition from the VBS to the ordered phase
at a., = 2.7280, as shown in Fig. The results of
the X-ratio X5/X; also confirm the transition point, as
shown in Fig. @ Again, as a approaches a.,, the curves
for X5/X; show a crossing, and from this we obtain the
critical exponent v,, ~ 1.0.

The phase diagram of the deformed AKLT family on
the cross lattice is similar to that on the square-octagon
lattice, where there is a transition from VBS to ordered
phase, but no XY phase is found for small a. This is
consistent with our calculations of the correlation length,
which never diverges in this parameter region.

VI. THE DEFORMED AKLT STATES ON THE
STAR LATTICE

The phase diagram of the deformed AKLT states on
the star lattice depends on the type of bond states used
in the construction. We discuss in turn the ferromagnetic
and antiferromagnetic bonds.

1.1 T
— RG=2
1.0 RG=3 |]
0.9 RG=4 |
' RG=6
g 08 RG=8 a
= RG=10
< 0.7 |
0.6 b
0.5 =
0'6. 3.5 4.0

FIG. 20. The quantity X»/X; for tensors as a function of
parameter a under the renormalization flow. It indicates a
phase transition at a., = 2.7280 on the cross lattice. The
critical exponent v,, ~ 1.0.

A. Ferromagnetic bonds

First, we consider the ferromagnetic case

v) =@ (D'@P) @lo*h. (38)

v leL

The wavefunctions can be in turn written as tensor prod-
uct states.

Ferromagnetic phase at large a. In the limit a — oo,
the effective terms of local tensor representation are
Agoo = a, AY,, = a. The global ground state is there-
fore a superposition of both possible ferromagnetic states
[+ U3, 4,4, ...). By increasing the param-
eter a from the VBS phase, the wave function undergoes
a second order quantum phase transition to a ferromag-
netic phase, which can be characterized by the sponta-
neous magnetization. The Fig. (a) shows that the
magnetization (ordered in the z direction) versus a with
D, = 24 for TRG method. The transition is found to be
at ac, = 3.0243.

Mapping to an 8-vertex model. By employing the
loop (one triangle) diagonal approximation, we merge six
sites of two neighboring triangles on the star lattice (see
Fig. [5), and arrive at an 8-vertex model on the resultant
square lattice,

1
wy = 5(a(" + 3a* + 15a* + 13)?
Wy = w3 = Wy = i(a2 — D*a? +1)?
1
ws = we = §(a4 — 1)%(a* 4 2a* 4 13)

wy = wg = %(a2 —1)*(a®+1)2 (39)
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FIG. 21. The magnetization (S*) and staggered magnetiza-
tion (S?) as a function of parameter a using TRG with bond
dimension D, = 24 on the cross lattice. It indicates a transi-
tion from VBS phase to ordered phase at a., = 2.7280 with
(a) w = ¢T and (b) w = ¢™.

It turns out that these Boltzmann weights satisfy the free
fermion condition, and thus we can locate a transition

point (see Appendix at

e, = (2+V3 + m)% ~ 3.02438.

This matches the numerically found transition value
ac, = 3.0243 from TRG, shown in Fig. P2|b).

Ferromagnetic phase at small a. To explore the
whole phase diagram, we also compute the Chen-Gu-
Wen X-ratio and the results are show in Fig. [23| (a). We
find that in addition to the transition at a., = 3.0243
found by the magnetization, there is a second transition
at a., = 0.5850 from the VBS to a ferromagnetically or-
dered phase. Again, near transition point, we find the
critical exponent v,, ~ 1.0 and v,, ~ 1.0. We note, how-
ever, such a transition does not appear in the deformed

(40)
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FIG. 22. (a) The magnetization as a function of parameter
a with D, = 24 for TRG in taking the expectation value. It
indicates a transition from VBS phase to ferromagnetic phase
at ac, = 3.0243 on star lattice. (b) The (S¥)as a function of
parameter a with bond state qbi, It shows that a transition
from x-direction ferromagnetic phase to VBS phase at a., =
0.5850 on the hexagon lattice. (c) The (SY)as a function of
parameter a with bond state ¢. It shows that a transition
from y-direction ferromagnetic phase to VBS phase at a., =
0.5850 on the hexagon lattice

AKLT states constructed with [1)*) bond states as shown
in Fig. [23| (b) .

For a < 1 regime the diagonal approximation is not
valid as the antiparallel configurations cannot be ignored.
We cannot find a classical model for the transition near
a = 0.585. Instead we confirm the transition by eval-
uating the spontaneous magnetizations using TRG. As
shown in Fig. (b), we see that the ferromagnetic
phase is characterized by nonzero x-direction magneti-
zation (S,) that vanishes into the disordered VBS phase
for |¢*) bond construction. On the other hand, for |¢~)
bond construction, the deformed AKLT states display
nonzero y-direction magnetization (S,) for small a be-
fore they make a transition to the disordered VBS phase,
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FIG. 23. The quantity X,/X; for tensors as a function of
parameter a under the renormalization flow. (a) It indicates
phase transitions at a., = 0.5850 and a., = 3.0243 on star
lattice with bond state |¢*). The critical exponent v,, ~ 1.0
and vq, &~ 1.0. (b) The transition do not appear for the
deformed AKLT states constructed with [¢)¥) bond states.

as shown in Fig. (c). The direction in which the
magnetization orders in the ferromagnetic phase there-
fore depends on the bond state. This is consistent with
the parallel and anit-parallel correlation of the virtual
qubits in the bonds, as seen in Table [} in particular,
|¢+> = |010L> + |1xll>a whereas |¢)_> = |0y0y> + |1y1y>-

B. Antiferromagnetic bonds

Next, we consider the deformed AKLT states con-
structed from antiferromagnetic bonds w = ¥+,

R (D'(@P) Q)

v el

W)

(41)

The wavefunctions can be in turn written as tensor prod-
uct states. In the limit a — oo, the wavefunction is essen-
tially a two-state system of | ) = ]000) and | {) = 111).
Because of the anti-correlation in the |p*) = |01) £10),
the spins f} and |}’s can only arrange in the same way
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as the classical antiferromagnetic Ising spins on the frus-
trated star lattice. The deformed AKLT states with [)*)
on the star lattice in the large ”a” limit is an equal-weight
superposition of all those ground-state configurations of
classical antiferromagnetic Ising model, which we shall
refer to as a classical spin liquid. Each of the macro-
scopic number of configurations is frustrated due to the
triangles and is a consequence of the local tensors.

By employing the TRG method, we do not find any
transition, as is seen from the finite correlation length
throughout the parameter range as shown in Fig. d).
In particular, the VBS AKLT state is in the same phase
as the classical spin-liquid state. The finding that there
is no transition is also confirmed by the mapping to clas-
sical vertex models. We follow the procedure described
earlier and construct corresponding 8-vertex models for
the deformed AKLT states with w = * bonds. The
two 8-vertex models are the same under the loop (one
triangle) diagonal approximation, which are given by

=2(3a* + 6a® +7)?

w1

wy = w3 = wy = 2(a® —1)*

ws = wg = —2(a® — 1)?(3a* + 6a% +7)

wy = wg = 2(a® — 1)%, (42)

but are different under the loop (i.e. by merging two tri-
angles) diagonal approximation. They turn out to satisfy
free-fermion condition and are thus solvable, but no tran-
sition is found for @ > 1 (in the range where the models
are valid).

VII. DEFORMED AKLT STATES FOR
UNIVERSAL QUANTUM COMPUTATION

Here we describe how the various deformed AKLT
states from various bond states on square-octagon and
cross lattices can be used for universal quantum compu-
tation. One key result is that the transition at which the
capability of supporting universal quantum computation
as a increases seems to coincide with the transition to the
ordered phase (either ferromagnetic or antiferromagnetic
one, depending on the bond states). However, for the
small a regime, we do not know where the boundary is.

The universal quantum computation can be achieved
by performing only local measurements on certain en-
tangled states, which are referred to as wuniversal re-
source states. This measurement-based model of quan-
tum computation exploits entanglement as the resource.
The first discovered resource state is the so-called clus-
ter state on the square lattice by Raussendorf and
Briegel’Y, and as the entanglement is consumed irre-
versibly during the computation, it was called the one-
way quantum computer. Generalization of cluster states
to graph states®l ™4 and alternative formulation using
tensor-network formulation 2% gives rise to further un-
derstanding of the universal measurement-based quan-
tum computation. The key ingredient in establishing the
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does not increase as the bond dimension is increased.

universality for quantum computation requires that (i)
the set of universal gates can be simulated by local mea-
surement and (i) the effect of the randomness in the
measurement outcome can be deal with, e.g., by adjust-
ing later measurement bases, so that simulation of deter-
ministic quantum circuits can be achieved. However, it
is still an open question as to what the complete char-
acterization is of all possible universal resource states.
Exploration of other families of universal resource states
and understanding of their enabling physical properties
may give further insight.

The hint that the family of AKLT states may pro-
vide a useful playground for the exploration comes from
the recognition that the 1D spin-1 AKLT chain can be
used to simulate any sequence of one-qubit quantum
gates?927 However, universal measurement-based quan-
tum computation can only be achieved by using states
of two-dimensionality or higher, and it was first shown
that the spin-3/2 AKLT state on the hexagonal lattice
does indeed provide the resource for implementing uni-
versal quantum computation in the measurement-based
model’#4,  This has been subsequently extended to
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other lattices such as the square-octagon and cross lat-
ticest?. as well as the spin-2 AKLT state on the square
and diamond lattices®®. The universality of the AKLT
state on the hexagonal lattice was extended by Dar-
mawan, Brennen and Bartlett?? for a deformed family,
previously constructed by NKZ, to an extended region
of the phase diagram of the VBS phase up to the tran-
sition to the Néel ordered phase. Given the construction
of the (deformed) AKLT states with various bond states
and on various lattices, it is natural to inquire whether
the picture holds in these other cases.

A. Procedure for showing universality

The approach we take here to show universality for
various AKLT states is based on that in Ref3 ie., by
first constructing a local generalized measurement on
all sites, usually called POVM, that reduces the AKLT
states to graph states, and then showing that the as-
sociated graphs reside in the supercritical phase of per-
colation (as the system size increases). The appropri-



ate POVM was constructed by Darmawan, Brennen and
Bartlett to apply to the deformed AKLT states on the
hexagonal lattice?). It turns out this also applies to
other trivalent lattices. The POVM consists of three ele-
ments {F,(a)T F,(a), Fy(a)TFy(a), F.(a)"F.(a)} and each
F,(a) = D(a)F,D~'(a) is associated with the measure-
ment outcome labeled by a = x,y, 2z and is the opera-
tor that acts on the local spin that is measured, where

¢:(a) = q,(a) = 1, g.(a) = /(a2 — 1)/2, and
F, = \/§(|3/2>z<3/2 +1—3/2)(—3/2|) (43a)
Fy = \/§(|3/2>y<3/2 +1=3/2)y(=3/2])  (43b)
F, = \/§(|3/2>z<3/2| +1=3/2):(=3/20), (43¢

where | + 3/2),’s are eigenstates of the spin operator
S with eigenvalues +£3/2 (setting i = 1). Since the
AKLT states are entangled, the outcomes {a,} at all
sites v’s are not independent, but Monte Carlo simula-
tions can be used to sample them from the exact distri-
bution #1220, The key ingredient in the sampling of the
outcome configurations {a,,} is the acceptance probabil-
ity from changing from a set ¢ = {«,} to another one
o' ={al}: pacc(c — ¢') = min[l,r(a)], with r(a) to be
defined below in Eq. .

But to describe this probability we need to introduce
an important concept: domains. A domain is a set of
neighboring sites that contain the same type of outcome
o = x,y, or z. An a-domain can be regarded as a re-
sult of site percolation according to a given configuration
{ay}, randomly generated from the POVM outcomes.
From the result of Ref!3, the meaning of a domain is an
effective qubit, consisting of possibly many sites. As is
necessary for carrying universal quantum computation,
the number of domains should be macroscopic, i.e., pro-
portional to total number of original sites. Otherwise,
there would not be sufficient number of qubits that can
be used. Moreover, the POVM on all sites projects the
(deformed) AKLT states to a graph state, whose qubits
are the domains. Whether the resulting graph state is
useful for universal quantum computation depends en-
tirely on its graph properties, such as connectivity and
number of domains®??%. Two important quantities are
|[V] and |E|. V denotes the set of all domains and |V
their total number, and E denotes the set of all inter-
domain edges and |F| their total number. With these
notions defined, we can describe the ratio r(a),

a’?—1 NZ-N-
r(a):< . ) oVI-IEI-IVIHIE] (gq)

where N, is the total number of z-type domain from con-
figuration ¢ and |V| and |E| are the total numbers of
domains and inter-domain edges, respectively, associated
with o; N., |V'| and |E’| are the corresponding quanti-
ties associated with configuration o’ that the Metropolis

sampling attemps to flip to from o. The above proba-
bility ratio was derived in Ref?Y, which reduces to the
original AKLT case at a = v/3, derived in Ref13.

We note that the above POVM is valid only for a > 1;
for a < 1, a different set of POVM can be used, but
it is not known how to simulate the exact distribution.
Namely, no corresponding expression of r(a) is known.
Therefore, our discussions below will be restricted to a >
1.

Let us summarize the key criteria to check for uni-
versality. (i) First, the domain size always has to be
microscopic, i.e. it can be at most logarithmic in the
system size. More precisely, the maximum size of a do-
main should at most depend logarithmically on the total
number of lattice sites. This ensures that we can realize
arbitrary numbers of qubits in the graph state. As we
shall see below that, close to the transition between VBS
and the ordered phases, the domain size increases and
become macroscopic beyond the transition. (i) Second,
we have to make sure that the graph formed from the
domains are percolated. This means we can always find
paths of connected qubits from one boundary to another
if the lattice is large. This ensures that we have enough
quantum wires to perform quantum computation. The
fact that the post-measurement state is a graph state
with its graph residing in the supercritical phase of per-
colation ensures that the state possesses sufficient entan-
glement. These two criteria involve two different perco-
lation objects: the first being the domain itself and the
second being the cluster formed by domains. The quan-
tum computational universality requires the former to be
microscopic but the latter to be macroscopic.

We remark that even though the above discussions,
strictly speaking, assume that the deformed AKLT states
are constructed from the singlet bond |1~ ), as we shall
be mostly concerned with the bi-partite lattices and as
AKLT states of different bond states can be transformed
to one another by local unitary transformation, the argu-
ment applies to these other bond constructions as well.
The unitaries apply to sites of one sublattice can trans-
form the deformed AKLT with |¢)~) bond to those with
other bonds: [T), |¢1), |¢7), respectively, and these
unitaries are, respectively,

100 0
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Furthermore, for non-bipartite lattices, even though
AKLT states of different bond states cannot be locally
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FIG. 25. The size of the largest domain vs. the system size.
For a? > 7.05 the largest domain size is linear in N, the total
number of sites, whereas for a® < 7.05 it is approximately
sub-linear and proportional to In N. However, a better ap-
proach to determine the transition is to use the probability of
a macroscopic domain; see Figs.

transformed to one another, the argument of graph states
and their Monte Carlo sampling can be supplemented
by other constraints resulting from geometric frustration,
e.g. see Ref? for the AKLT state with |[1/~) on the star
lattice.

B. Square-octagon lattice

First we present the largest domain size vs. the total
number N = 4L? of sites in Fig. This confirms that
the maximum size of a domain remains microscopic for
1 < a? < 7.05 of the deformation parameter, verifying
the condition (i). (But to determine more precisely the
transition; see Fig. and discussions below.) We also
check the condition (ii) that the graphs of domains result-
ing from the POVM in this parameter region do form a
spanning cluster with probability close to unity in this pa-
rameter regime, even for a modest size of L = 20. To lo-
cate more precisely the transition point where the univer-
sal computational power vanishes, we examine the proba-
bility of finding a macroscopic domain via its percolation
property, i.e., an alternative quantification of condition
(i). In Fig. we show the probability ppacro that there
exists a domain that spans macroscopically, i.e., reach-
ing from one boundary to another versus the deformation
parameter a for various linear sizes L. This confirms
that there exists a phase transition, and that the tran-
sition point extracted from the percolation a? ~ 7.06(1)
roughly agrees with the transition point obtained from
the magnetization, i.e. a2, = (2.6547)% ~ 7.0474. The
formation of a macroscopic domain is consistent with the
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FIG. 26. The probability pmacro of having a macroscopic-size
domain vs. the parameter a? on the square-octagon lattice
with N = 4L? sites. The crossing occurs approximately at
a® ~ 7.06, which signifies a phase transition.
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FIG. 27. The probability pmacro of having a macroscopic-size
domain vs. the parameter a? on the cross lattice with N =
24L2 sites. The crossing occurs approximately at a® ~ 7.47,
which signifies a phase transition.

formation of ferrormagnetic or antiferromatic order.
Our results here extend previous findinggl319%U o g

wide region of the disordered VBS phase on the square-

octagon lattice (for all four bond-state constructions).

C. Cross lattice

The deformed AKLT states on the cross lattice have a
similar behavior on their utility as a universal resource
for MBQC. We find that in the range 1 < a < a,. they are



universal resource states. But as a approaches a. from
below, the size of an effective qubit grows and becomes
macroscopic at and above the transition. The largest do-
main size vs. the total number N = 24L? of sites is shown
in Fig. [27] for different linear sizes L’s. The phase transi-
tion occurs at a2 ~ 7.47(2), consistent with the VBS-Néel
transition. We have also checked that for 1 < a < a., the
domain size remains microscopic and the graphs formed
by the domains do reside in the supercritical phase of
the percolation. Thus the family of the deformed AKLT
states on the cross lattice also can be used for universal
MBQC for this wide range of parameter a in the VBS
phase, similar to that on the square-octagon lattice.

D. Star lattice

For the star lattice, the two deformed families of AKLT
states with [¢)T) are not universal, at least for a > 1. For
the |¢*), the deformed AKLT states become ferromag-
netically ordered for a > a., similar to the cases on the
honeycomb, square octagon and the cross. Do we expect
that the two families on the star lattice might turn out be
universal in the regime a < a.? Indeed for a smaller but
close to a., we find that the graphs of the corresponding
graph states obtained after the POVM do, with proba-
bly close to one in the large system size limit, possess
a spanning cluster. However, these graphs are tree-like,
possessing a very small fraction of local loops, in con-
trast to other cases on e.g. the honeycomb lattice. They
are therefore not universal for quantum computation, but
can be used for simulating independent qubit rotations
with relatively small number of entangling gates.

VIII. CONCLUSION

lattice base Qcy Gey  Gcy (sOlvable)
Hexagon o, T 0421 2.5425  2.54246
Square-octagon ¢T, T  x  2.6547  2.65158

Cross ot vt x 2.7280 X

Star éT  0.580 3.0243  3.02438

Star T X X X

TABLE II. The summarizing phase diagrams of all cases.

The phase transition from a VBS to a ordered phase occurs
at ac,. The last column shows the critical values obtained
from mapping to exactly solvable classical models.

We investigate deformed AKLT states constructing
from various bond states and on various trivalent lattices.
The summary of phase diagram is shown in Table [T} For
the hexagonal lattice we find that there appears to be a
Berezinskii-Kosterlitz-Thouless transition from the VBS
phase to an quantum XY phase in the small ¢ parameter
regime. Such transition also occurs in the deformation
of other types of AKLT states with triplet-bond con-
structions on the hexagonal lattice. However, we do not
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find such an XY phase in the deformed spin-3/2 AKLT
models on other trivalent lattices such as square-octagon,
cross and star lattices. A complete understanding of why
the existence of the XY-like phase depends on lattices re-
quires further investigation.

When the parameter a is sufficiently large, there is a
transition from a VBS phase to a magnetically ordered
phase for the deformed AKLT families on the honeycomb,
square octagon and cross lattice. Whether the ordered
phase is ferromagnetic or antiferromagnetic depends on
the bond states used in constructing the AKLT fami-
lies. Such a transition can be obtained approximately yet
fairly accurately by mapping to a solvable classical eight-
vertex model, as was done by Niggemann, Kliimper and
Zittartz17 in the hexaongal case and by Niggemann and
Zittartz29 in the square-octagon case. We have obtained
a slight improvement on the transition point in the latter
case with a modified eight-vertex model, albeit it is not
exactly solvable. We have verified these various cases by
using numerical tensor-network methods.

For the star lattice, the phase diagram depends on the
bond states. When constructed using singlet bonds (¢7)
and the other antiparallel bonds (¢)1), the deformed fam-
ily of AKLT states remains in the same phase as the
respective AKLT state (with respective ¢~ or ¢+ bond)
throughout the whole region of the parameter. The map-
ping to an eight-vertex model is solvable but no transition
is found. However, for the two triplet-bond construc-
tions, the triplet VBS phase is sandwiched between two
ferromagnetic phases (for large and small parameters, re-
spectively), which are characterized by spontaneous mag-
netizations along different axes. The VBS-FM transition
at large a parameter regime can be obtained fairly accu-
rately by a similar mapping to a solvable eight-vertex
model, agreeing well with results from tensor-network
methods.

The evidence that we found supporting the emergence
of the XY phase is the essential singularity in the cor-
relation length. The exponent, however, is not identical
to that of the BKT transition in the classical XY model,
where the tuning parameter is the temperature. The pa-
rameter a in our case appears in the deformation of the
AKLT wave function and the parent Hamiltonian but not
linearly. Moreover, our system is composed of spins with
a magntidue 3/2, not the spin-1/2 case studied previously
nor the classical case. In this phase we have checked that
the correlation functions decay in a power-law fashion.
We also study the magnetic properties in the XY phase.
There is no spontaneous magnetization. The induced
magnetization has a magnitude that is independent of
the field direction, but its magnitude does depend on the
magnitude of the field. This is also consistent with the
XY phase. However, a much stronger evidence would
be obtained from the so-called spin stiffness or helicity
modulus that is the response of the ground-state energy
under the change of boundary condition. This is usually
accessible in Monte Carlo simulations, but as to how to
calculate it in the tensor-network framework, we leave it



as a future investigation. Our results also show that as
opposed to the hexagonal lattice, on either the square-
octagon or cross lattice, there is no such an XY phase
for the families of deformed AKLT states. At present we
do not have a clear understanding, but we suspect that
it may be due to multiple loop structure in these other
lattices. However, we also leave this for future investiga-
tion.

The transitions from various VBS phases to the
corresponding ordered phases can be characterized by
disorder-order transition in classical 8-vertex and Ising
models. The associated classical order parameter
matches very well the expectation value of the effective
spin operator S, (in the a-basis where the spin orders),

0
3. 0

0
0
0. (48)

10
01
00 —1
00 0 -1

evaluated with the deformed AKLT states under the
same diagonal approximation that leads to the classical
model. However, we do not have an analytic proof and
list it as a conjecture.

We have also investigated the deformed AKLT states
for universal quantum computation. On the square-
octagon and cross lattices, they are useful at least for the
deformation parameter a > 1 in the VBS phase up to the
transition to the ordered phase, similar to the hexagonal
case?l. The loss of the capability for universal quantum
computation for various deformed AKLT states discussed
in this paper is due to the growth of the size of an effective
qubit to a macroscopic size, and this is consistent with
the percolation of ferromagnetic or antiferromagnetic do-
mains at the transition. For the deformed AKLT states
on the star lattice, the effect of frustration prevents them
from being universal for quantum computation, regard-
less of the internal bond states.
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Appendix A: The classical vertex model

A general vertex model is a lattice model which has
classical state variables g associated with the links of the
lattice?324,  The interactions between those state vari-
ables are characterized by an interaction energy FE lying
on the vertices (hence the name vertex model) where E
depends on the state variables of the adjacent bonds and
maybe one additional independent parameter u (usually
referred to as the spectral parameter); see Fig.
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FIG. 28. Vertex with interaction energy E(g1, 92,93, ga; u)
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FIG. 29. The allowed vertices of the eight-vertex model.

Solving such a model usually means computing the
partition function or equivalently the free energy (per
site). Therefore, we assign a Boltzmann weight W to
each vertex by

W (g1, 92, 93, 94 u) = e PPl 92:03.9550), (A1)

The partition function is defined by
Z =3 1[Wila1, 9,95, 94;),
G i

where G = {g} runs over all allowed bond configurations
and ¢ runs over all vertices (assuming a finite lattice to
begin with). The free energy per site in the thermody-
namic limit is then given by

(A2)

f=-p"" lim %hl(Z)

N—o0

(A3)

In the following we shall restrict ourselves to the eight-
vertex model. The state variables g are restricted to
two discrete values, which we choose to be 0 and 1. In
the eight-vertex model, the only allowed bond configura-
tions have an even number of 0’'s adjacent to each ver-
tex. This, of course, also means that each vertex has an
even amount of 1’s adjacent to it. We can now introduce
a graphical representation of the model. An horizon-
tal bond occupied by g = 0 is represented by an arrow
pointing left while an vertical bond occupied by g = 0
is represented by an arrow pointing upward. Bonds with
a state variable g = 1 assigned to it are represented by
arrows pointing to the right and downward respectively.
The allowed vertices of the square lattice are shown in
Fig. 29

Their local Boltzmann weights are denoted by w;.
Thus, the second restriction can be rephrased as follows:



an allowed vertex has an even number of arrows pointing
towards it.

Appendix B: Solution of free fermion

In order to find a phase transition, we have to solve the
model. The free fermion condition restricts once again
the possible Boltzmann weights. They have to obey the
equation

W1W2 + W3Wye = WsWg + W7WS. (Bl)
Fan and Wu solved the eight-vertex model on the square
lattice when this condition holds in®” and in more detail
in% using dimer methods. The closed expression for the
free energy per site reads

1
Bf:—@

+ 2d cos(0 — @) + 2ecos(0 + ¢)),

27 27
/ d(‘)/ d¢ln (2a + 2bcos(8) + 2ccos(¢)
0 0
(B2)

where a, b, ¢, d, and e are functions of the Boltzmann
weights, i.e.

2azw%+w§+w§+wz,

b= wW1W3 — WalWy

C = Wi1wWy4 — WoW3

d= W3Wy4 — WrWsg

€ = W3W4 — WrWeg

Simple trigonometric expansions lead to

1 27 2m
‘Qﬁl MA den (2A()
+ 2B(¢) cos(0) + 2C(¢) cos(8)),

Bf =
(B4)
where

= a+ ccos(¢),
B(¢) = b+ (d+ e)cos(9),
C(¢) = (d = ¢)sin(¢)

The integration over 6 can be done easily using the for-
mula

(B5)

2w

dfIn (22 + 2y cos(0) + 2z cos(6))
0

=27r1ln (x—|—\/x2—y2—22>. (B6)
Thus, the free energy per site becomes
2
Bf =1 [ dom(A6)+VQ@),  (B7)
where
Q(¢) = A(¢)? — B(¢)* — C(¢)? (B8)
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Finding the phase transition means finding non-analytic
points of the free-energy per site. In Ref% the authors
argued that this translates into detecting non-analytic
points of Q(¢$). Assuming that all Botzmann weights
are non-zero they showed furthermore that this can only
happen if Q(¢) is not a perfect square. Then, either
Q(0) = 0 or Q(£m) = 0 marks the critical point where
some derivatives of ) diverge.

Ferromagnetic transitions on the star lattice.
Luckily, the Boltzmann weights from the various de-
formed AKLT wavefunctions in the main text satisfy the
free-fermion condition, such as those on the hexagonal
lattice and those via on-site diagonal approximations on
the square-octagon, as well those with |¢*) bond states
on the star lattice. The latter ones, shown in Eq. ,
are among the new results in this paper, and we check
explicitly that the free-fermion condition is satisfied:

wiws + wywy = = ((a* — 1)* + (a® + 18a” + 24a® + 85)?)

(B9)

DN =

and

1
5((a‘* —1)* + (a® + 18a* + 24a® + 85)?).

(B10)

W5We + WrWs =

Thus, the solution presented in the early part can be

applied. Using Egs. (B3)) and (B5)), we get

A(¢) = 2(a® + 3)(a* + 7)(a* — 1)* cos(¢)

+ %(3(@ +1)*(a® = 1)® + (a® + 3a* + 15a” + 14)*),
B(¢) = —2(a® + 3)(a* — 1)*(a* + 7)(cos(¢) — 1)
C(¢) = 2(a® + 3)(a* — 1)*(a* + 7) sin(¢). (B11)

Therefore,
Q(¢) = —4(a” 4 3)(a* + 7)*(a* — 1) sin®(¢)
—4(a® +3)(a* + 7)%(a* — 1)8(cos2(¢) — 1)
+ (Q(a +3)(a* + 7)(a* — 1)* cos(¢)
é(3(a2 F1)4a2 = 1)8 + (a® + 3a* + 1502 + 13)4))2.
(B12)

The transition point is given by the roots of Q(0/ £+ 7)
under the condition that @ € R. In this case, we can find
such a point, namely

1
ac = (2+V3+1/2(6 +5V3))? ~ 3.02438,

¢ =0. (B13)
The transitions on other free-fermion models mentioned
above on other lattices can be obtained similarly, as were
done in Refs 1740,
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FIG. 30.

Q(0) as a function of a?.

FIG. 31. (a) Unit cell of the Ising model on the union jack
lattice and its interaction energies. The dots represent the
classical spins.(b)Unit cell of the effective square lattice.

Appendix C: The Ising model on the union jack
and checkerboard lattices

The Ising model belongs to the class of spin models
which have state variables sitting on the vertices and in-
teraction energies associated with the bonds of the lat-
tice®6L Tts partition function is

E Yciji>Kroioj
Z — e <i,j> i ]’
{s}

(C1)

where the outer sum runs over all spin configurations of
the lattice 0 = o1, ...,0n, 0; € {1,—1}, the inner sum
runs over all nearest neighbor pairs, and r denotes the
type of the nearest neighbor bond. As discussed in%L, we
can obtain a free fermion eight vertex model by perform-
ing the outer sum over all fourfold connected vertices.
This effectively removes those spins from the lattice and
we obtain a square lattice. The partition function can be
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w; w, w; w, ws W wy wg
FIG. 32. Spin-vertex correspondence: The plus and mi-

nus signs represent the Ising spins on the original lattice, the
arrows correspond to the state variables of the dual lattice.

rewritten as follows,

7z = 22 X He%(K/(O'jO'kJrO'iO'L)+K(o’igj+g—ko-l))

cosh(K10; + Koo + Ksop, + Kyo1),  (C2)

where the product runs over all plaquettes shown in
Fig. b), the outer sum runs over all spin configurations
of the eightfold connected spins in Fig.|31f(a), and the fac-
tor 1/2 in the exponential negates the double counting of
bonds of the type K and K’. We can draw the dual lattice
which is also a square lattice, and identify its bonds with
state variables according to the spin configuration of the
original lattice. This two-to-one map is shown in Fig.
The Boltzmann weights associated with the vertices of
the dual lattice are precisely the factors of the product
in Eq. when we plug in the corresponding values of
the Ising spins. Hence, the Boltzmann weights can be
expressed in terms of the Ising interaction energies, i.e

= 2peK+K/ cosh(K; + Ko + K3 + Ky)

w1
Wy = 2pe_K_Kl cosh(Ky — Ky + K3 — Ky)
wy = 2pe” KT cosh(Ky — Ky — K3 + Ky)

Wy = 2peK_K/ cosh(K; + Ko — K3 — Ky)
=2pcosh(K; — Ko + K3 + Ky)
wg = 2pcosh(Ky + Ko + K3 — Ky)
wy = 2pcosh(K; + Ko — K3 + Ky)
= 2pcosh(—K; + Ky + K5 + Ky),

Ws

(C3)

ws

which satisfy the free fermion condition*®¢!, We intro-
duced an additional free parameter p. Hence, Eq. is
proportional to the partition function of the free fermion
eight vertex model defined by Eq. .

We now return to the square-octagon lattice. In par-
ticular, we are going to compute the spontaneous magne-
tization of the free fermion eight-vertex model generated
by the quantum state with bonds |w) = |00) & |11). The



corresponding Boltzmann weights can be given by

1
5(as + 4a® 4 30a* + 5242 + 41)

wy =

Wy = f(al — 1)4

wy = wy = = (a® — 1)3(a® + 3)

Wy = W = Wy = wg = %(a2 —1)2%(a* +2a® +5). (C4)

For the interaction energies of the Ising model, it can be
given

1 a2 —1
k 1 2 3 4 2H(a2+3)
2
-1
K =K' —_In(* -
K n(a2+3)
1 )
p= §(a2—1)3(a2+3) (C5)

Thus, the interaction energies are physical, meaning
real, for a > 1. As argued in*®, the spontaneous mag-
netization of the free fermion eight vertex model is then
given by the spontaneous magnetization of an eightfold
connected Ising spin. In terms of the Boltzmann weights
of the free fermion model, this means

1-Q /8 if02>1
=1l ) e (C6)
0 others,
where
2 — (wi+wi —wi —w})? — d(wswe — wrws)? (1)

16 x W5 WeW7rWS

The Ising model undergoes a phase transition at 02 = 1

(\/2(5 +4/(2)+ V2 + 1)) % < 2.65158. This

is exactly the same transition point which we extracted
from the free energy per site of the eight-vertex model.
In®2, they also provided a criterion which can be used to
characterize the ordered phase. We have to calculate the
four quantities

and a.

(K +K' + |K1 + Ky + K3 + K4)

(—-K — K'+|K; — Ko+ K3 — Ky|)
B3 = —(-K+ K'+|K| — Ky — K3 + K4|)
Ey=—(K—-K—+|K; + Ky — K3 — Kyl).

B =—
Ey=—
(C8)

The system is either in a ferromagnetic phase if E; <
E5, E3, FEy, or in a antiferromagnetic phase if Fy <
FEy,E3,FEy, or in a metamagnetic phase if F3 <
Ey, Ey, By or By < Ey, B, E3.

From this, we find that for 1 < a < a. the free fermion
eight-vertex model is in a ferromagnetic phase. However,
from numerical results of the deformed AKLT states we
find that the the phase is ferromagnetic for a > a. in-
stead. This seemingly contradiction can be explained

24

through the Hadamard transformation used in reducing
the 16 vertices to 8 vertices. As noted inl?, this transfor-
mation maps the low temperature region of the quantum
state to the high temperature region of the eight-vertex
model and vice versa.

To obtain the correct temperature behavior of the mag-
netization in the classical model, we can employ the
Kramers-Wannier duality. This duality maps the orig-
inal Ising model to an Ising model on the dual lattice
and the low-temperature regime of the original model to
the high-temperature regime of the dual model and vice
versa®?, The union jack lattice is dual to the square-
octagon lattice*”. However, instead of working directly
on the union jack lattice, we will use an alternative lat-
tice. In 2%  the free fermion model is also equivalent to
the Ising model on the checkerboard lattice. This can be
seen using the same trick, namely by performing the sum
over every second row of spins in Fig. and rewriting
the partition function.

Then drawing the dual lattice and performing the map
shown in Fig. |32 gives the equivalent eight-vertex model.
In terms of Ising interactions {J;} the free fermion Boltz-
mann weights are

wy = 2pcosh(J; + Jo + J3 + Jy)

we = 2pcosh(J; — Jo + J3 — Jy)

ws = 2pcosh(Jy — Ja — J5 + Jy)

wy = 2pcosh(Jy + Jo — J5 — Jy)

wy = 2peM+T cosh(Jy — Jo + J3 + Jy)
we = 2pe” M) cosh(Jy + Jo + J5 — J4)
wy = 2peM=F cosh(Jy + Jo — Js + J4)

wg = 2pe” Mt cosh(—Jy + Jo + J3 + Ja) (C9)
where M and P are free parameters®’. The union jack
Ising model with K = K’ and K; = Ko = K3 = Ky is
equivalent to a checkerboard Ising model with J; = J3
481 The solutions of the Ising interactions in terms of
the free fermion Boltzmann weights are known®". Fur-
thermore it was shown that the sublattice spontaneous
magnetization of the union jack Ising model is equivalent
to the spontaneous magnetization of the checkerboard
Ising model*®.

The checkerboard lattice is self-dual and the Ising
interactions of the dual model are given by e 2Ji

tanh(J;). The spontaneous magnetization of the dual
model is
1-Q )8 ifQ2>1
M= ) iFaT> (C10)
0 others.

The dual magnetization is plotted in Fig. and it can
be regarded as the disorder parameter of the free fermion
model*Y. Supported by numerical evidence provided in
Fig. we conjecture that the spontaneous magnetiza-
tion of dual Ising model corresponds to the ground state



expectation value of the effective spin operator
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The transition points, which can be deduced by solving
Q2 = 1, are equal to the transition points which we ob-
tained from the corresponding eight-vertex models.
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