PHYSICAL REVIEW X 9, 041037 (2019)

Signatures of a Deconfined Phase Transition on the Shastry-Sutherland Lattice:

Applications to Quantum Critical SrCu,(BO3),

Jong Yeon Lee ,1 Yi-Zhuang You,l’2 Subir Sachdev,1 and Ashvin Vishwanath'

lDepartment of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Department of Physics, University of California, San Diego, California 92093, USA

® (Received 7 May 2019; revised manuscript received 11 September 2019; published 20 November 2019)

We study a possible deconfined quantum phase transition in a realistic model of a two-dimensional
Shastry-Sutherland quantum magnet, using both numerical and field theoretic techniques. Using the
infinite density matrix renormalization group IDMRG) method, we verify the existence of an intermediate
plaquette valence bond solid (PVBS) order, with twofold degeneracy, between the dimer and Néel ordered
phases. We argue that the quantum phase transition between the Néel and PVBS orders may be described
by a deconfined quantum critical point (DQCP) with an emergent O(4) symmetry. By analyzing the
correlation length spectrum obtained from IDMRG, we provide evidence for the DQCP and emergent
O(4) symmetry in the lattice model. Such a phase transition has been reported in the recent
pressure-tuned experiments in the Shastry-Sutherland lattice material SrCu,(BO3), [Nat. Phys. 13, 962
(2017)]. The nonsymmorphic lattice structure of the Shastry-Sutherland compound leads to extinction
points in the scattering, where we predict sharp signatures of a DQCP in both the phonon and magnon
spectra associated with the spinon continuum. The effect of weak interlayer couplings present in the three-
dimensional material is also discussed. Our results should help guide the experimental study of DQCP in

quantum magnets.
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I. INTRODUCTION

Quantum magnets can host some of the most exotic
phenomena in condensed matter physics, due to the strong
quantum fluctuations of the microscopic spin degrees of
freedom (d.o.f.). Notably, deconfined gauge fluctuations
and fractionalized spinon excitations can emerge in quan-
tum magnets, which bear no analog in classical spin
systems. Such behavior can exist either in a quantum spin
liquid, which is a stable phase of matter with topological
order [1-3], or by tuning a single parameter to a critical
point known as the deconfined quantum critical point
(DQCP) [4,5]. The DQCP describes the possible continu-
ous phase transition between two distinct symmetry-
breaking phases, which is beyond the conventional
Landau-Ginzburg paradigm. While the search for quantum
spin liquids is still an ongoing research effort in condensed
matter physics [6], the possibility of observing the DQCP
in materials could provide us with an alternative oppor-
tunity to study the properties of deconfined spinons and
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emergent gauge fields in quantum magnets, as well as in
interacting fermion systems that realize the DQCP [7-12].

In a recent experiment [13], a phase transition between
a Néel antiferromagnet and a plaquette valence bond
solid (crystal) [14] was observed in a single crystal of
SrCu,(BOj3), under pressure. The material is a layered
quantum magnet. Within each two-dimensional layer, the
copper ions carry the spin-1/2 d.o.f. and are arranged on a
Shastry-Sutherland lattice as shown in Fig. 1(a). The spin
system is proposed to be effectively described by the
Shastry-Sutherland model [15,16]
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where the J; and J, bonds are specified according to
Fig. 1(a). The ratio J,/J, between the coupling constants
is tunable by pressure in experiments within a certain range.
In the large J, (or large J,) limit, the model reduces to the
square lattice Heisenberg model (or the decoupled dimer-
ized model), which stabilizes the Néel phase [or the dimer
valence bond solid (DVBS) phase]. Between these two
limits, numerical [14,17-20] and theoretical [21] analysis of
the model reveals an intermediate plaquette valence bond
solid (PVBS) phase, as illustrated in Fig. 1(c). Remarkably,
the experiment in Ref. [13] seems to confirm this phase
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FIG. 1. (a) The Shastry-Sutherland lattice of copper sites (small
circles) in SrCu,(BO3),, on which the spins reside. The spins are
coupled across nearest-neighbor bonds (J;, in blue) and dimer
bonds (J,, in red). Each unit cell contains four sites, as shaded in
yellow. The glide-reflection (G, and G,) and the diagonal-
reflection (6, and o,;) symmetries are indicated on the lattice.
(b) Diffraction peaks from copper sites. The darker dot indicates a
higher intensity. The extinction points are marked out by red
circles. The first Brillouin zone is shaded in yellow, correspond-
ing to the unit cell in (a). Special momentum points I", X, ¥, and
M are defined as labeled. (c) The phase diagram of the spin model
Eq. (1). The Néel antiferromagnetic and DVBS phases are
separated by the intermediate PVBS phase upon tuning the
J/J, ratio. The critical points are determined in Table I based on
our IDMRG result. The transition between PVBS and Néel
phases is likely to be a DQCP (or weakly first-order proximate to
a DQCP).

diagram. Since the PVBS and Néel phases separately break
two distinct symmetries, the lattice and the spin-rotation
symmetry, a direct second-order transition between them
would necessarily go beyond the Landau-Ginzburg para-
digm and point to the possibility of the DQCP. Although the
nature of the PVBS-Néel transition remains unresolved by
experiments, there are promising signs for the exciting
opportunity that SrCu,(BO;), might provide the first
experimental platform to realize a DQCP.

Recent studies on different models with the same
symmetry class show that the transition between PVBS
and Néel phases could be first order [22,23]. However,
despite being first order, the transition is accompanied with
an extended region of quantum-critical-like scaling and an
emergent O(4) symmetry, implying that the transition could
be close to a DQCP (possibly as an avoided criticality).
Thus, the DQCP is still the best theory to account for these
anomalous features in the critical region, even though it
may eventually break down at the longest scales. Note that
the J-Q model or loop model studied in Monte Carlo
simulations [22,23] are designed differently from the
original Shastry-Sutherland model to avoid the sign

problem. Given that the first- or second-order nature of
the transition can be tuned by model parameters [24-27]
and is, therefore, a model-dependent property, the fate of
the PVBS-Néel transition in the Shastry-Sutherland model
remains to be fully resolved yet.

The goal of this work is to investigate the PVBS-Néel
transition in the Shastry-Sutherland model Eq. (1) in more
detail using both the field theory and the density matrix
renormalization group (DMRG) approach and to identify
the unique signatures of a DQCP that can be probed by
inelastic neutron scattering (INS) or resonant inelastic x-ray
scattering (RIXS) experiments. We use the infinite DMRG
technique to overcome the sign problem. Our numerical
simulation indicates (i) that the transition between PVBS
and Néel phases appears continuous up to the largest
available system size (an infinite cylinder with a circum-
ference of ten lattice sites), although we cannot rule out the
possibility of a weakly first-order transition due to our
limited system size. (ii) We also observe the asymptotic
degeneracy between spin-triplet and spin-singlet excita-
tions over a large length scale, demonstrating an approxi-
mate emergent O(4) symmetry which rotates among the
Néel and PVBS order parameters. Our theoretical analysis
further suggests that (iii) in the Shastry-Sutherland
lattice, in contrast to previous realizations of the DQCP, a
dangerously irrelevant operator is absent which has con-
sequences for numerics and that (iv) critical spinon
continua appear at the extinction points of lattice diffraction
peaks [cf. Fig. 1(b)] in both the magnon and phonon
channels at a low temperature around the DQCP. The
universal critical behaviors of these continua are examined
as well, which could guide the experimental study of the
candidate DQCP in the SrCu,(BOj3), material.

The rest of the paper is organized as follows. In Sec. II,
we perform an infinite DMRG simulation on the Shastry-
Sutherland spin model and discuss the nature of the phase
transition between Néel and VBS phases based on corre-
lation length spectra. In Sec. III, we analyze symmetry
quantum numbers of a monopole operator whose prolifer-
ation induces the transition to the VBS phase. By inves-
tigating the transformation property of the monopole, we
show that the single-monopole term is suppressed while the
double-monopole term can appear in the action describing
the Néel order in the Shastry-Sutherland lattice. We compare
the differences among various microscopic models—easy
plane, rectangular, and Shastry-Sutherland—whose pos-
sible emergent symmetry is all O(4). One distinct feature
of the Shastry-Sutherland lattice is the presence of the
relevant anisotropy operator that breaks the fourfold lattice
rotation symmetry, which stabilizes the VBS order and gives
rise to a fast-growing spectral gap in the spin-0 channel as the
system enters the VBS phase. In Sec. V, we propose the
spectral signatures of a DQCP in the Shastry-Sutherland
model, including the SO(4) conserved current fluctuation in
the magnon spectrum and the VBS fluctuation in the phonon
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spectrum. Both of these features appear at the extinction
point of the Shastry-Sutherland lattice, which is detectable at
a low energy without being overwhelmed by the elastic
scattering signals. We conclude our discussion in Sec. VIL.

II. NUMERICAL STUDY

In this section, we study the model in Eq. (1) using the
infinite density matrix renormalization group (IDMRG)
method [28,29]. We wrap the 2D system onto a cylinder
which is infinite along the x direction but compact along the
y direction, with a finite circumference L. In the simulation,
spin-1/2’s are mapped into the hard-core bosons with
density (n) = 1/2 per site; an antiferromagnetic spin
interaction would then be translated into hopping and
density-density interaction terms for bosons. As the boson
number is conserved in the simulation, we have an explicit
U(1). symmetry which allows us to extract correlation
functions for an operator with a specific U(1), quantum
number. During the simulation, we fix the value of J, =1
and tune the value of J; across the phase transition between
the PVBS and Néel order phases. Since the unit cell of the
Shastry-Sutherland lattice contains 2 x 2 square unit cells,
the IDMRG unit cell becomes a 2 x (2m) slice of the
infinite cylinder, where the circumference of the cylin-
der L =2m.

In the IDMRG simulation, we have two limiting factors
to describe the exact two-dimensional state: the circum-
ference length L and the bond dimension y. Because of
limited computational capacity, it is difficult to conclu-
sively identify whether the phase transition is continuous or
weakly first order in the DMRG simulation. Still, we can
extract useful information of the ground state by simulating
the model with increasing values of L and y. For the
discussion on bond dimension scaling, see Appendix D. In
the DMRG simulation, we measure the (i) energy, (ii) pla-
quette order parameter, and (iii) correlation length spectra.

A. Detection of the PVBS phase

Although the matrix product state description of the state
is exact in the infinite bond dimension limit, for a finite
bond dimension, the cylindrical geometry of the IDMRG
simulation provides some bias to the preferred entangle-
ment structure for the ground state. As a result, in the PVBS
phase, one of two symmetry-broken phases is automatically
chosen and the order parameter does not vanish in the
IDMRG simulation. To characterize the PVBS phase, we
define the plaquette order parameter as follows [see Egs. (5)
and (6) in Sec. III for a more rigorous definition]:

Im(M) ~ Z(_>X<Si “Sivs) = (2)(Si - Sivg). (2)

In the PVBS phase, the dimer strengths (S; - S;) on each
bond (ij) can be visualized in Fig. 2, which clearly
demonstrates the pattern of the PVBS ordering around
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FIG. 2. Visualization of bond strengths (S;-S;) within the
IDMRG unit cell. The X direction is along the cylinder, and the §
direction is around the circumference. The width of the bond
represents the value of S; - S,. The line color is black (red) if
S1 -5, is negative (positive). One can notice that the singlet is
formed at a plaquette.

empty (square) plaquettes. Indeed, we measure that
Im(M) # 0 and Re(M) = 0 in the paramagnetic regime
as expected for the PVBS phase (see Fig. 4).

Although the plaquette order parameter Im(M) is a
useful indicator, it is not precise because (i) the system size
does not reach the thermodynamic limit and (ii) the
geometry of the IDMRG simulation provides some bias
toward a specific entanglement structure for the ground
state. Albeit small, it has a nonvanishing value in the Néel
phase; see Fig. 4. Thus, we use a discontinuity in the second
derivative of the energy 9E/dJ7 to locate the PVBS-Néel
transition point. Up to L = 10, the first-order derivative of
energy is continuous across the phase transition, implying
that the transition is either a weakly first-order or second-
order transition. On the other hand, from the energy plot in
Fig. 3, the DVBS-PVBS transition point can be easily
extracted, because the DVBS state is an exact ground state
of Eq. (1) with energy per site E;, = —0.375J,. As we can
see, the first-order derivative of the energy is discontinuous
here, signaling a clear first-order phase transition between
the two spin-singlet DVBS and PVBS phases. For L < 6, we
do not observe the PVBS phase. Transition points for
different system sizes are summarized in Table 1.

@ — ) g4 L
—3.61 dvBS pVBS Néel pVBS Néel
o N
o 38 =618
& 3
g 4.0 o
[=9
] R —6.22
g5
g —42
&5}
\ —6.26
—4.4

0.65 0.70 0.75 0.80 0.755 0.765
J1 Ji

FIG. 3. At L =10, y =4000. (a) Energy (E) per site. The
horizontal dotted line represents the exact ground state energy of
the dimer VBS state, E. = —0.375. (b) OE/0J, per site near the
transition between plaquette VBS and Néel order. The continuous
first-order derivative is a characteristic of the continuous phase
transition. Black dashed lines denote phase boundaries among the
dimer VBS, plaquette VBS, and Néel order.
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TABLEL (J,/J3). [(J1/J3).] is the transition point between
the DVBS and PVBS (PVBS and Néel) phases. Transition
points are extracted from the peak of the energy derivative at
x =4000. At L = 12, the DMRG simulations do not converge
for different initial states at y = 4000, resulting in different
transition points. Thus, the critical point is determined as the
midpoint between two transition points obtained from the VBS-
like and Néel-like initial states.

L=6 L=238 L=10 L=12
(J1/J2) e 0.682 0.677 0.675 0.675
(J1/J2) e 0.693 0.728 0.762 0.77

B. Correlation length spectra, monopole
fluctuations, and emergent O(4) symmetry

Here, we present a signature of the DQCP in the
correlation length spectrum data obtained from the
IDMRG simulation. A continuous phase transition is
characterized by the divergence of a correlation length,
and an equal-time correlation function exhibits the power-
law decaying behavior (O(r)O(0)) e r~?20, where Ay is a
scaling dimension of an operator O. In particular, if there
exists an emergent symmetry, operators unified under the
emergent symmetry should share the same scaling dimen-
sion Ay [30]. For example, at the conventional DQCP with
the emergent SO(5) symmetry, the Néel n = (n,,n,.n,)
and VBS v = (v,,v,) order parameter should have the
same power-law behavior:

(n(r) - n(0)) ~ (v(r) - v(0)) ~ 1 /7", (3)

where n =2Ap — 1 is the anomalous exponent defined
relative to the engineering exponent in (2 + 1)D, which is
1. However, in the IDMRG simulation, the finite circum-
ference L of the cylinder and finite bond dimension y
introduce a cutoff length scale [31], which prevents us from
observing the power-law behavior in the correlation func-
tion. Therefore, at long distances along the cylinder, the
DMRG correlation function of an operator O always
decays exponentially with certain finite correlation length
£o in the simulation. Nevertheless, instead of trying to
compare the scaling dimension Ay, we can determine the
emergent symmetry by comparing the correlation lengths
& between Néel (spin-1) and VBS (spin-0) excitations. In
Zauner et al. [32], it is found that the correlation length
spectrum is inversely proportional to the energy of the
excitations that mediate this correlation behavior. Thus, the
correlation length spectra give access to the individual
dynamics of different types of excitations.

Using the DMRG transfer matrix technique, one can
readily obtain the correlation lengths & along the cylinder.
Moreover, since our DMRG simulation has an explicit
U(1), symmetry, extracted correlation lengths are labeled
by S, quantum numbers. Since the microscopic model has
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FIG. 4. The inverse of the largest correlation length for spin-
singlet and -triplet operators as a function of J,/J, at L = 10 and
x = 4000. Here, the dashed line represents the transition point
extracted from the second-order energy derivative. The small plot
at the top right shows the plaquette order parameter (ImAM)
across the transition. Deep in the VBS phase, the correlation
length of a spin-triplet operator is larger than that of a spin-singlet
operator as expected by a mean-field theory. As we approach the
critical point, we can observe that the correlation length of the
spin-singlet sector becomes larger than that of the spin-triplet
sector. This behavior agrees with what is expected from the
scenario in Fig. 8.

full SO(3) symmetry, there is an exact degeneracy among
correlation lengths with different quantum numbers. For
example, a threefold degeneracy among S, = 0, 1 implies
that this correlation length corresponds to the excitation
carrying the quantum number S = 1 of the SO(3) sym-
metry. In this way, we can identify the SO(3) spin quantum
number of each operator appeared in the correlation length
spectrum.

In Fig. 4, we plot the inverse of the largest correlation
lengths for spin-singlet and -triplet operators. The spin-
singlet operator corresponds to the PVBS order parameter
(or the monopole operator M) at a low energy. The
monopole operator is gapped in both the Néel and PVBS
phases and become gapless only at the critical point.
Therefore, the divergence of the spin-singlet correlation
length can signal the onset of DQCP in the thermodynamic
limit. Indeed, we identify that the peak of the singlet
correlation length exactly coincides with the critical point
extracted from the singularity of the energy derivative
(Fig. 3). Furthermore, the correlation length &g at the
critical point increases as the bond dimension y increases.
Although here we present only the correlation length
spectrum at L =10 and y = 4000, we also perform
numerical simulations for different system sizes and obtain
the result that the critical point summarized in Table I
coincides with the peak of the spin-singlet correlation
length. Therefore, we can infer that the transition is
induced by the proliferation of monopoles, consistent with
DQCP physics.
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Moreover, to contrast our simulation result in the
Shastry-Sutherland lattice with the conventional O(3)
Wilson-Fisher transition between an explicitly dimerized
VBS and Néel order phases [33], we perform the IDMRG
simulation for a 2D J;-J| model with the antiferromagnetic
Heisenberg coupling J, on nearest-neighbor bonds together
with the coupling J) on a fixed set of dimer covering bonds
(see Appendix B), and, hence, a unique VBS pattern is
pinned by J}. Indeed, for this model, one can observe that
the correlation length of the spin-triplet sector is always
larger than the correlation length of the spin-singlet sector
across the phase transition. This difference agrees with the
picture discussed in Refs. [34,35], where the transition is
triggered by the condensation of spin-triplet excitations
(triplon) from the VBS phase. Within the mean-field
theory framework, it is shown that the energy of the
spin-triplet excitation Ey;p, is smaller than the energy
of the spin-singlet excitation Ege,, throughout the whole
transition. Under the further assumption that the singlon
and triplon have the similar characteristic velocity v [32],
one expects the aforementioned ordering of correlation
lengths & ~ (v/E). Thus, the inversion of the magnitude of
correlation lengths for spin-singlet and -triplet operators at
the transition signifies the unconventional feature of the
DQCP in the Shastry-Sutherland lattice. For a detailed
analysis regarding DQCP physics, see Sec. IV.

Finally, we remark that the spin-singlet correlation
length &g_, and the spin-triplet correlation length &g
approach each other at the (finite size) critical point as
we increase the system size. At L = 6 and y = 4000, the
ratio &gy /Es_glei = 0.33, but at L = 10 and y = 4000,
Es—1/E5—0lerit = 0.95. From this trend, we expect to have
Eg—1/Es—o = 1 in the thermodynamic limit, which indicates
that the spin-singlet and spin-triplet excitations become
degenerate at the critical point, forming the four-component
vector representation of a larger O(4) symmetry group. Put
differently, we can observe that the crossing point of
E¢_o = &s—; in Fig. 4 approaches to the critical point as
we increase the system size, consistent with the emergent
O(4) symmetry relating Néel and VBS order parameters.

III. SYMMETRY ANALYSIS

The field theory of DQCP, the so-called “noncompact”
CP! theory, has the following form [4,36]:

Ecpl =|<8—l(1)2|2+K(VXa)2+, (4)

where a two-component complex spinon z = (z;,z,)7 is
coupled to U(1) gauge field a. On top of this critical theory,
one can have additional terms depending on the symmetry
of the system. The Shastry-Sutherland lattice has a p4g
space group symmetry, as shown in Fig. 1(a). The lattice
respects two glide-reflection (G, and G,) and two diagonal-
reflection (o,, and o) symmetries as illustrated in

I
I
=1 0
O

N/

FIG. 5. The ideal Shastry-Sutherland lattice, deformed from
Fig. 1(a). Each site i can be labeled by a Cartesian coordinate
(x,y). The x and y coordinates are calibrated on the top and right,
respectively. The displacement vectors = (1,0) and § = (0, 1)
are defined to connect nearest-neighbor sites. J; and J, couplings
are assigned to the nearest-neighbor (in blue) and dimer
(in red) bonds.

Fig. 1(a). The glide reflections and the (spinful) time-
reversal 7 symmetries can combine into composite sym-
metries 7G, and 7G,, dubbed the time-reversal glide
symmetries. Note that glide-reflection symmetry is also
broken in the Néel phase, while the time-reversal glide is
not. Therefore, relative to the Néel phase, it is proper to
think about the PVBS phases as breaking the time-reversal
glide symmetries.

To define the symmetry transformations more conven-
iently, we consider an ideal version of the Shastry-
Sutherland lattice on a regular square lattice without
distortion, as shown in Fig. 5. This version does not
change the symmetry group but allows us to label every
site by the Cartesian coordinate (x, y) conveniently (where
x,y € Z). The length of the nearest Cu—Cu bond is set to 1,
such that the unit cell is of the size 2 x 2 (and, hence,
the lattice constant is 2 here). With this result, we can
define the glide reflections G,:(x,y) = (x+ 1,—y) and
Gy:(x,y) = (=x,y+1) and the diagonal reflections
ny:(xuy) - (y,x) and ny:(x’y) - (_y +1,—x+ 1),
as well as the translations 7,:(x,y) = (x+2,y) and
Ty:(x,y) = (x,y+2). Together, they generate the pdg
space group. The p4g space group also contains a 90°
rotation symmetry Cy:(x,y) = (-=y+2,x—1) with
respect to the center of the plaquette without a diago-
nal bond.

On each site i = (x,y), we define the spin operator
S; = (S7,57,5%), whose symmetry transformations are
listed in Table II (assuming the spin rotation is not locked
to the spatial rotation in lack of the spin-orbit coupling).
The time-reversal symmetry 7 is also included, which can
flip all spin components. The Néel order parameter n =
(ny,ny,n;) and VBS order parameters v = (v,,v,) are
defined, respectively, as
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TABLE II. Symmetry transformation of momentum (k,, k),
Néel order n, monopole operator M7, spin operator S;, and

fermionic spinon f; (in the sense of the PSG).

(ky. ky) n M S; fi

G, (kyo=ky) —=n =MT  Sg (=P fe.0)
Gy (_kx’ ky) —n -M' SG,\‘(l') va“)
Oy (ky, ky) n M Ss. (i) (_)xyfﬁq(i)
O3 (=ky,—k,) n M Sy (—)xoﬂ)f(;ﬁ(i)
T (~ke-k) -n M S Kiof;
TGx (_kx’ ky) n —M _SGx(l> (—)}.K:l'o'zfgx(,‘)
76, (ke=k) n M =Sgun  Kic*fs

ne ()0,

(1
vy~ () Z_Si “Sits )

vy~ (=) (i—si 'Si+§'>* (5)

where each prefactor translates into the momentum (r, r),
(7,0), and (0, x), respectively, in k space, as marked out in
Fig. 1(b), and the displacement vectors are defined to be
% =1(1,0) and = (0, 1). The VBS order parameters v,
and v, can be combined to form the following operator
given a certain gauge choice (Appendix A):

M= \}j [(vx +vy) + (v, —vy)], (6)

known as the monopole operator in the literature [4,37],
which corresponds to a hedgehog monopole of the Néel
order parameter n in the spacetime. The monopole event
changes the skyrmion number of the n field configuration
by +1, and it is equivalent to inserting 2z flux of a U(1)
gauge field a in the CP' theory Eq. (4). The symmetry
properties of n and M are summarized in Table II. For a
detailed derivation, see Appendix A. Apart from these
discrete symmetries, there is also an SO(3) spin-rotation
symmetry, under which n transforms as an SO(3) vector.

The expectation value of the monopole operator (M)
defined in Eq. (6) serves as a unified order parameter
for various types of VBS orders. Depending on the
phase angle of (M), the columnar VBS (CVBS) is
described by (M) ~ +e*#/4 and the plaquette VBS
(PVBS) is described by (M) ~+1 (diamond plaquette)
or (M) ~ £i (square plaquette) as illustrated in Fig. 6. On
the other hand, (M) # 0 could also be interpreted as the
condensation of monopoles. So the DQCP, as a transition
from the Néel phase into the VBS phase, can be thought as
driven by the VBS ordering or, equivalently, by the
monopole condensation (starting from the Néel phase),

A2 > 0: square pVBS A5 < 0: diamond pVBS

FIG. 6. Two types of PVBS phases. Thick purple links encircle
the plaquette on which the spin singlet is formed. A diamond
plaquette contains the diagonal bond, while a square plaquette
does not. Each type of the PVBS order induces a corresponding
lattice distortion. The undistorted lattice is shown as the back-
ground for contrast. Depending on the sign of 1,, either diamond
plaquette or square plaquette PVBS is favored.

which can be tuned by a monopole chemical potential r in
the Lagrangian as rM'M. The transition happens as r
changes sign. The condensation of the monopole estab-
lishes the VBS order, on the one hand, and simultaneously
destroys the Néel order, on the other hand, due to a
nontrivial topological term among the Néel and VBS order
parameters, which is analyzed in detail in Refs. [4,5]. This
scenario provides a plausible description of a direct
continuous transition between the Néel and VBS phases.

However, apart from the apparent tuning parameter term
rM'M, we must also include other symmetry-allowed
(multi)monopole terms in the Lagrangian, which could
crucially influence the properties of the DQCP. On the
Shastry-Sutherland lattice, to the leading order, they take
the form of

Ly =rM M+ LReM? + ---. (7)

Here, we adopt the shorthand notations ReO = (O + O') /2
and ImO = (O - 0")/(2i) for generic operator O.
Given the symmetry properties in Table II, one can see that
the single-monopole term, no matter ReM or ImM, is
forbidden by the glide-reflection symmetry G, or G,.
Furthermore, the imaginary part of the double-monopole
term ImM? is forbidden by the diagonal-reflection sym-
metry o6, or o,;. Note that these symmetries exist in the
critical theory, as the spontaneous symmetry breaking has not
yet occurred and the microscopic model has the symmetries.

The higher-order monopole terms (M* MS, ...) are
expected to be less relevant and are, therefore, not included
in Eq. (7) explicitly. Therefore, the double-monopole term
JoReM? is the most relevant monopole perturbation
allowed on the Shastry-Sutherland lattice. Depending on
its sign, the system favors the square plaquette (or diamond
plaquette) VBS order, described by the order parameter
ImM (or ReM), if 1, > 0 (or A, < 0), as demonstrated in
Fig. 6. The square and diamond PVBS orders have distinct
symmetry properties. Under the reflection symmetries o,
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and 0,5, ImnM = —ImM while Re M stays invariant (see
Table II), so the square PVBS spontaneously breaks the
reflection symmetries while the diamond PVBS does not.
Additionally, square-plaquette-centered C, rotation sym-
metry is spontaneously broken in the diamond PVBS,
while it is not in the square PVBS. Therefore, the two
different PVBS orders lead to different lattice distortions
that are symmetrywise distinguishable in the experiments
in the x-ray or neutron diffraction or NMR [13,38,39].

Previous studies [20,40] as well as our IDMRG data
show that the PVBS phase has a square plaquette order.
Thus, 4, > 0 should be relevant to our discussion of the
PVBS-Néel transition in the Shastry-Sutherland model
Eq. (1). 4, > 0 can be also argued based on the microscopic
Hamiltonian in Eq. (1). In the analysis of the PVBS phases,
there are two types of singlet plaquette configurations:
s-wave and d-wave types [14] represented by the following
singlet pairing configurations in a plaquette:

swvaver | o[ ]} awave D) ®

For simplicity, consider a single plaquette with four spin-
1/2’s on the corners. For both square and diamond
plaquettes, there is an AFM coupling J; along plaquette
sides; for the diamond plaquette, there is an additional AFM
J, coupling across one diagonal. Then, the s-wave and d-
wave singlet configuration has the energy —2J, + 1/4J,
and —3/4J,, respectively, for the diamond plaquette. As the
PVBS phase exists at a parameter regime J;/J, ~ 0.7, an
estimation of the singlet configuration energy as listed in
Table III indicates that the s-wave pairing in the square
plaquette has the lowest energy. In the IDMRG simulation,
the wave function indeed exhibits the s-wave pairing
symmetry in the PVBS phase. A recent exact-diagonaliza-
tion study [41] on the small cluster of spins (N, = 40) also
reports that the phase next to the Néel order phase hosts a
spin-spin correlation, which contradicts to the d-wave
singlet in a diamond plaquette. Therefore, it is natural to
have 4, > 0 in the phenomenological field theory.

At first glance, it seems that the double-monopole term
A, in Eq. (7) is relevant and may destroy the DQCP.
However, it is realized in Ref. [42] that r and A, actually
recombine into a new tuning parameter 7 and a new relevant
perturbation ,. In the case of 4, > 0, the Lagrangian £ M
in Eq. (7) can be written as

TABLE III. Singlet configuration energy around different
plaquettes with different pairing symmetries, estimated from
J1/J> ~0.7 for the PVBS phase.

s wave d wave
Square -2J, ~—-14J, 0
Diamond —-2J, +0.25J, ~—=1.15J, —0.75J,

(ReM) 0

(diamond)

FIG. 7. Phase diagram of the appearance of O(4) DQCP on
perturbing the SO(5) theory. Arrows indicate the RG flow
direction.

Ly = F(ImM)? + 1 (ReM)? + - - -, 9)

with #=r—1, and A, = r + A,. The parameter 7 still
drives a transition at ¥ = 0 (or, equivalently, r = 4,), as
shown in Fig. 7 with a modified emergent symmetry. At the
transition point, the relevant perturbation 1, = 24, > 0
simply gaps out the diamond plaquette PVBS fluctuation
ReM from the low-energy sector, leaving the square
plaquette PVBS fluctuation ImM quantum critical. It is
further argued that the PVBS fluctuation ImM becomes
degenerate with the Néel fluctuation n at the critical point
[42], because the perturbations n*, n?(ImM)?, (ImM)*, ...
that can break the symmetry that rotates Néel and PVBS are
all rank-four operators, which are expected to be irrelevant
at the critical point. Therefore, the Néel and VBS order
parameters can be combined into an O(4) vector (n, ImM),
manifesting an emergent O(4) symmetry. The remaining
topological O(4) ® term still ensures that the development
of the PVBS order ImM will simultaneously destroy the
Néel order n, establishing a direct PVBS-Néel transition
with emergent O(4) symmetry.

IV. DANGEROUSLY IRRELEVANT
SCALING AND ITS ABSENCE

In this section, we discuss a peculiarity of the DQCP in
the Shastry-Sutherland lattice compared to the other
DQCP scenarios that have been extensively discussed
[4,5,27,36,42-45]. In the presence of the ;12 term in
Eq. (9), the U(1) symmetry of the monopole operator
(which acts as M — e?? M) is explicitly broken down to
Z, (at the lattice level). This Z, symmetry can be identified
as the glide-reflection symmetry (G, or G,) on the Shastry-
Sutherland lattice, which can be further broken sponta-
neously in the PVBS phase by its order parameter (ImM).
At the DQCP, this Z, symmetry is restored and combined
with the SO(3) spin-rotation symmetry to form the larger
emergent O(4) symmetry, denoted as SO(3) x Z, - O(4).
Although the Z, symmetry is restored at the DQCP, it is
never further enlarged to the U(1) symmetry of monopole

041037-7



LEE, YOU, SACHDEY, and VISHWANATH

PHYS. REV. X 9, 041037 (2019)

TABLE IV. Symmetry-allowed most-relevant monopole terms
(apart from rMTM) and the corresponding DQCP emergent
symmetries on different lattices.

Global symmetry Ly Emergent symmetry
Square (p4m) lReM*  SO(3) x Z4 — SO(5)
Easy-plane square A ReM? U(1) x Z4, —» O(4)

Rectangular (pmm) ALImM?  SO(3) x Z, — O(4)
Shastry-Sutherland (p4g)  1,ReM?  SO(3) x Z, - O(4)

conservation, because the explicit symmetry-breaking term
J, is relevant. The presence of the relevant coupling 1,
leads to an important difference between the DQCP on the
Shastry-Sutherland lattice with the more conventional
DQCP on the square lattice.

To expose the differences and connections, let us briefly
mention the other two lattices: the square lattice and the
rectangular lattice. Because of the different lattice sym-
metries, the allowed leading monopole terms are different,
as summarized in Table IV. They lead to different VBS
orders and different properties of the DQCP. For example,
on a rectangular lattice, the other double-monopole term
Z5ImM? is allowed but ,Re M? is forbidden, which favors
the horizontal or vertical CVBS order depending on 4, > 0
(or 2, <0). The DQCP on the rectangular lattice has a
similar emergent O(4) symmetry, which is carefully ana-
lyzed in Ref. [42]. However, on a square lattice, the
fourfold rotational symmetry forbids all the double-monop-
ole terms, leaving the quadruple-monopole term 1,Re M*
most relevant, which favors CVBS (or PVBS) if 4, > 0 (or
A4 < 0). In the absence of the double-monopole term,
the DQCP on the square lattice has an even larger
emergent symmetry SO(3) x Z, — SO(5). In the easy-
plane model, the lattice symmetry is that of the square
lattice, but the spin-rotation symmetry is reduced from
SO(3) to U(1). Here, the symmetry enhancement is U(1) X
Z4 — O(4) [25,44].

Although the DQCP on the square lattice with the easy-
plane deformation has the same O(4) emergent symmetry
as the DQCP on the rectangular or Shastry-Sutherland
lattice, there is a crucial difference between them. On the
square lattice, the U(1) — Z, symmetry-breaking term
AReM* is dangerously irrelevant, which enhances Z,
to U(1) at the DQCP. As we move away from the DQCP
toward the VBS phase, the system exhibits two different
length scales: the spin correlation length &, and the VBS
domain wall width &ygg [4,46]. The system is critical at the
length scale below &y, meaning that the spin correlation
decays in a power law. Beyond this length scale, however,
the system is still not fully in the VBS phase. Because the
ReM* operator is irrelevant at the critical point, its
coupling coefficient A, decreases under the RG flow
initially, as in Fig. 8(a). However, once the RG flow goes

(a) RG Flow of Ay M* (b) Finite L, x

VBS A 551
Ay
S=1 Skyrmion
k Magnon
r S=0 -
Néel DQCP  U(1) SL VBS Néel T
(CP?! theory)
FIG. 8. (a)RG flow of the quadrupled monopole term A, M* in

the square lattice DQCP scenario, which is dangerously irrel-
evant. For a small deviation of the tuning parameter J, /J, toward
the VBS phase, 14 initially decreases under RG flow until the RG
scale reaches the spin-spin correlation length. Only after that does
A4 begin to increase to reach the VBS fixed point. This result has
noticeable consequences for observables in a finite size numerical
simulation. (b) Schematic plot for the inverse correlation length
&7 of spin-singlet and -triplet operators as a function of the
tuning parameter for the square lattice DQCP scenario with either
O(4) or SO(5) emergent symmetries. Note that £~! is related to
the energy (mass gap) of the associated excitation [32]. Here, the
skyrmion corresponds to the Higgsed “photon” excitation in the
CP! theory. In the VBS phase, this photon excitation manifests as
a spin-singlet VBS order parameter fluctuation, i.e., the VBS
domain wall thickness. Similarly, the magnon becomes a “trip-
lon” in the VBS phase. The plot assumes the simulation of the
DQCP at the finite circumference L and bond dimension y, which
prevents & from diverging at the DQCP.

beyond the length scale of &y, 44 starts to increase with
the RG flow until it becomes strong enough to break the

U(1) symmetry down to Z, at the length scale &ygg [47].

A careful analysis [4] shows that &ypg ~ <§£§i;1)/ 2

A > 3 (irrelevant) is the scaling dimension of ReM* [48].
Thus, &ygs grows more rapidly than &, as we approach
the critical point.

However, on the Shastry-Sutherland lattice, there is no
symmetry enhancement from Z, to U(l) at the DQCP,
because U(1) is already broken down to Z, by the relevant
symmetry-breaking term Zz(ReM)z. As aresult, there is no
dangerously irrelevant RG flow around the DQCP. As soon
as we move away from the critical point, Z, anisotropy is
there to break the emergent O(4) symmetry down to the
microscopic SO(3) x Z, symmetry. To better understand,
let us compare the relevant tuning term for two different
cases in the nonlinear sigma model (NLSM) description:

, Where

easy-plane square: ~ r(n? + n? — v —v3),

Shastry-Sutherland: ~ #[n? + n? + n? — (ImM)?].  (10)

For the easy-plane case, r > 0 is not enough to break the
emergent U(1) down to Z,, calling for the dangerously
irrelevant scaling of A,ReM?* term. On the other hand,
7 > 0 immediately introduces the negative mass for ImM
to develop its ordering, gapping out the associated
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fluctuation. Thus, there does not exist a separation of length
scales nor scenario expected in Fig. 8. The singlet gap (the
gap of PVBS fluctuation) should open up immediately as
we tune 7 away from the critical point in the thermody-
namic limit.

What is the consequence of all these observations? In the
study of finite size systems, the RG flow should stop at a
certain point beyond the system size, which means that the
dangerously irrelevant scaling can significantly affect the
correlation behavior or excitation spectrum in small system
sizes, as illustrated in Fig. 8(b). Because of the dangerously
irrelevant scaling, near the DQCP toward the VBS side, the
correlation length of the VBS order parameter fluctuation
(§ = 0) should be larger than the correlation length of the
Néel order parameter fluctuation (S = 1). However, in the
thermodynamic limit, such a behavior is not guaranteed, as
the eventual fate under the RG flow is often difficult to
understand. For example, in the mean-field treatment of the
VBS phase, it has been argued that the spin-triplet
excitation (triplon) has a lower energy than the singlet
excitation (singlon) [35]. On the other hand, in the finite
size systems, the dangerously irrelevant scaling enforces
the region with £g_y > &g_; in Fig. 8(b) to appear regard-
less of the eventual RG behavior in the VBS phase.
Moreover, since we consider a quasi-two-dimensional
system in the IDMRG simulation, the finite circumference
size can also affect the behavior in Fig. 8. In principle, the
Mermin-Wagner theorem prevents the spontaneous sym-
metry breaking of a continuous symmetry in dimensions
D >?2 [49]. In other words, in a quasi-two-dimensional
system, the strong fluctuation of the continuous order
parameter [e.g., SO(3) spin rotation] gaps out the system
and reduces the correlation length for the associated
Goldstone bosons (e.g., magnons). As the disordering
effect is stronger for the physical SO(3) spin-rotation
symmetry than for the emergent U(1) symmetry enhanced
from Z,, we again expect the parameter region of &g_y >
E¢—1 to appear near the DQCP.

By contrast, in the Shastry-Sutherland model, the rel-
evant Z, perturbation can always gap out the monopole
fluctuation away from the critical point. To confirm this
statement, we perform the IDMRG simulation on the spin-
1/2 J,-J, model at the same circumference size L = 10
and compare the correlation length spectra between two
models. In Fig. 9(a), we observe that £g_, the correlation
length of a S = 0 local excitation, is always larger than &4
in the entire VBS phase on the square lattice. However, in
Fig. 9(b), &g is larger than £g_; only at the transition point
and immediately becomes smaller than £g_; as we tune the
system away from the critical point towards the VBS phase,
which is one of the nontrivial predictions from the presence
of relevant anisotropy operator at a finite-system size
simulation. In the Néel ordered phase, these two models
exhibit very similar correlation length spectra. For more
details, see Appendix B.

Square Lattice, L = 10

(a)
—@— Spin-0
1.21 —@— Spin-1
—@— Spin-2
0.9 1
A
~
A
0.6
1
1
1
1
0.3 1 !
T ! T T T T T
1.8 2.0 2.2 2.4 2.6 2.8
J1/J2
(b) Shastry-Sutherland Lattice, L = 10
1.21 ! -@— Spin-0
—@— Spin-1
—@— Spin-2
0.9 1
X
i
0.6 1
1
VBS !
0.3 1 H
1

070 075 080 085 090  0.95
T/ T

FIG. 9. The correlation length spectrum for (a) the J,-J, model
in the spin-1/2 square lattice (y = 2000) and (b) the Shastry-
Sutherland model (y = 4000). The correlation length spectrum
coincides with the excitation level-crossing spectrum in Fig. 2 of
Ref. [50] (after switching J,/J, to J,/J,). For the value of J, /J,
smaller than the range shown in the figure, we get the collinear
striped AFM order (DVBS) for the square (Shastry-Sutherland)
lattice. The level-crossing behaviors for both models are similar
in the Néel ordered side.

Our numerical result for the square J;-J, model aligns
with the recent work [50] on the finite-DMRG simulation
which calculates first several excited states with different
spin quantum numbers. If we replace the excitation energy
in Ref. [50] with £~!, we obtain the same crossing behavior.
This result can be justified by the fact that, when a local
excitation has a mass gap m, the correlation function
mediated by the local excitation decays as ~e™, and
thus m o £~!. Therefore, our theoretical scenario explains
why a local [51] spin-singlet excitation in Ref. [50] has
lower energy than a spin-triplet excitation around the
critical point. It also elucidates the reason why the previous
DMRG results of the J;-J, model on the square lattice
[14,52-56] are unable to identify the nature of the VBS
phase without applying a pinning field. Because all
previous numerics are also performed in the similar system
size, they are in the regime where the VBS order parameter
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fluctuations are severe, disallowing one to confirm whether
it is a plaquette or columnar VBS. Therefore, we conclude
that the absence or presence of an irrelevant operator is
essential to understand physical observables in any finite
size system.

In summary, we note that previously the two promising
scenarios to realize DQCP with spin 1/2 was either the
SO(3) symmetric or easy-plane deformations, both with
fourfold degenerate VBS orders. Here, however, we have
the twofold degenerate VBS order. Nevertheless, as dis-
cussed in Ref. [42], the twofold monopole with SO(3)
symmetry is equivalent to the easy-plane deformation, if an
enlarged SO(5) symmetry is assumed in the absence of
these perturbations. Furthermore, we remark that the
scaling behavior of the dangerously irrelevant operator
enables us to understand multiple observations made in
previous numerical simulations which are absent in the
Shastry-Sutherland model here.

V. SPECTRAL SIGNATURES OF DQCP

A hallmark of the DQCP is the emergence of deconfined
spinons at the critical point, which entails distinct features
in both the magnon and phonon excitation spectra that can
be probed in INS or RIXS experiments. To better appreciate
the predicted spectral features at a low temperature around
the PVBS-Néel transition, we need to first understand the
background elastic scattering signal of SrCu,(BO3), in its
high-temperature paramagnetic phase without any sym-
metry breaking. We focus on the scattering of neutrons or
photons off of the copper sites. As shown in Fig. 1(a), there
are four copper sites in each unit cell, coordinated at
ra=(1+468,1468)/2, rg=(1-6,3+6)/2, rc=(3+6,1-6)/
2, and rp = (3 —6,3 —6)/2, respectively, with the dis-
tortion parameter given by & = 0.544 according to
Ref. [16]. In the high-temperature paramagnetic phase,
an elastic scattering experiment reveals lattice diffraction
peaks at a set of momenta Q =z(H,K) (H,K € Z,;
note that the lattice constant is 2 in our convention)
with the amplitude given by S(Q)=[d’rp(r)e?” ~
>a—apcpe@’, where p(r) can represent either the
electron density from Cu orbitals (which scatters x-ray
photons) or the density of Cu nuclear (which scatters
neutrons). The corresponding intensity |S(Q)|* is plotted
in Fig. 1(b). Notably, there are extinction points in
the diffraction pattern, protected by the glide-reflection
symmetry. Note that the system at the DQCP has the
glide-reflection symmetries G, and G,, although both
the Néel and PVBS phases do not [57]. The glide refle-
ctions G, and G, act as lattice translations by a half
lattice constant followed by the reflections about the trans-
lation directions, as illustrated in Fig. 1(a). The fact that
the density distribution p(r) at equilibrium respects all
lattice symmetries (including G, and G,) implies that

p(x,y)=p(x+1,-y) =p(=x,y+1). They impose the fol-
lowing constraints on the scattering amplitude:

S(Qm Qy) = eiQXS(va _Qy) = eiQyS(_Qx’ Qy)v (1 1)

which implies the extinction of diffraction peaks at Q €
7n(2Z +1,0) or #(0,2Z + 1), as marked out in Fig. 1(b). In
general, p(r) can describe the spatial pattern of any scatterers
that interact with the probing particle (e.g., x ray or
neutrons). Equation (11) holds under the assumption that
the scatterer field p(r) is even (symmetric) under glide-
reflection symmetry. This constraint can be generalized to
other types of scatterers including magnetic fluctuations at a
finite frequency. For example, the destruction of the scatter-
ing amplitude at these extinction points could extend to
finite-frequency inelastic scattering, as long as no scatterer
at that energy scale breaks the glide-reflection symmetry.
However, as we lower the temperature and approach the
PVBS-Néel transition, certain glide-reflection-breaking
excitations (meaning that the scatterer is odd under the glide
reflection) may emerge at a low energy as part of the quantum
critical fluctuation. Indeed, we show that the emergent SO(4)
conserved current fluctuation and the PVBS order fluctuation
are examples of glide-reflection-breaking scatterers, which
become critical at the DQCP and “light up” the extinction
points. They provide unique signatures of the DQCP that are
also relatively easy to resolve in experiments, as there are no
background scattering signals at the extinction points.

The proposed spectral signatures at the PVBS-Néel
transition are most convenient to analyze using a fermionic
spinon theory for the DQCP, which is shown to be equivalent
(dual) to the conventional CP' theory [58-61]. In the
fermionic spinon theory, the spin operator S; = % f j'a f; 1s
fractionalized into fermionic spinons f;=(f.f;, )T, which
are then placed in the z-flux state [62—65] described by the
following mean-field Hamiltonian:

Hyr = _Ztij(fjfj +H.c.)
(if)
+ 9> (I +He)(fifs—fif)+-. (12)

[ijkl)

where (ij) runs over all the nearest-neighbor bonds and
[ijkl] runs over all the shaded diamond plaquettes depicted
in Fig. 10(a). The spinon hopping amplitude 7;; takes #;; =
—tonthebonds highlighted inred in Fig. 10(a)and ;; = ton
the rest of the bonds, such that the spinon sees z flux
threading through each plaquette. The phenomenological
parameter ¢ ~ J sets the energy scale of the spinon, which is
expected to be of the same order as the spin interaction
strength J,. The z-flux state model Eq. (12) was originally
proposed as an example of algebraic spin liquids [62-65]
(including the DQCP as a special case). It was recently
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FIG. 10. (a) The #-flux model of fermionic spinons. The spinon
hopping on the thick red bond gets a minus sign, such that each
plaquette has a # flux. Additional spinon interaction terms are
applied to blue shaded diamonds. (b) The arrangement of the site
indices [ijkl] around each shaded diamond.

confirmed via quantum Monte Carlo (QMC) simulations
[59-61] that the z-flux state actually provides a pretty good
description of the spin excitation spectrum at the DQCP.

The n-flux state mean-field ansatz determines a projec-
tive symmetry group (PSG) [66] that describes how the
spinon should transform under the space group symmetry,
as concluded in the last column of Table II. It is found that
the spinon hopping along the dimer bonds is forbidden by
the 6,,,6,; symmetry, which is not broken at the DQCP.
Therefore, the effect of J, can enter the Hamiltonian only
as a four-fermion interaction to the leading order, given by
the g term in Eq. (12). The g term describes the spinon
interaction around each diamond plaquette [ijk{] where the
site indices i, j, k, [ are arranged according to Fig. 10(b). It
turns out that the interaction ¢ is directly related to the
JReM? term given that the monopole operator MT ~
(vy +vy) +i(v, —x,) can be written in terms of VBS
order parameters v, and v, which are further related to
fermionic spinons via v, ~ (—)fo;Cfi +H.c. and
vy~ (=) fi +3fi + H.c., respectively, such that the inter-
action can be written as gv, v, ~ gRe M?2. Therefore, g > 0
corresponds to 4, > 0, which favors the square plaquette
VBS order ImM.

Let us ignore the interaction g for a moment. By
diagonalizing the spinon-hopping Hamiltonian, we find

the spinon dispersion €, = £2¢,/cos® k, + cos’ ky, which

gives rise to four Dirac fermions (or, equivalently, eight
Majorana fermions) at momentum (z/2,7/2). Note that
the distortion parameter 6 does not affect the spinon band
structure. Naively, the spinon mean-field theory has an
emergent SO(8) symmetry rotating among the eight low-
energy Majorana fermions. However, a SU(2) gauge
structure must be introduced with the fractionalization,
which reduces the emergent symmetry to SO(5). The
interaction term g plays an important role to further break
the SO(5) symmetry explicitly to O(4), matching the
emergent symmetry observed in the DMRG simulation.
Based on the fermionic spinon mean-field ground state,
the spin excitation spectrum S(w,q) is calculated in
Refs. [59-61] and is reproduced in Fig. 11(a) for

(b)
100 505
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o 101 —_
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FIG. 11. (a) Spin excitation spectrum (dynamical structural
factor) Spaenon(®.q) at the DQCP. A darker color indicates a
higher intensity. The dashed line traces out the lower edge of the
continuum which is described by Eq. (13). (b) The frequency
dependence of the spectral intensity at the extinction point X. At
the low-frequency limit, the spectral intensity grows with
frequency linearly, which manifests the conserved current asso-
ciated to the emergent O(4) symmetry. (c) Schematic illustration
of the phonon spectrum Spyponon(@.q). The bare phonon
dispersion is inferred from Ref. [67]. The VBS-phonon coupling
leads to a continuum in the phonon spectrum. (d) The frequency
dependence of the phonon spectral intensity at the extinction
point X. The intensity falls off in a power law with the frequency,
whose exponent should be the same as that of the spin fluctuation
at M point.

illustration, where the high-symmetry points I', X, and
M are defined in Fig. 1(b). The lower edge of the spinon
continuum is given by ®y,(q) = ming|eg,, — €|, which

reads
Wmin(q) = 211/sin* g, + sin g,,, (13)

as shown in Fig. 11(a), which provides us a way to estimate
the mean-field parameter ¢ from the experimentally mea-
sured spin excitation spectrum, by fitting this lower edge.
This result is rather robust, as its shape is unaffected by the
distortion parameter .

Remarkably, a gapless continuum appears on top
of the extinction point X (as well as Y by o,, symmetry)
as seen in Fig. 11(a). As previously analyzed in Eq. (11),
the spin excitation at the X point must be odd under the
glide-reflection symmetry G,. This symmetry constraint
enforces that the gapless continuum should correspond to
the emergent SO(4) conserved current fluctuation J,, =
nd,ImM — ImM0,n, which involves both the Néel n and
PVBS ImM order parameters and is thoroughly studied in
Refs. [60,63,68]. Since n, 6},, and ImM are all odd under
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the glide reflection G, (that preserves the extinction point
X), the current operator J, is also odd under G,. Therefore,
Eq. (11) does not hold anymore, such that the fluctuation of
J, can appear at the extinction point X as a spinon
continuum in the magnon channel (as J, carries spin 1).
On the other hand, fluctuations like nImM are not allowed
to appear at the X point in the spin excitation spectrum,
because the bound state mImM is even under glide
reflection [cf. Eq. (11)]. The J, continuum becomes gapless
only if both the Néel and PVBS fluctuations are gapless,
which happens only at the DQCP. Protected by the
emergent O(4), the conserved current operator must have
a scaling dimension exactly pinned at 2, which indicates
that the magnon spectral weight at the extinction point X
must increase with the frequency linearly (at below the
energy scale of J;):

Smagnon(w’q = X) X w, (14)

as shown in Fig. 11(b). We propose this feature as a
hallmark of the spin fluctuation at the PVBS-N¢éel tran-
sition in SrCu,(BOj3),. Confirmation of this linear fre-
quency growth of the spectral weight will provide direct
evidence for the emergent O(4) symmetry at the DQCP.

Apart from the features in the spin excitation (magnon)
spectrum, the DQCP also introduces new features to the
phonon spectrum, due to the PVBS-phonon coupling. The
PVBS order has a linear coupling to the lattice displace-
ment, as its representation under the lattice symmetry group
matches with that of strain fields:

EVBS»phonon ~ U Uy + Uyly, (15)

where u, (or uy) is the lattice displacement in the x (or y)
direction with a momentum (z, 0) [or (0, z)]. It is crucial
that u, and u, here are not acoustic phonon modes of a
continuum theory around momentum (0,0); otherwise, they
can enter the field theory only in the form of derivatives
O;u;. The coupling is allowed by lattice symmetry and is
evident from the PVBS-induced lattice distortion as dem-
onstrated in Fig. 6(a). This result leads to a hybridization
between phonon and PVBS fluctuations. As the PVBS
fluctuation becomes critical (gapless) at the DQCP, the
quantum critical fluctuation also appears in the phonon
spectrum due to the hybridization effect, as illustrated in
Fig. 11(c) (see Appendix C for a detailed analysis). As the
PVBS order carries the momentum (z,0) and (0, z), the
phonon continuum also gets softened at these momenta,
which happen to be the extinction points X and Y of the
lattice diffraction pattern. Note that the PVBS fluctuation is
odd under glide reflection; therefore, a new phonon
continuum is allowed to emerge at the extinction points
with the spectral weight diverging at a low frequency
following a power law:

Sphonon (@4 = X) o @721, (16)

The anomalous dimension # should match that of the PVBS
order parameter at the DQCP, which, by the emergent O(4)
symmetry, is also the same # of the Néel order parameter.
Based on the QMC simulations in Refs. [25,69], 7 is
estimated to be # = 0.13-0.3. The observation of such
critical phonon fluctuations at the extinction points with a
power-law divergent spectral weight as shown in Fig. 11(d)
will be another direct evidence of DQCP.

In conclusion, extinction points are protected by the
glide-reflection symmetry, but both the conserved current
and the PVBS order parameter break the glide reflection.
Their critical fluctuations are, therefore, allowed to appear
at the extinction point. It is rather a nice property that there
will be no background signals to form lattice diffraction,
which makes these spectral signatures of DQCP more
easily resolved in experiments. Our analysis indicates that
the conserved current fluctuation (which carries spin 1)
should appear in the magnon spectrum and the PVBS
fluctuation (which carries spin 0) should appear in the
phonon spectrum. The observation of these critical fluctu-
ations in the scattering experiment will be strong evidence
for the potential realization of DQCP in SrCu,(BOs3),.

VI. EFFECTS OF INTERLAYER COUPLING

So far, we have discussed the DQCP physics assuming
that the system is two dimensional. However, the material
realization of Eq. (1), SrCu,(BOs),, has a three-dimen-
sional structure which is a stack of Shastry-Sutherland
lattices with a relative shift given by the lattice vector (1,1)
between neighboring layers. Each layer is separated by the
layer of oxygen, but, due to the superexchange term
mediated by the oxygen, there is a small interlayer
antiferromagnetic interaction J3 ~ 0.1/, [70] between the
spin-1/2’s located at the crossed dimers in Fig. 12. Since
the stacking structure preserves G, , and 6, ; Ssymmetries,
the previous monopole analysis still holds for each two-
dimensional layer. Here, we would like to better understand
the effect of the three-dimensional interlayer coupling to
the DQCP physics.

To analyze, we first consider coupling layers of spin
systems at the conventional DQCP point with the emergent
SO(5) symmetry [other than the O(4) case in the previous
discussion]. Here, each layer is described by the following
NLSM model in Euclidean spacetime [64,71]:

1 .
Sl()lz)CP = /d3)€2_g (auQ(l))z + 2zilyzw[®@Y],  (17)

where ®) = (n,, n,.n_,ImM,ReM) is the order param-
eter of the Ith layer and Ty w[®()] is a Wess-Zumino-
Witten (WZW) term at level k = 1. With the interlayer
coupling, the total action is given by the following general
form [72]:
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FIG. 12. (a) Three-dimensional interlayer AFM coupling J5
among spins located at the cross between upper and lower
diagonal bonds, mediated by the interpenetrating oxygen atom.
The other interlayer couplings are negligible. Preferred stacking
of (b) the Néel ordered phase with n) = n(+1) (red and blue dots
for opposite spins), and (c) the diamond PVBS phase with
ReM ) = Re M+ and (d) square PVBS phase with ImM () =
~ImM+1) (thick purple bonds mark singlet plaquettes). For the
(c) and (d) cases, energetically favorable stacking can be deduced
by the interlayer dimer resonance.

S= ZSI()I)QCP - Z / d3x9abq’y)q)g+l)’ (18)
1 1

where the interlayer coupling coefficients ¢’ can be
arranged into a matrix g. Given that the scaling dimension
of @ is estimated to be around Ag ~ 0.6 in the literature
[73-82], the interlayer coupling is expected to be relevant
(as 2A4 < 3), locking the order parameters across different
layers. Then, the coefficient matrix g becomes important,
since the sign of its determinant det g crucially affects how
the topological (WZW) term from each layer is added up
(cf. Ref. [72]). More precisely, if the sign of det g is positive
(negative), the WZW terms are added up in a uniform
(staggered) manner. The reason is that we can always
redefine @) in alternate layers to make g positive definite,
but the price to pay is that the WZW term changes sign
alternatively if the original det g is negative. Note that the
procedure requires the topological term to be invariant
under the change of origin (translation symmetric), i.e.,
T,y :Twzw[®] = Tywzw[®@]. Otherwise, the addition or
subtraction of topological terms across layers are not well
defined due to the arbitrariness of the choice of origin
across the layers for the locked order parameter.

For example, consider coupling the two-dimensional
square lattice J — Q models [83] into a 3D cubic lattice
with an AFM spin-spin interaction along vertical bonds.
Each layer putatively realizes the DQCP physics with

® = (n,v,,v,) describing Néel and CVBS order param-
eters. Under the AFM interlayer coupling, the coupling
matrix ¢ has the sign structure of ¢“* = (-, —, —, 4+, +),
which is because the vertical AFM coupling prefers

n) = —n(+1) while the vertical plaquette ring exchange

[84] favors vyl = vi’,}’“. In this case, detg < 0, so the

WZW terms in neighboring layers tend to cancel each
other. However, the cancellation is not exact, as the ® field
still admits a (smooth) fluctuation over layers, which results
in a residual topological term, namely, a topological ®
term. Staggering a WZW term at level k gives a © term at
® = zk. Now the problem of the coupled DQCPs boils
down to understanding the fate of the SO(5) NLSM with
® =7 in (3+1)D. There are some hints from the
fermionic parton analysis. One can consider fractionalizing
the @ vector to the bilinear form of a fermionic parton field
w following ®, ~ iy’ “y, such that the y fermion is in
the SO(5) spinor representation [or the Sp(2) fundamental
representation]. The emergent gauge structure is SU(2),
which points to the SU(2) quantum chromodynamics
(QCD) model in (3 + 1)D with Sp(2) flavor symmetry:

L=y(y"D, +m+ iy @, )y. (19)

Integrating out the fermion and gauge fluctuation is
expected to reproduce the SO(5) NLSM with © =
n(1 +sgnm), such that ® =z is realized at m = 0.
However, the number of Dirac fermion flavors (N, = 2)
is not enough to avoid a chiral symmetry breaking in 3D.
Therefore, under the interlayer coupling, it is likely that the
SO(5) DQCP flows to a discontinuous transition point
induced by the quantum fluctuation. Considering that the
O(4) DQCP from easy-plane anisotropy or rectangular
deformation is descended from the SO(5) DQCP [42],
breaking SO(5) down to O(4) makes the situation worse.

In a similar way, one can analyze the three-dimensional
stacking of the Shastry-Sutherland lattice. If we allow the
possibility of the diamond PVBS phases, the order param-
eter is written as ® = (r,ReM,ImM), where ReM
(ImM) represents the square (diamond) PVBS order
parameter. Note that now each layer is shifted by a (1,1)
vector (see Fig. 5) relative to the layer below, and the
interlayer AFM coupling is given by Fig. 12(a) instead of
the direct vertical coupling. In Fig. 12(b), we show two
identical layers of Néel ordered pattern relatively shifted by
(1,1). If we focus on the four spins surrounding the
diagonal bond crossing, we find that the two spins from
the upper layer and the two spins from the lower layer are
aligned oppositely, which is favored by the AFM interlayer
spin exchange J5. So the interlayer coupling prefers to
lock the Néel order parameter in the same direction across
the layer as n') = n(*V). In Fig. 12(c), we show two
identical diamond PVBS patterns displaced from each
other. This configuration can gain the effective interlayer
ring exchange energy induced by the J; coupling, which
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resonates the nearby dimers across the layer. Thus, we
conclude that ReM®) = ReM*1) is more favorable. In
Fig. 12(d), we show two opposite square PVBS patterns
displaced from each other. This configuration also gains
interlayer ring exchange energy by resonating the dimers
lying on top of each other. But this configuration requires
the square PVBS order parameter to be opposite between
neighboring layers as ImM) = —Im M+ In conclu-
sion, the interlayer coupling prefers (n(l), ReM ),
ImM®) = (n+1), Re MU+, —ImMU+1)), Here, instead
of using (v,, v,), we use (ReM,ImM) to parametrize the
VBS order parameter, which is a basis change with a
positive determinant. In this basis, the interlayer coupling
matrix g takes the sign structure of ¢%¢ = (+, +, +, +, —).
As a result, we again have detg < 0, which implies that
SO(5) DQCP flows to the first-order transition point in
3D. Since our O(4) scenario is considered to be a perturbed
SO(5) DQCP (see Fig. 7), it is likely that the O(4) DQCP
also flows to the first-order transition point.

If det g happens to be positive, the leading-order effect is
that the WZW terms add up together, as the interlayer
coupling g tends to lock the order parameters @) across the
layers. Admittedly, the locking effect becomes weaker at a
longer distance (along the perpendicular direction of layers),
but we can still analyze the problem by first grouping
the neighboring layers to a renormalized layer and then
considering the residual coupling between renormalized
layers. Across neighboring layers, the order parameters are
expected to bind together, such that the renormalized model
can be viewed as a NLSM with a WZW term at large level .
The intuition from the (0 + 1)D O(3) WZW term is that the
large level limit corresponds to the large spin limit, where the
quantum fluctuation of the order parameter is suppressed.
Coupling spin 1/2 into a spin chain ferromagnetically in
Sy, channels results in the ferromagnetic ground state with
giant spin and classical spin wave excitations. In this limit,
the low-energy physics can be captured within Landau-
Ginzberg (LG) theory. Further adding different easy-axis
anisotropies to the ferromagnetic spin chain drives first-
order transitions between different Ising ordered phases
according to the LG theory. We conjecture that, in a higher
dimension, a similar effect will render each renormalized
layer into a classical magnet, which should be described
within the Landau-Ginzberg paradigm, such that the DQCP
is notavailable. So in the presence of interlayer coupling, the
Néel and VBS phases will likely be separated by a first-order
transition or intermediate coexisting phases. Thus, our
analysis shows that, in both detg > 0 and det g < O cases,
the interlayer coupling ultimately destabilizes the DQCP
and drives it, for example, to a first-order transition.
However, our analysis also indicates that the det g < 0 case,
corresponding to the real material, has stronger quantum
fluctuations, potentially leading to a weaker first-order
transition or a smaller region of coexisting order parameters
than the detg > 0 case.

One additional remark is that, while the interlayer Néel
order coupling enters directly from the J; term, the
interlayer VBS coupling arises from the higher-order
perturbation (resonance) of the J; term. As a result, the
critical point is shifted to expand the Néel order phase. This
shift is consistent with the phase diagram studied in
Ref. [40], where the interlayer coupling drives a system
into the AFM order and shrinks down the VBS region.

VII. PREDICTIONS FOR EXPERIMENT

Before discussing experimental consequences of the
DQCP, we make a few remarks on the nature of the plaquette
VBS phase. In Sec. 111, we discuss two different possibilities
for the PVBS phases (see Fig. 6): the square and diamond
PVBS. While the square PVBS breaks the reflection
symmetries o, and o, the diamond PVBS breaks the
empty-plaquette-centered C,4 rotation symmetry; see Fig. 5.
As aresult, when the system is at the PVBS phase, magnetic
excitations initially degenerate under the p4g symmetry split
differently, depending on whether the plaquette is formed at
a square or diamond. While our IDMRG simulation of the
Shastry-Sutherland model points to the square PVBS phase,
in the recent experiments on SrCu,(BOj3), using INS [13]
and NMR [38,39], the magnetic excitations in the PVBS
phase seem to break the C, rotation symmetry, indicating the
diamond PVBS phase. This discrepancy implies that the
effective spin model for the real material could deviate from
the Shastry-Sutherland model studied here. For example,
three-dimensional interlayer coupling may induce some
effective further-neighbor couplings beyond the Shastry-
Sutherland model. Therefore, the type of PVBS phase to be
stabilized at a low energy is model dependent. Nevertheless,
this discrepancy does not affect to the DQCP scenario and
the emergent O(4) symmetry, because it corresponds only to
a different sign of 4, in Eq. (7).

As discussed earlier, the DQCP naturally realizes a
quantum spin liquid, a long-sought-after state of quantum
magnets. Furthermore, it realizes a particularly exotic
variety—a critical spin liquid—with algebraically decaying
correlations arising from the gapless emergent d.o.f.
Moreover, an experimental realization of the DQCP would
be a crucial manifestation of the many-body Berry phase
effect that intertwines different order parameters. A dra-
matic experimental consequence of the DQCP is the
emergent symmetry and resultant spectroscopic signatures
expected from INS or RIXS. In particular, the model for
SrCu,(BO3), studied here exhibits the O(4) emergent
symmetry with two promising spectroscopic signatures
at the X point in the Brillouin zone, summarized as the
following.

(i) Magnon (S =1) channel—This channel gives
the information about the critical fluctuation of the
emergent O(4) conserved current. As a result, the
spectral intensity increases linearly with the fre-
quency, S~ w. If the emergent symmetry did not
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exist, there should not exist a low-energy spectral
weight at this momentum. The deviation from the
linear relation gives us a measure of how accurate
the emergent symmetry is.

(i) Phonon (S = 0) channel—This channel gives the
information about the PVBS order parameter fluc-
tuation. For a given anomalous dimension #7ygg of
the PVBS order parameter, the spectral intensity
diverges with the frequency, S ~ [1/(w?~vss)]. The
DQCEP scenario implies that the VBS order param-
eter is fractionalized, resulting in a nonzero nygs.

Moreover, the emergent symmetry implies that 7ygg is
equal to the anomalous dimension of the Néel order
parameter fluctuation, #yng. However, the Néel order
parameter fluctuation is located at the M point, which
has a pronounced Bragg peak in addition. In principle, the
Bragg peak corresponds to the spin-0 channel, and it must
be possible to extract ¢ and compare the 77xge With 7ypg
to tell whether the emergent O(4) symmetry exits. In the
earlier work [70], it is estimated from the low-7 magnetic
susceptibility and heat capacity data that J; ~ 4.7 meV,
J,~7.3 meV, and J3 = 0.7 meV. Moreover, the Debye
frequency of the acoustic phonon branch is measured to be
wp =~ 10 meV in Ref. [67]. Therefore, for experiments to
confirm the theoretical predictions, it is required to have an
energy resolution smaller than MeV.

According to the present numerical simulation, the phase
transition between the PVBS and Néel order can be a
second-order or weakly first-order transition. The result
does not contradict recent numerical work with a similar
phase diagram where a first-order transition behavior is
observed, because these models [22,23] are different from
the microscopic Hamiltonian in Eq. (1), which is more
likely to capture the couplings in the real material. Since the
nature of the phase transition may be tunable, it is possible
that the experiments on SrCu,(BO;), may realize the
transition that is either second order or weakly first order
with a large correlation length.

Would all these predictions become meaningless if the
transition is actually weakly first order? In fact, even if
the two-dimensional system hosts the DQCP, we argue in the
previous section that the interlayer coupling might drive the
system into a first-order transition point in three dimensions.
Indeed, at the weakly first-order transition point, the system
has a finite excitation gap, and experimental spectroscopic
data at zero temperature deviate from Fig. 11 due to the
absence of a gapless critical fluctuation. However, if we
examine the system within the length scale smaller than
the (large) correlation length &, the system still exhibits the
DQCP physics. In other words, if we examine the system
only above the energy scale set by the correlation length
® > wgy, ~ 1/&, we observe the predicted spectral intensity
trends in Fig. 11. It is our hope that future experiments will
be able to use these results to clarify the physics behind the
interesting properties of SrCu,(BOs)s,.

VIII. CONCLUSIONS

We studied a two-dimensional S = 1/2 model which
captures key features of the Shastry-Sutherland material
SrCu,(BO3),. We obtained the phase diagram using
numerical IDMRG simulations and observed a potentially
continuous transition between a plaquette VBS state with
twofold degeneracy and a Néel ordered phase. The tran-
sition, studied using both numerical and field theoretical
techniques, is proposed to be a deconfined quantum critical
point, and we discussed its special features including the
lack of a dangerously irrelevant scaling and an emergent
O(4) symmetry. Concrete predictions are made for future
experiments in SrCu,(BOj3),, where a pressure-tuned tran-
sition between Néel order and a putative plaquette VBS state
has already been reported [13]. The predicted experimental
signatures include the form of spectral intensity of spin-
singlet and spin-triplet excitations at extinction points,
which should be accessible in future resonant x-ray and
neutron scattering experiments. These can provide a smok-
ing gun signature of the deconfined criticality and emergent
O(4) symmetry. Complications arising from the coupling
between layers in the third dimension of the bulk material are
briefly discussed, although further work in this direction is
needed. We hope this study will trigger future experimental
investigation of this quantum critical point in an interesting
material and, more generally, provide a road map for the
experimental study of deconfined quantum criticality.
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APPENDIX A: MONOPOLE TRANSFORMATION

In this section, we calculate how the monopole operator
transforms under the symmetry of the Shastry-Sutherland
lattice. To do this calculation, we think of the Shastry-
Sutherland lattice as the lattice being deformed from the
square lattice with spin 1/2 per site. Starting from the 2 +
1D antiferromagnetic ordered phase (Néel) of the square
lattice, one can derive the action in terms of local Néel order
parameter n(r,) in a path integral formalism:
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(a) (b)

FIG. 13. (a) The monopole operator inserted in the Euclidean
spacetime. White arrows represent spin directions. The imaginary
time trajectory of each spin is represented by a colored line.
White arrows in the black trajectory show how the direction of the
spin changes along the imaginary time when the monopole is
inserted. (b) The solid angle w(n,) sweeps through the imaginary
time with respect to the reference vector n. (c) The dual lattice
where a monopole operator resides. Here, plaquette centers
correspond to the spin sites. The lattice spin acts as an alternating
flux pattern (—1)"+">4xS for monopoles. The hopping amplitude
along each black arrow gives a phase factor of ¢S =i in our
S =1/2 case.

S—i/ddz on 2+ 2(Vn)?| +8 (A1)
729 Tar Iz c A B>

where n ~ 1,.S is a Néel order parameter and 7, = (—1)"+""»
is a factor required for an alternating spin direction. In
addition to the continuum action of a classical O(3)
nonlinear & model, there exists a Berry phase contribution
due to the quantum nature of spin dynamics, which
manifestly has the lattice origin [85,86]. Let w(n,) be a
solid angle swept by a local Néel vector located at r
throughout the imaginary time evolution from 0 to f, with
respect to the reference direction ng [see Fig. 13(b)]. Then,
Sg =1iS> . n.w(n,), where S is the spin of an each site.

For any spatial slice, one can define the skyrmion
number Q(7) = [1/(4x)] [# - (Dt x Dyit)|,, which is a
topological invariant. Then, a monopole creation operator
is defined as a topological defect at the spacetime point
which changes Q(7) by +1 across it. By the further duality
mapping, this monopole in the NLoM is mapped into the
monopole of the CP! theory. As the center of the monopole
cannot have a finite spin direction, the monopole is located
at a dual lattice. When we have a monopole event in the
spacetime, it must give a branch-cut structure on the image
of w(r), because w(r) must change by 4z around the
monopole location in the space. More intuitively, when a
monopole residing on the dual lattice encircles a single site,

the imaginary time trajectories of all spins except the one
encircled by the monopole oscillate just back and forth,
while the trajectory for the encircled one entirely winds its
by 47z upon the completion of encircling as in Fig. 13(b).
Thus, one can view this problem as a monopole hopping
around the dual 2D lattice in which each site in the original
lattice gives a 4757, flux through the plaquettes of the dual
lattice. (The monopole is a charged object under this “flux”
emanated from a spin S.) The associated phase factor is
independent of the exact imaginary time location of the
monopole event. Thus, for the S = 1/2 case, one can fix the
system into a certain gauge and view it as if the +x/2
Aharonov-Bohm phase factor gets accumulated for each
hopping process for monopoles.

The monopole transformation rule is summarized in
Table V. Rj[‘}e2 is a site- (spin-) centered rotation. Note that it
is important to fix the convention for the rotation center,
because translation symmetry is projective. Here, we
choose a rotation to be defined with respect to the black
spin in Fig. 13(a). Rf’zl/azq is a plaquette-centered rotation,
which is defined with respect to the center of four spins in
Fig. 13(a). Under the unit translations T, ,,, time reversal 7,

and plaquette-centered rotation Rfrl/ag, the Néel order

changes its sign. It means that the flux pattern is reversed
under such transformations; thus, we need to transform a
monopole into an antimonopole to compensate for the
change. For reflections o, ,, although n does not flip, the
definition of the skyrmion number tells us that we need to
change the sign for the number of monopoles. Thus, a
monopole transforms into an antimonopole again. After
figuring out whether a monopole transforms into a monop-
ole or antimonopole, we need to multiply it by an additional
phase factor a, to account for the Berry phase effect.

Assume the topological term Sp is absent momentarily,
which is how the CP! theory in Eq. (4) is derived. This
assumption is a usual practice, because, unlike the first term
inside the parentheses in Fig. (A1), the second term, Sp,
cannot be straightforwardly extended to the continuum field
theory description. Under the absence of Sz, the monopole
insertion operator M just makes a global adjustment of the
Néel order configuration to increase the skyrmion number
by one, without any additional phase factor.

However, we know from the existence of Sy in the lattice
description that the Berry phase effect is important. In order
to take into account the Berry phase effect, we need to
examine how the monopole transforms under each sym-
metry action. Under the active transformation where the
coordinate system remains the same, we have

g:Mia,-gIMY . gIMI =M or M, (A2)

where the action of g on MT is determined by the
previous argument on whether the monopole transforms

041037-16



SIGNATURES OF A DECONFINED PHASE TRANSITION ON ...

PHYS. REV. X 9, 041037 (2019)

into the monopole or antimonopole upon the symmetry
transformation.

To determine a,, we need to fix a gauge first. Fixing a
gauge is important, because a monopole is always created in
a pair with an antimonopole. Thus, the monopole event
always has a reference point (antimonopole) connected by
the branch cut. The Berry phase factor is independent of the
way we draw the branch cut, because going around a single
spin-lattice site gives a 2z phase. Let us fix the reference
gauge such that the monopole created at (0, 0) gives a Berry
phase 3. Then, for a generic coordinate r, inserting a
monopole gives the Berry phase factor 7(r)f, where
n(r) = 1, i, -1, or —i depending on whether the coordinates
(ry. 1) are (even, even), (odd, even), (odd, odd), or (even,
odd) [85]. This process is shown explicitly in Fig. 13(c), as
moving the monopole along the arrow gives an additional
phase factor i. Inserting an antimonopole at r gives a phase
factor n*(r)f*, since it gives an exactly opposite contribution
to the Berry phase term by having @ — —®. Now, by fixing
p =1, the insertion of the monopole and antimonopole at
each dual lattice site simply gives a phase 7(r) and 7*(r).

To illustrate the further procedure, let us consider two
examples, Rf;;% and 7T',. Under Rf[i}%, a monopole r(f,mains a
monopole, but its location changes as r +> Rj;;ezr. By
calculating the relative phase factor between the monopole
created at r and Rj;}"é r, we obtain its transformation rule in

the continuum description:

(RSB
n(r)p

In the case of T,, a monopole transforms into an
antimonopole under the symmetry action. At the same
time, its location changes as r — r + . Following a similar
procedure, we obtain the following rule:

2 .
W——l :>MT|—)—IM

Following a similar analysis, we can obtain «, for all
symmetry transformations summarized in Table V. In the
case of time-reversal symmetry, we do not need an
extra phase factor, because time reversal already complex
conjugates the phase factor of a monopole operator,
which matches with the phase factor given by the anti-
monopole at the same site. Moreover, any monopole
condensation amplitude would be time-reversal symmetric,
because 7 : (M) > (MT)* = (M).

So far, we assume f = 1. However, a different choice of
f can be made, which affects the transformation rule for the
symmetries that flips a monopole to an antimonopole. In
fact, we can show that this rule is related to the identi-
fication rule between monopole M and the VBS order
parameters v, and v,. For # = 1, we get the relation Eq. (6);
for example, T, : M - —iM implies that the T ,-invariant
monopole condensation corresponds to the condition that

=i=> M- iM'. (A3)

(A4)

TABLE V. Transformation of the monopole operator M and
Néel vector n in the field theory of the nonlinear sigma model in
the Néel order phase.

Symmetries Transformations

T, M —iM  nw— —n
T, M= iM ne-n
R}, M= iMP nen
Ril/“j M -M ne-n
o, M= iM nen
oy M —~iM n—n
T MM ne-n
TABLE VI. The table shows the correspondence between the

symmetries of the Shastry-Sutherland lattice (p4g) and square
lattice (p4m). Bold symbols are for symmetries of the Shastry-
Sutherland lattice.

Gpag Gpam Action

T, Vi M MY nn
T, T2 M MY nen
Oy R0, M—>M ne—n
O T,T\R;)0, M—>M nen
8x To, M -M" n —n
8y Tyo, M -M" nis —n
Ry 4 Rgl/af M -M ne -n
T T M>M n—-n

ReM +ImM = 0. However, if = = e"/*, we get
T,:M" — —M, implying that the T,-invariant condition
is ReM=0. In such a case, we can deduce
that MT ~ v, + ivy.

Once we fix the gauge choice and determine how the
monopole transforms under the square lattice symmetries
(p4m), how the monopole transforms under the Shastry-
Sutherland lattice symmetries (p4g) can be deduced easily,
because the Shastry-Sutherland lattice symmetries can be
expressed in terms of the square lattice symmetries if we
take the Shastry-Sutherland lattice in Fig. 5 as deformed
from the smaller square lattice. The result is summarized in
Table VI.

APPENDIX B: COMPARISON WITH A DMRG
SIMULATION RESULT OF THE J;-J,
MODEL IN THE SQUARE LATTICE

In this section, we present our analysis on the square
lattice with spin 1/2. Using the IDMRG simulation, we
study these models on an infinite cylinder with a circum-
ference size up to L = 10 lattice sites. Here, we focus
on the correlation length spectra. The simulation is
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explicitly U(1), symmetric, and we can plot the correlation
spectra for each U(1). quantum number, S,. Since the
following models are SO(3) symmetric in the microscopic
Hamiltonian, there must exist some degeneracy between
different S, sectors, which can be interpreted as the
spectrum for a higher spin.

First, let us consider the case where the square lattice
symmetry is broken. The following model realizes the
phase transition between Néel order and dimerized phase:

H=1J, Y S;-S;+J > S-S,
(

(i,j)Eblue i,j)€red

(B1)

where red and blue bonds are shown in Fig. 14(a). Here, the
dimerized phase does not break any symmetry, because the
square lattice symmetry is already broken in the model.
Therefore, the transition should be described by the
Landau-Ginzburg theory. Indeed, it is known from the
quantum Monte Carlo simulation [33] that the system
realizes the O(3) Wilson-Fisher critical point at
J1/J} = 0.523. In the IDMRG simulation, we also observe
that the Néel order parameter develops at J;/J| ~ 0.52.
At the transition, a single monopole event is not sup-
pressed, because different configurations for a single
monopole event cannot exactly cancel each other due to
the absence of symmetries. As a result, the gauge fluc-
tuation (VBS order parameter fluctuation) becomes con-
fining, and the CP! theory is no longer valid. Instead, the
critical theory is described by the classical NLsM with O(3)
Néel vector. The correlation spectra in Fig. 14(c) shows that

D
o—o
O
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0—0
G
oO—o0
X)
>
O—0

\
O
\
raY
\
O

O A O O O
1
Ji Ji ><
O O O O o O O O
(c) Square Lattice (Ji-J7) (d) Square Lattice (Ji-J3)
L5 —0— Spin-0 : —@— Spin-0
-9 Spin-1 1.2 | @~ Spin-1
1.2 -@— Spin-2 H -0 Spin-2,|
: 0919 !
w 0.9 ' w :
0.6 | 06 )
1 1
: |
0.3 031VBS!
Dimerized ! !
0.0 . 0.0 L
0.45 0.50 0.55 1.8 20 22 24 26 28
Ji/ 0 S/ T
FIG. 14. (a) Square lattice J;-J; model with a dimer coupling

J'. J| explicitly breaks the square lattice symmetry. (b) Square
lattice J;-J, model. (c),(d) Correlation length spectra for the
model in (a),(b).

the spin-triplet correlation length is the largest across the
phase transition, while the spin-singlet correlation length is
much smaller than that. This behavior is consistent with the
critical theory described by the classical NLsM.

Next, we study the J;-J, Heisenberg model with a
square lattice symmetry. The model is defined by the
following Hamiltonian:

H == J]ZSi S] +JZZSI Sj’
(i.j) (9

(B2)

where §; is a spin-1/2 operator, J; is the nearest-neighbor
AFM coupling, and J, is the next-nearest-neighbor AFM
coupling; see Fig. 14(b). When J, = 0 (J; = 0), the model
is known to realize the Néel ordered (conventional AFM
stripe) phase. For the intermediate value of J,/J,, the
system is frustrated and known to realize the disordered
phase.

In accordance with the recent infinite projected
entangled pair states study [87], we obtained the Néel,
CVBS, and conventional stripe phases as we increase
J»/J,. However, in order to obtain the VBS order, we
have to apply some bias (pinning field). Under the absence
of the bias, the system looks totally symmetric, implying
the existence of the symmetric superposition of symmetry-
broken states, namely, a cat state. The cat state can be
preferred over the symmetry-broken phase if the circum-
ference size is comparable to the length scale associated
with the fluctuations, which is the size of the monopole in
this case.

Before getting into the discussion of the correlation
length spectra, we want to elaborate on some simulation
details. In our IDMRG simulation, the IDMRG unit cell
consists of two columns of lattices along the circum-
ference, as otherwise translational symmetry-broken
phases (AFM order or VBS order) cannot develop.
The price to pay is that k, =0 and k, = 7 momenta
become indistinguishable. (In our simulation, ky cannot
be measured.) However, at the critical point where the
explicit symmetry-breaking order has not developed yet,
we can use a single column to distinguish k, =0 and
k, = = momenta. Indeed, in the IDMRG simulation of
the single-column unit cell, we observe that the largest
correlation length for § =1 spectra carries momentum
k. = in the single-column simulation, which is con-
sistent with the momentum (7, z) of the gapless magnon
in Néel order. For the S =0 case, we obtain that the
lowest one carries k, = 0, while the second-lowest one
carries k, = z, which runs almost parallel to the lowest
one. They correspond to the Z, VBS order parameter
fluctuations (spin singlet) at (0,7) and (z,0), but the
degeneracy is lifted due to the IDMRG geometry which
breaks the C,-rotation lattice symmetry.

Surprisingly, in this model, we obtain the correlation
length spectra that exactly agrees with the level crossing
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behavior of the excitation spectrum in the finite DMRG
algorithm (Fig. 2 in Ref. [50]). Our result is consistent with
Ref. [32], which discusses the agreement between the
correlation length spectrum and local excitation spectrum
in the DMRG simulation. Moreover, we want to comment
on the argument in Ref. [50]. In this previous work, it is
argued that the small region where &¢_; > &g_( > &gy
corresponds to the gapless spin liquid phase [50]. However,
this reasoning is inconsistent with the IDMRG simulation
result of the Shastry-Sutherland lattice, because this region
is clearly a symmetry-broken phase with a nonzero Néel
order parameter from the numerics. Thus, we can con-
jecture that such a region shrinks into a critical “point”
rather than remains as an extended phase of Dirac spin
liquid in both the J;-J, square lattice model and the
Shastry-Sutherland model. Indeed, if we perform a sin-
gle-column IDMRG simulation for the J;-J, model, the
simulation does not converge well for the J,/J, > 2.0,
which means that the hypothesized gapless spin liquid
phase is, in fact, more like the AFM phase where the
double-column IDMRG unit cell is required.

Finally, we remark on the evidence that supports
our discussion in Sec. I'V. In the previous finite DMRG
works on this model [52], the plaquette VBS appeared
instead of the columnar VBS. In fact, it is found in
Ref. [87] that these two states have almost the same
energy (AE/E < 0.1%). This result again implies that the
dangerously irrelevant operator M#, which is responsible
for the VBS ordering, has not flowed large enough to
condense the monopole to a certain direction. This
implication can be supported by Fig. 9(a), where the
correlation length for the spin-singlet operator is smaller
than the correlation length of the spin-triplet operator
throughout the whole intermediate regime between the
Néel and conventional AFM stripe order.

APPENDIX C: VBS-PHONON COUPLING
AND PHONON SPECTRUM

The square PVBS order breaks the glide-reflection
symmetries G, and G, and the diagonal-reflection sym-
metries o6,, and o,;. Because of the lattice symmetry
breaking, the PVBS order should induce lattice distortion
as shown in Fig. 6. Therefore, the PVBS fluctuation must
couple to the lattice vibration mode, i.e., the phonon mode.
Here, we would like to determine the specific form of the
PVBS-phonon coupling.

We focus on the copper lattice in the following dis-
cussion. Although the lattice also contains other atoms and
the phonon spectrum can be complicated, we choose to
work on the symmetry level to demonstrate the universal
consequences of the PVBS fluctuation on the phonon
spectrum without diving into the details. For this purpose,
we first specify the coordinate of copper sites in each unit
cell. As shown in Fig. 15(a), there are four copper sites in
each unit cell. At equilibrium, they locate at

(@) (b)

1
Q Q ,E. 1.0 10
‘g 0.8 10°
7 06 107!

e} \
; 0.4 \ 102
— 0.2 )
3 107

r X r

FIG. 15. (a) A, B, C, and D label four copper sites in each unit
cell (marked out in dashed lines). k; and k, are the stiffnesses of
the two types of bonds (nearest neighbor and dimer). X and Y
label the two types of plaquettes. (b) Schematic illustration of the
phonon spectrum. A continuum emerges at the X point due to the
VBS-phonon coupling.

ry=(1+6.1+6)/2.
rs=(1-6.3+5)/2,
re=(346.1-20)/2,

rp=03-61-5)/2. (C1)

where 0 <0 <1 parametrize the deformation of the
Shastry-Sutherland lattice from the square lattice.
According to Ref. [16], the lattice constant is 8.995 A,
the shortest Cu—Cu bond is 2.905 A, and the second-
shortest Cu—Cu bond is 5.132 A. This result implies that, in
unit of the lattice constant, we have

145 2905 A

2 78995 A7

Vi+s 51324
2 T8995A°

>
S
I

=
ool
I

(C2)

The optimal solution is § =~ 0.544. Using this deformation
parameter, we can write down equilibrium positions of
copper atoms throughout the lattice.

Our strategy to figure out the PVBS-phonon coupling is
to first investigate the pattern of lattice distortion induced
by the PVBS order. Because the PVBS order does not
enlarge the four-copper unit cell, its induced lattice dis-
tortion is also identical among unit cells. Therefore, the
distortion can be described by four displacement vectors
u,, ug, uc, and up, translating each sublattice separately as

ri—>r.=r;,+u; (i=AB,CD). (C3)
The energy cost associated with the distortion can be
modeled by summing up the bond energies

k
Eponalte;] = 71 [(r} _’})2 = (r; _rj)2]2
ijenn
k2 / /\2 212
+5 3 l=rP = imnP (e
ijedimer
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where u; dependence is implicit in 7, = r; 4+ u;. The energy
increases whenever a bond is stretched or compressed.
The shape of the potential in Eq. (C4) captures this physics
when the distortion u; is small. The two stiffness coef-
ficients k; and k, are expected to be different, in general. Of
course, in the realistic material, Sr, B, and O atoms are all
involved and the bond energy model is more complicated.
However, the toy model Eq. (C4) respects all the symmetry
properties and provides the stiffness to the copper lattice,
which can be used to analyze the PVBS-induced lattice
distortion. Finally, we note that the energy model Eq. (C4)
is written with respect to a single unit cell with a periodic
boundary condition (i.e., on a torus geometry), so for those
bonds across the unit cell, their bond length must be
correctly treated by considering the periodic boundary
condition.

Upon introducing the PVBS order, we add an additional
term to the energy model:

E[u;] = Eyonaltt;] + Evgslu],

Eypslu;] = ImMZ(—)PZ(rQ -R,).

iep

(C5)

where p denotes the square plaquettes and i € p denotes
the four corner sites around the plaquette p. R, coordinates
the plaquette center:

((L.0)
= { 0.1)

The staggering factor (—)? is +1 for X-type plaquette
(yellow) and —1 for Y-type plaquette (green) as shown in
Fig. 15(a). ImnM = v, — v, denotes the square PVBS order
parameter. The physical meaning of Eygg is that the PVBS
order contracts one type of square plaquette and expands
the other type, exerting forces on copper atoms that point
toward or away from the plaquette center.

Given the full energy model in Eq. (C5), we can expand
Elu;] to the quadratic order of u,;. The linear term is
proportional to the PVBS order parameter ImM, as ImM
is the force that distorts the lattice. The quadratic term
determines how the lattice responds to the distortion force
in the linear response regime. We find that, independent of
the choice of § and k,, the response is always given by

peX,
peEY (C6)

u, :ITIQA (-1,1),

g :Irj]i/l (=1,-1),

ue —IT;:/I(L]),

up _IT;\I/‘(L—U. ()

Under the Fourier transformation to the momentum space

u(g) =) ue, (C8)
the solution in Eq. (C7) corresponds to
u,(,0) x —ImM, uy(0,7) x ImM.  (C9)

This calculation indicates that the square PVBS order leads
to a lattice distortion that corresponds to the simultaneous
condensation of phonon modes u, at momentum (7, 0) and
u, at momentum (0, 7). Given that InM = v, —v,, we
conclude that there must be a linear coupling between the
lattice displacement and the VBS order parameter in the
form of

*CVBS-phonon = K(vx”x + Uy”y)’ (CIO)
in order to produce the linear response in Eq. (C9). The
coupling in Eq. (C10) can be further justified by symmetry
arguments. Table VII shows the momentum quantum
number and the symmetry transformation of the VBS order
parameter v and finite-momentum phonon mode #. One can
see v and u have identical symmetry properties, and, hence,
a linear coupling as in Eq. (C10) is allowed.

Given the VBS-phonon coupling, we can investigate the
effect of low-energy VBS fluctuation on the phonon
spectrum near the DQCP. We first write down the field
theory action describing both d.o.f.:

Sfuv] =5 3 (@2~ )u(~q) ulg)
3> Gibs(@(=a) @) + Y rpp(-a) ula).

(C11)

where g = (w, q) represents the energy-momentum vector.
Q, describes the phonon dispersion relation. Gygg is the
correlation function of the VBS critical fluctuation, whose
low-energy behavior is given by

TABLE VII. Momentum and symmetry transformations of the
VBS order parameter v and finite-momentum phonon mode u.

vy vy, u, u,
q (,0) (0. 7) (z.0) (0.7)
G, -V, -~y —U, —u,
G, -V, -0, —U, —u,
Oy vy . u, U,
Oy vy Uy y U,
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1
(4= 0P -

where 7 is the anomalous exponent of the O(4) vector at the
O(4) DQCP. Based on the previous numerical measure-
ments [25,69], n is estimated to be # =0.13-0.3. Q@ =
(7,0) or (0,7) denotes the momentum point where the
VBS fluctuation gets softened. The VBS-phonon coupling
k4 is expected to be momentum dependent, because the VBS
order parameter couples only to the high-energy phonon
around X and Y points but not the acoustic phonon around
the I point. By the acoustic phonon around the I" point, we
mean the low-energy part of the phonon, i.e., the segment of
the acoustic branch around the gapless point, which usually
appears in the field theory description of phonons. Given
these setup, we can integrate out the VBS fluctuation and
obtain the dressed propagator of the phonon:

Gyps(@.q) = (C12)

1

QZ - - KgGVBs(CU, q)

D(w,q) = (C13)

Then, the phonon spectral function can be obtained from

S(w,q) =2ImD(w + 0, q). (C14)
The phonon dispersion €, is unknown to us, as we do not
have the full model of the lattice vibration. For demonstra-
tion purposes, we can use the following toy model:

Q7 = sin*(q,/2) + sin*(q,/2), (C15)
which captures the gapless acoustic phonon at the I" point
and gapped phonons at X and Y points [see Fig. 1(b)].
We also take the anomalous exponent # = 0.13 and use
kg = KoL, with ky = 0.05 so that

lim  «, = Kk,

lim Kk, = 0.
q—(0,7),(,0)

Jm (C16)
With these, we show the phonon spectrum calculated from
Eq. (C14) in Fig. 15(b). The prominent feature is a V-shape
continuum at the X point (as well as the Y point) in the
Brillouin zone. This continuum in the phonon spectrum
represents the critical fluctuation of the VBS order param-
eter at the DQCP. Although the spectral weight is expected
to be weak, since the X point is an extinction point, it is
still feasible to collect spectral signals of this continuum.
In particular, the frequency dependence of the spectral
weight at the X point is predicted to follow

S(w,q = X) < 0™ 2H1, (C17)
which can be checked experimentally. It will be meaningful
to compare the measured 7 with the large-scale quantum
Monte Carlo simulation result.

APPENDIX D: DETAILED NUMERICAL DATA

In this Appendix, we discuss the evolution of the
IDMRG simulations results as we increase the bond
dimension y for system sizes L =8 and L = 10. Since
the accuracy of the IDMRG simulation is determined by the
bond dimension, a reliable analysis requires one to examine
the results as a function of the bond dimension. Here, the
IDMRG simulation results of the Shastry-Sutherland lattice
model in Eq. (1) at L = 10 for a range of bond dimensions
are presented in Fig. 16. Although the truncation error €,
is very large (>107*) at the low bond dimensions, as we
increase the bond dimension up to y = 4000, €,, goes
below 10~> and the IDMRG results become sensible.
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FIG. 16. The IDMRG simulation results with AJ; = 0.002 at
L = 10, shown for a range of the IDMRG bond dimension .
Bond dimension scalings of the (a) energy per site E, (b) energy
derivative per site OE/0J, (data for y = 500, 1000 are not shown
here, as these data points behave irregularly and cover the other
data points, which can happen at a low bond dimension, for
which the IDMRG simulation does not converge properly),
(c) truncation error p, (d) correlation length of spin-singlet
operator £g_, and (e) PVBS order parameters. Here, (c)—(e)
share the same labels for different bond dimensions. Note that the
correlation length is plotted, not the inverse as in Fig. 4. In (f), we
plot PVBS order parameters as functions of truncation errors for a
range of the tuning parameter J,. The blue dotted line is a linear
fitting for the three data points at y = 2000, 3000, 4000.
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Figure 16(b) shows the first derivative of energy, whose
change of the slope corresponds to the transition between
the PVBS and Néel ordered phases. As the bond dimension
increases, the transition point shifts leftward, implying that
the parameter regime for the PVBS phase shrinks. The
behavior aligns with the intuition that the gapped PVBS
phase would be favored over the gapless Néel ordered
phase for a low-entanglement MPS state. Accordingly, the
peak of the spin-singlet correlation length which coincides
with the phase transition point also shifts leftward,
presented in Fig. 16(d). At the same time, the peak of the
spin-singlet correlation length becomes larger and more
pronounced as the bond dimension increases, signaling the
continuous or weakly first-order phase transition.

Although the peak location of the spin-singlet correlation
length changes with the bond dimension, a further indica-
tion of the phase boundary can be obtained from the order
parameter plotted versus the truncation error [88,89]. In
principle, the ground state is fully symmetric, and the local
order parameter cannot be nonzero. However, in the
IDMRG simulation, the numerical process favors a min-
imally entangled state, giving rise to a nonzero local order
parameter in a spontaneous symmetry-breaking phase at
finite bond dimensions, which can even happen when the
system is outside but close to the spontaneous symmetry-
breaking phase, meaning that one needs to plot the order
parameter as a function of the truncation error in order to
see whether a nonzero order parameter is truly physical. In
Fig. 16(f), we plot the PVBS order parameter defined in
Eq. (5) as a function of the truncation error and extrapolate
them. We observe that the extrapolated order parameter
disappears at J; = 0.76, which agrees well with the peak
location J; = 0.762 of the spin-singlet correlation length at
x = 4000 with L = 10. As mentioned earlier, this extrapo-
lation method benefits a lot if a wider range of bond
dimensions is available. However, at y = 4000, each data
point already takes about 50 h of simulation times for 12
multithreads with 80 GB RAM, and both the time and
RAM scale roughly as y°. Therefore, a significantly higher
bond dimension is currently inaccessible at our capacity.

Finally, we remark on the scaling of the result for
different system sizes. In Fig. 17, we plot the IDMRG
simulation results at L = 8 for a range of MPS bond
dimensions as in Fig. 16. Note that the truncation error is an
order of magnitude smaller than the results at L = 10.
Moreover, the value of J; where the PVBS order parameter
disappears is much smaller for the smaller system size L.
However, this result does not imply that the Néel ordered
phase develops for J; > 0.726, as we can see from
the correlation length plot in Fig. 18. In Fig. 18(a), while
the peak of the spin-singlet correlation length implies that
the peak corresponds to the phase transition point for the
PVBS phase, the spin-triplet correlation length remains
almost constant, which implies that the Néel order does not
develop, since the Néel order gives rise to the increase of
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FIG. 17. The IDMRG simulation results with AJ; = 0.002
(0.001 for y = 4000) at L = 8, shown for a range of MPS bond
dimension y. Different observables are labeled as in Fig. 16.
Here, again (c)—(e) share the same labels for different bond
dimensions. Note that the PVBS order parameter vanishes at
Jy = 0.726, which is smaller than the value for L = 10.

the spin-triplet correlation length originated from the
gapless magnon excitation. On the other hand, at
L =10, we observe that the peak of the spin-singlet
correlation length is immediately followed by the rise of
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FIG. 18. Comparison between the L = 8 and L = 10 results

at y = 4000 for the spin-singlet and -triplet correlation lengths.
For L = 8, the peak of the &g_ is located at J; = 0.727, while for
L = 10 the peak is located at J; = 0.762. Unlike the result at
L = 10, the spin-triplet correlation length at L = 8 does not grow
much after the peak.
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the spin-triplet correlation length which signals the onset of
the Néel ordered phase. L = 6 behavior is similar to that of
L = 8, and the signature of the Néel ordered phase, such as
the staggering magnetization or the rise of the spin-triplet
correlation length, is not observed near the PVBS critical
point. This behavior is related to the discussion in the main
text. For a quasi-one-dimensional system with a finite-size
circumference size, the spontaneous symmetry breaking of
the continuous group is suppressed due to the disordering
effect. As a result, the disappearance of the PVBS ordering
is not immediately followed by the Néel ordering for a
finite circumference system.
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