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Abstract

CrossMark

By using a variational Monte Carlo technique based upon Gutzwiller-projected fermionic
states, we investigate the dynamical structure factor of the antiferromagnetic § = 1/2
Heisenberg model on the honeycomb lattice, in presence of first-neighbor (J;) and
second-neighbor (J>) couplings, for J, < 0.5J;. The ground state of the system shows
long-range antiferromagnetic order for J/J; < 0.23 (Néel phase), plaquette valence-bond
order for 0.23 < J,/J; < 0.36, and columnar dimer order for J,/J; = 0.36. Within the Néel
phase, a well-defined magnon mode is observed, whose dispersion is in relatively good
agreement with linear spin-wave approximation for J, = 0. When a nonzero second-neighbor
super-exchange is included, a roton-like mode develops around the K point (i.e., the corner of
the Brillouin zone). This mode softens when J, /J; is increased and becomes gapless at the
transition point, J,/J; = 0.23. Here, a broad continuum of states is clearly visible in the
dynamical spectrum, suggesting that nearly-deconfined spinon excitations could exist, at least
at relatively high energies. For larger values of J, /J;, valence-bond order is detected and the
spectrum of the system becomes clearly gapped, with a triplon mode at low energies. This is
particularly evident for the spectrum of the dimer valence-bond phase, in which the triplon
mode is rather well separated from the continuum of excitations that appears at higher energies.

Keywords: frustrated spin models, dynamical structure factor, spin liquids, valence-bond

order

(Some figures may appear in colour only in the online journal)

1. Introduction

The Heisenberg model represents the simplest playground to
investigate thermal and quantum phase transitions, possibly
leading to phases with unconventional properties, including
topological order and fractional excitations. Thermal fluctu-
ations have been considered in presence of a large degeneracy
within the low-energy manifold, in connection to the order-
by-disorder mechanism [1]; by contrast, the effect of quantum
fluctuations at zero-temperature has been widely considered
to drive a magnetically ordered ground state into a disordered
phase [2]. By varying the geometry of the underlying lattice,

1361-648X/20/274003+7$33.00 1

the value of the spin S, and the range of the super-exchange
interactions, an overabundance of potentially interesting
scenarios has been proposed and investigated in the previ-
ous 30 years [3]. In addition, recent studies pointed out the
relevance of perturbing terms that breaks the spin rotational
symmetry, to stabilize quantum states with intriguing physical
properties [4].

As far as the quantum systems are concerned, there has been
a huge effort to detect and characterize spin liquids, which
represent a class of states with no local order parameter. The
hallmark of these states is the presence of elementary exci-
tations that carry fractional quantum numbers of the original
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constituents (i.e., in an S = 1/2 model, a spin-flip excitation
carries S = 1 and, therefore, an excitation with S = 1/2 has a
fractional quantum number) [5]. Quantum spin liquids emerge
from magnetic frustration, due to the existence of competing
super-exchange couplings, and are characterized by a strong
entanglement between spins on distant sites. A paradigmatic
representation can be obtained by the resonating-valence bond
picture, introduced by Anderson and Fazekas [6, 7]: here, each
spin is coupled to a partner to form a singlet, thus defining a
particular ‘singlet covering’ of the entire lattice; then, an expo-
nentially large linear combination of such coveringsis taken to
obtain a fully-symmetric quantum state. This approach gener-
alizes the idea of valence-bond resonance [8] introduced for
the benzene molecule to the case of singlet coverings of a lat-
tice. Depending on the nature of their spectrum of excitations,
spin liquids can be divided into two broad classes: gapped and
gapless. In the former one, the probability of having a singlet
at large distance decays exponentially, while in the latter one
the decay is algebraic (thus leading to a much more entangled
state). Fully gapped spin liquids represent stable phases of mat-
ter; instead, gapless spin liquids are not expected to be stable
to all perturbations, but, at most, to a finite number of them.
A possible instability is towards the formation of a regular
pattern of singlets, i.e., the creation of a valence-bond solid.
Here, while spin—spin correlations decay to zero, thus not
showing magnetic order, singlet—singlet correlations display
the signature of the breaking of the translational symmetry [9].
In the recent years, there have been important achievements
in both the theoretical characterization of quantum spin liquids
and in their identification in materials and spin models [10]. In
this work, we focus our attention on the spin-1/2 J;—J, Heisen-
berg model on the honeycomb lattice, which has been the
subject of several investigations in the recent past. The Hamil-
tonian of the model contains antiferromagnetic exchange
interactions between first- and second-neighboring sites,
whose coupling strengths are denoted by J; and J,, respec-
tively:
H:JIZS,-~SJ~+JZZS,--SJ~. (D)
(i.j) ()

The honeycomb lattice is formed by a triangular Bravais lattice
with unit vectors a; = (v/3,0) and a> = (v/3/2,3/2), and a
unit cell containing two sites sitting at the positions do = (0, 0)
and 6, = (0, 1), see figure 1. We label the lattice positions as
i = (R;, o), where R; is the Bravais vector corresponding to
the unit cell of the site i (R; = n;a; + m;ay, n; and m; being
integers) and «; indicates the sublattice shift (d,, a; = 0, 1).
The first-neighbor exchange J; couples spins belonging to
different sublattices, while the second-neighbor exchange J,
involves spins sitting on the same sublattice.

Among the previous works, we mention semiclassical
[12, 13] and Schwinger boson approaches [14], techniques
based on variational wave functions [15—-17], coupled-cluster
calculations [18], exact diagonalizations [19], and various
renormalization group methods [20-23]. In a recent investiga-
tion [11], we performed a systematic analysis of Gutzwiller-
projected fermionic wave functions for J, /J; < 0.5, by means
of the projective symmetry group (PSG) classification that

Figure 1. Left panel: the honeycomb lattice. The unit vectors a; and
a, are represented by the blue arrows, and the sites of the two
sublattices are represented by filled (dy) and empty (&) dots. The
red arrows indicate the lattice vectors corresponding to the
periodicity of the plaquette phase. On the right side of the picture,
the interactions of the J;—J, Heisenberg model are illustrated. Right
panel: reciprocal space of the honeycomb lattice. The blue arrows
correspond to the reciprocal lattice vectors by = (1/ V3, -1 /3) and
by = (0,2/3). The solid black lines delimit the Brillouin zone
(which is periodically repeated in the picture), while the dashed
black lines depict the extended Brillouin zone. The red line
represents the path in reciprocal space along which the dynamical
structure factor is displayed (except for figure 7).
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Figure 2. Schematic illustration of the variational phase diagram of
the J;—J, antiferromagnetic Heisenberg model on the honeycomb
lattice [11].

has been performed by Lu and Ran [24]. The resulting
ground-state phase diagram is reported in figure 2. It shows
three phases: (i) a magnetically ordered antiferromagnet with
pitch vector Q = (0,0) (and opposite spins on the two sites
of the unit cell) for J,/J; < 0.23; (ii) a magnetically dis-
ordered phase (three-fold degenerate) with plaquette order
for 0.23 < J,/J; < 0.36; and (iii) another magnetically disor-
dered phase (again three-fold degenerate) with dimer order for
J>/J1 2 0.36 (up to the value J,/J; = 0.5, where we ended
our investigations). In addition, a spin-liquid state was found
to have competing energies in the proximity of the phase
transition leading to the plaquette phase [11].

In order to go beyond what has been done in reference
[11] and assess the low-energy excitations of the system, we
compute the dynamical structure factor within the variational
scheme that has been proposed by Li and Yang [25]. By using
this approach, we recently studied the dynamical spectra of a
few frustrated Heisenberg models, both in one [26] and two
dimensions [27, 28]. In the latter case (with square and trian-
gular lattices) the variational approximation of the ground state
neither yields dimer nor plaquette order, but instead describes
a (continuous) transition between magnetically ordered and
spin-liquid phases. In this respect, the J;—J, model on the
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honeycomb lattice is interesting because it provides an
example in which the actual ground state of the system has
plaquette/dimer order; in addition, the existence of a spin-
liquid state with competing energies would allow us to directly
compare the dynamical responses of these different phases.

2. The variational approach

In this work, we employ a variational Monte Carlo method
based on Gutzwiller-projected fermionic wave functions. The
variational Ansditze | W) are defined by introducing an auxil-
iary Hamiltonian of Abrikosov fermions (Hy), and projecting
its ground state |®y) onto the Hilbert space of spins:

[Wo) = Psz, Pa|Po) 2

Here, in addition to the Gutzwiller projector, Pg =
[1,(nis — niy)?, which forces all sites to be singly occu-
pied, a second projector is applied, Pg: , which constrains the
wave function to the sector of the Hilbert space in which the
z-component of the total spin is zero.

Adopting this variational scheme, the phase diagram of the
J1—J> model has been obtained [11]. For J, /J; < 0.23, the sys-
tem displays Néel magnetic order, and the optimal variational
wave function is obtained by projecting the ground state of the
auxiliary Hamiltonian

Ho = —IZ (ciTcm + Cj,icj’l) +h.c.
(i.J)

+hY (=) (elien + ] o), 3)

which contains a first-neighbor uniform hopping term ¢ and a
fictitious Néel magnetic field / along the x direction. Addition-
ally, a spin—spin Jastrow factor is included, in order to intro-
duce transverse quantum fluctuations on top of the in-plane
magnetically ordered Ansatz

1
Jo = exp (520,, ,S;Sj:) : 4)
ij

Both the parameters of the auxiliary Hamiltonian H, and
the pseudopotential v;; defining the Jastrow factor are
fully optimized by the stochastic reconfiguration technique
[29].

At J»/J; = 0.23, the Néel magnetic order vanishes
(together with the variational parameter /) and the system
undergoes a phase transition to a magnetically disordered
phase. At the transition point, a very accurate variational state
is given by the Gutzwiller-projected free-fermion state (i.e.,
the ground state of the auxiliary Hamiltonian (3) with & = 0).
For larger values of J,/J; an energy gain is obtained by allow-
ing a translational symmetry breaking in the hoppings, lead-
ing to a plaquette valence-bond solid phase; here, hexagonal
plaquettes with a ‘strong’ hopping (with amplitude #) are sepa-
rated from each other by a ‘weak’ hopping (with amplitude

—_— =0 —_— =0
+¢j7)‘:2ﬂ/3 —l—e,']:27i'/3
PP hij=4Anf3 = 0;j = 47/3

Figure 3. Schematic illustration of the d + id spin liquid state,
where ¢;; and 0j; are the complex phases of first-neighbor hopping
and second-neighbor pairing, respectively. The direction of the
arrows (i — j) indicates the convention of phases for the hopping
terms.

1), see figure 2. Close to the transition point J,/J; ~ 0.23,
a Z, spin liquid Ansatz has a competitive energy. This state
is described by an auxiliary Hamiltonian containing a first-
neighbor hopping #;; and a second-neighbor singlet pairing
A,‘ e

Ho=) 1 (C,T,Tcm + CL%)
(i)

+ Z A,-,jc,-,icm +h.c., (®)]
(@)

The hopping (t;; = te'%/, t € R) and pairing (A;; = Ael’i/,
A € R) terms defining the above Hamiltonian have specific
complex phases which are illustrated in figure 3. Due to the
way the pairing phases transform under rotation, this varia-
tional Ansatz has been dubbed d £ id spin liquid [11]. The
wave function obtained by projecting the ground state of the
above Hamiltonian fulfils all the symmetries of the lattice and
is time-reversal invariant. Remarkably, also this spin-liquid
wave function is unstable towards the realization of a plaquette
valence-bond solid, which breaks the translational symmetry
of the lattice. Indeed, a substantial energy gain is achieved by
letting the amplitudes of the hopping terms assume different
values for the first-neighbor bonds inside (¢) and outside (#') the
hexagonal plaquettes depicted in figure 2. Even if the optimal
values for r and ' are sizeably different only for J,/J; 2 0.26,
a finite size scaling analysis of the plaquette order parameters
suggested that the transition point should be located at a lower
value of the frustrating ratio, i.e. J, /J; &~ 0.23 [11]. This result
is compatible with the existence of a continuous transition
between the antiferromagnetic and the plaquette valence-bond
solid phases.

Finally, at J,/J; =~ 0.36, a first-order phase transition is
observed, from the plaquette phase to a dimer valence-bond
solid phase with columnar order. The optimal wave function
for the dimer phase is obtained by starting from the auxil-
iary Hamiltonian of the d & id spin liquid state and letting
the amplitudes of the hoppings break the rotational symme-
try of the lattice, see figure 2. Upon optimization, a strong
intra-dimer hopping ¢ and a weak inter-dimer hopping 7
are obtained. Within our choice for the orientation of the
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columnar phase, the intra-dimer hopping # is the term connect-
ing the two sites that belong to the same unit cell.

The purpose of the present work is computing the dynam-
ical structure factor of the J;—J, Heisenberg model (1) within
all the different phases discussed so far. In particular, we are
interested in the z-component of the dynamical structure factor,
whose exact expression is given by:

85 0@ w) =Y (Yo

n

X 8(w — E, + Ep). (6)

S ol L) (T

—q,

S5 51 To)

Here, |Yo) is the exact ground state (with energy E;) and the
sum runs over all the excited states |Y,,), whose corresponding
energies are denoted by E,. Moreover, S; , = ﬁzReiq‘RS;’m
are the Fourier-transformed spin operators for a lattice contain-
ing N unit cells (i.e., 2N spins). Since the terms S; , explic-
itly depend on the sublattice label «, the dynamical struc-
ture factor of equation (6) is a 2 x 2 matrix with respect to
the indices «, 8. Then, the z-component of the total dynami-
cal structure factor is obtained by taking the following linear
combination:

SZ(q’ w) — Z eiq(d(ﬁéﬁ)siqﬂ(q’ w)' (7)
a,f=0,1

This quantity, apart from a g-dependent form factor, gives
the spectral intensity of inelastic neutron scattering experi-
ments, which probe spin excitations [10]. We emphasize that
the variational wave function for the Néel phase, defined by
equation (3), breaks the spin rotational symmetry of the model
and displays finite magnetic order in the x—y plane. There-
fore, within this phase, $%(¢, w) corresponds to the transverse
component of the dynamical structure factor, which shows the
magnon branch.

The evaluation of the dynamical structure factor of
equation (6) is performed by introducing a basis set of pro-
Jjected particle—hole spinon excitations. For each momentum
q, we can define O( N) triplet states:

1 R
R0 = P P o
Rl

1 .
X ) (CLR/,Q,TCRCM - Cz'e+R/,a,¢CRc;m> @),
3

which are labelled by a Bravais lattice vector, R, and two
sublattice indices, o and (. In the case of the Néel ordered
phase, we include also the spin—spin Jastrow factor Js in the
definition of the above excitations.

Our variational description of the excited states of the sys-
tem with momentum ¢ relies on linear combinations of the
elements of {|¢; R, o; B) }:

W) =) AR Sl R, a3 B). 9)

R o

The optimal coefficients of the expansion are obtained by the
Rayleigh—Ritz variational method, which requires the solution

10!
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w/J1
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Figure 4. Dynamical structure factor of equation (7) for the Néel
phase at J, = 0 (upper panel) and J,/J; = 0.15 (lower panel). The
calculations are performed in a cluster with 512 sites, which is
defined by the translation vectors 71 = 16a; and T, = 16a,. The
spectral functions have been convoluted with normalized Gaussians
with ¢ = 0.02/,. The white line with dots correspond to the magnon
dispersion of the linear spin wave theory [13].

of the generalized eigenvalue problem:

q ng
: : HR,Q;;&\R’,Q’;U’AR’,Q’;U’

R o3
g q n,q
_En E : OR,(r;ﬂ\R/,(y/;ﬂ/AR/,(y/;ﬁ" (10)
R o3
for each different value of ¢. Here, H/ and

R.c;B|R o3

0% .. , . are the Hamiltonian and overlap matrices in the
R.;BIR o5 T

basis set of excitations, namely

Hy piporp = (@R s Bl H|g: R, o1 5), (1)
Ok wpirary = (@R s Blg: R ol B1). (12)

The entries of these matrices are sampled by the Monte Carlo
scheme described in reference [26].

Once the solution of the generalized eigenvalue problem
is found, the dynamical structure factor of equation (6) is
approximated by taking:

S agw) =Y (T

n

X §(w — E¢ + EY™),

5% 4l ) (T3

Sg.51%0)

13)
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Figure 5. Dynamical structure factor of equation (7) for the d & id
spin liquid phase at J,/J; = 0.23. The cluster employed for the
calculation has 384 sites and is defined by the translation vectors
T, = 8a; + 8a, and T, = —8a; + 16a,. The spectral function has
been convoluted with a normalized Gaussian with o = 0.02J;.

where EF* is the ground state variational energy. Finally, the
total dynamical structure factor is computed by performing the
linear combination of equation (7).

Our numerical calculations are performed on finite-size
clusters with periodic boundary conditions. Different shapes
for the clusters (defined by different translation vectors 7}
and 7,) have been considered, in order to highlight the rel-
evant features of the spectra in the different phases of the
model [11].

3. Results

Let us start our investigations with the unfrustrated Heisen-
berg model (i.e., J, = 0). Here, the ground state has a finite
magnetization, in which spins on the same sublattice are fer-
romagnetically ordered [thus leading to a periodicity with
0 = (0,0)], while spins on opposite sublattices are antiferro-
magnetically oriented. The dynamical structure factor has a
periodicity on the extended Brillouin zone, see figure 1. The
results for a cluster defined by the translation vectors 7} =
16a; and T, = 16a; (i.e., containing 512 sites) are shown in
figure 4. Here, the lowest-energy excitation for each momen-
tum ¢ agrees quite well with the magnon dispersion obtained
within the spin-wave approximation [13]. In addition, our
variational Monte Carlo calculations show a bunch of excita-
tions with a much weaker spectral weight at energies w/J; 2>
2.5, which are interpreted as the continuum generated by the
magnon—magnon interactions. For intermediate energies, a
vanishingly small signal characterizes the transverse channel
of the dynamical structure factor, as observed also in the case
of the square lattice Heisenberg model [27]. The presence of
a finite frustrating coupling J, gives rise to a few important
modifications of the spectral properties. For J,/J; = 0.15, the
magnon branch is significantly renormalized (see figure 4): its
velocity in T and (V) is reduced with respect to the unfrus-
trated case; most importantly, a roton-like mode around K (the
corner of the Brilloun zone) appears. In addition, a broad con-
tinuum intensifies its intensity, at the expenses of the magnon
branch.

Jof Jy = 0.30
10°
’\_‘ 10—1
~
3
1072
1073
JofJy = 0.35
10°
—1
= 10
—~
3
102
1073

Figure 6. Dynamical structure factor of equation (7) for the
plaquette valence-bond solid phase at J,/J; = 0.30 (upper panel)
and J»/J; = 0.35 (lower panel). The cluster employed for the
calculation has 384 sites and is defined by the translation vectors

T\, = 8a; + 8ay and T, = —8a; + 16a,. The spectral functions have
been convoluted with normalized Gaussians with o = 0.02/.

For J,/J; = 0.23, the fictitious magnetic field i of the
auxiliary Hamiltonian (3) vanishes and the best variational
wave function is no longer magnetically ordered. Close to
this transition point, the optimal state is given by the d & id
state described above. We would like to emphasize that, for
0.23 < J»/Ji < 0.26, we cannot stabilize any state with finite
valence-bond order, but we cannot exclude that such order is
indeed present, although invisible to our numerical simula-
tions on finite clusters. The result of the dynamical structure
factor in this regime is reported in figure 5. For this calcu-
lation, we consider a cluster defined by 77 = 8a; + 8a; and
T, = —8a; + 16ay, in order to have a direct comparison with
the results for the plaquette valence-bond state that are pre-
sented below. The dynamical structure factor for the spin liquid
state shows a spectrum that is compatible with the presence
of gapless excitations at I' (I'V) and K, which can be traced
back to the existence of Dirac nodes in the band structure of
the unprojected fermionic state (at the corners of the Brillouin
zone) [11]. The spectrum is characterized by a broad contin-
uum of states that develops right above the lowest-energy exci-
tation for each momenta. Qualitatively, these features closely
resemble what has been already obtained for the frustrated
J1—J, model on the square [27] and triangular [28] lattices.
The large number of excitations with similar spectral weight,
which form a remarkable spectral continuum even on this rela-
tively small cluster, strongly suggests the existence of (almost
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Figure 7. Dynamical structure factor of equation (7) for the dimer valence-bond solid at J»/J; = 0.40. The cluster employed for the
calculation has 384 sites and is defined by the translation vectors 77 = 8a; + 8a, and T, = —8a; + 16a,. The spectral function has been
convoluted with a normalized Gaussian with ¢ = 0.02J;. The figure on the right illustrates the path in the Brillouin zone which has been

considered.

or completely) delocalized S = 1/2 spinon excitations, at least
in proximity of J,/J; ~ 0.23.

At variance with the case of the square and triangular lat-
tice models, by further increasing the ratio J,/J;, a plaque-
tte valence-bond order can be stabilized (on top of the d & id
structure of hoppings and pairings). The dynamical structure
factor for J,/J; = 0.3 and 0.35 is shown in figure 6 for the
same cluster as the one considered for the d & id state at
J>/Ji = 0.23. Here, a gap opens at both " (I”) and K, and the
dispersion of the lowest-energy excitation becomes ‘rounded’
around these points, in contrast to the case of J,/J; = 0.23,
where Dirac-like excitations are visible. The presence of a
finite gap is particularly evident for J,/J; = 0.35 (i.e., well
inside the plaquette phase): here, a sharp (triplon) mode is
present around I, while its weight decreases around K and
goes to zero at I'. The concomitant presence of a broad
continuum may suggest that nearly-deconfined excitations
may persist, at relatively large energies, also in the plaquette
phase.

The present results for the dynamical structure factor
confirm the possibility of a continuous phase transition at
Jo/Ji =~ 0.23, separating the Néel and the plaquette phases
[23]. In this regard, our spectra share some similarities with
the ones presented in reference [30] for an easy-plane J—Q
model on the square lattice. This model is characterized by a
quantum phase transition between an antiferromagnetic phase,
whose spectrum is gapless at ¢ = (0,0) and ¢ = (7, 7), and a
valence-bond solid phase, having a gapped spectrum. At the
transition point, the dynamical structure factor displays gap-
less excitations not only at ¢ = (0,0) and g = (7, 7), but also
atg = (0, ) and g = (7, 0), together with an extended contin-
uum of states. These spectral features are interpreted as sig-
natures of the presence of a deconfined quantum critical point
[31]. Analogously, in the present study, we observe a transi-
tion from the Néel state with gapless points at I" and I, to the
plaquette phase, whose spectrum is fully gapped. Close to the
transition point, J,/J; =~ 0.23, the spectral gap closes at the
K point and a diffuse spectral signal dominates the dynamical
structure factor.

Finally, for J,/J; = 0.36, a different valence-bond solid
is stabilized as the best variational state. Here, a colum-
nar dimer order is present, with strong bonds along one of
the three nearest-neighbor distances. The transition between
the states with plaquette and dimer orders is first order, as
corroborated by the abrupt change of the spectral features.
In figure 7 we report the dynamical structure factor of the
dimer phase at J,/J; = 0.4. In this case, a different path in
g-space is considered, in order to emphasize the rotational-
symmetry breaking. Indeed, the lowest-energy (triplon) exci-
tation has a vanishing weight when the g-vectors are transverse
to the orientation of the dimers in real space. For example,
by taking the valence-bond state as in figure 2, the varia-
tional state breaks rotations but not reflections with respect
to the x and y axes, and thus the dynamical structure fac-
tor is symmetric for reflections with respect to ¢, = 0 and
gy = 0. For this choice, the spectral signal vanishes along the
line I'-M’, while it is quite strong in the symmetry-related
path in the extended Brillouin zone, i.e. '-M,’. Apart from
that, we would like to remark another important difference
with respect to the plaquette phase. In fact, while in the lat-
ter case there is a visible continuum that starts right above
the triplon mode, here the continuum has a very weak inten-
sity at low energies, suggesting that the triplon mode is a
well-defined bound state, which lies below the bottom of the
continuum.

4. Conclusions

In this work, we have investigated the spectral properties of
the J;—J, Heisenberg model on the honeycomb lattice. A vari-
ational method based on Gutzwiller-projected fermionic states
has been employed to track the changes of the dynamical
structure factor as a function of the frustrating ratio J,/J;. In
the unfrustrated regime of the model (J, = 0), the variational
spectra reproduce the magnon mode of the Néel phase, having
gapless excitations at I' (and I"), together with a continuum of
two-magnon states at higher energies. Remaining in the mag-
netically ordered phase, we observe that the dispersion of the
magnon branch at the K point bends downwards when a finite
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second-neighbor coupling J, is included in the Hamiltonian,
thus giving rise to the onset of a roton-like mode.

At J,/Jy = 0.23, the system undergoes a continuous tran-
sition to a plaquette valence-bond solid phase, which is char-
acterized by a fully gapped spectrum. In the proximity of the
transition, the dynamical structure factor exhibits a gap closing
of the roton mode at the K point, together with the appearance
of a broad continuum of states. In analogy to what has been
observed in reference [30], these features may be interpreted
as the hallmark of a quantum critical point in which § = 1/2
spinon excitations are deconfined. The plaquette phase of the
model survives up to J,/J; =~ 0.36, where a first order phase
transition to a dimer valence-bond solid state takes place.
Within this phase, the spectrum of the system displays a sharp
(gapped) triplon mode at low energies, whose spectral weight
vanishes for g-vectors that are transverse to the orientation of
the dimers in real space.

ORCID iDs

Francesco Ferrari 2 https://orcid.org/0000-0003-1543-2861

References

[1] Moessner R and Ramirez A 2006 Phys. Today 59 24

[2] Imai T and Lee Y 2016 Phys. Today 69 30

[3] Zhou Y, Kanoda K and Ng T K 2017 Rev. Mod. Phys. 89 025003

[4] Maksimov P A, Zhu Z, White S R and Chernyshev A L 2019
Phys. Rev. X 9 021017

[5] Savary L and Balents L 2016 Rep. Prog. Phys. 80 016502

[6] Anderson P 1973 Mater. Res. Bull. 8 153—60

[7] Fazekas P and Anderson P W 1974 Phil. Mag. 30 423-40

[8] Pauling L 1933 Chem. Phys. 1 280-3

[9] Balents L 2010 Nature 464 199-208

[10] Lacroix C, Mendels P and Mila F (eds) 2011 Introduction to
Frustrated Magnetism (Berlin: Springer)

[11] Ferrari F, Bieri S and Becca F 2017 Phys. Rev. B 96 104401

[12] Fouet J, Sindzingre P and Lhuillier C 2001 Eur. Phys. J. B 20
241-54

[13] Mulder A, Ganesh R, Capriotti L and Paramekanti A 2010 Phys.
Rev. B 81 214419

[14] Merino J and Ralko A 2018 Phys. Rev. B 97 205112

[15] Clark B K, Abanin D A and Sondhi S L 2011 Phys. Rev. Lett.
107 087204

[16] Mezzacapo F and Boninsegni M 2012 Phys. Rev. B 85
060402

[17] Di Ciolo A, Carrasquilla J, Becca F, Rigol M and Galitski V
2014 Phys. Rev. B 89 094413

[18] Bishop RF,LiPH Y and Campbell C E 2013 J. Phys.: Condens.
Matter 25 306002

[19] Albuquerque A F, Schwandt D, Hetényi B, Capponi S,
Mambrini M and Léduchli A M 2011 Phys. Rev. B 84
024406

[20] Reuther J, Abanin D A and Thomale R 2011 Phys. Rev. B 84
014417

[21] Zhu Z, Huse D A and White S R 2013 Phys. Rev. Lett. 110
127205

[22] Gong S S, Sheng D N, Motrunich O I and Fisher M P A 2013
Phys. Rev. B 88 165138

[23] Ganesh R, van den Brink J and Nishimoto S 2013 Phys. Rev.
Lett. 110 127203

[24] Lu 'Y M and Ran Y 2011 Phys. Rev. B 84 024420

[25] Li T and Yang F 2010 Phys. Rev. B 81 214509

[26] Ferrari F, Parola A, Sorella S and Becca F 2018 Phys. Rev. B 97
235103

[27] Ferrari F and Becca F 2018 Phys. Rev. B 98 100405

[28] Ferrari F and Becca F 2019 Phys. Rev. X 9 031026

[29] Becca F and Sorella S 2017 Quantum Monte Carlo Approaches
for Correlated Systems (Cambridge: Cambridge University
Press)

[30] Ma N, Sun G Y, You Y Z, Xu C, Vishwanath A, Sandvik A W
and Meng Z Y 2018 Phys. Rev. B 98 174421

[31] Senthil T, Vishwanath A, Balents L, Sachdev S and Fisher M P
A 2004 Science 303 1490-4


https://orcid.org/0000-0003-1543-2861
https://orcid.org/0000-0003-1543-2861
https://doi.org/10.1063/1.2186278
https://doi.org/10.1063/1.2186278
https://doi.org/10.1063/pt.3.3266
https://doi.org/10.1063/pt.3.3266
https://doi.org/10.1103/revmodphys.89.025003
https://doi.org/10.1103/revmodphys.89.025003
https://doi.org/10.1103/physrevx.9.021017
https://doi.org/10.1103/physrevx.9.021017
https://doi.org/10.1088/0034-4885/80/1/016502
https://doi.org/10.1088/0034-4885/80/1/016502
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1080/14786439808206568
https://doi.org/10.1080/14786439808206568
https://doi.org/10.1063/1.1749284
https://doi.org/10.1063/1.1749284
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1103/physrevb.96.104401
https://doi.org/10.1103/physrevb.96.104401
https://doi.org/10.1007/s100510170273
https://doi.org/10.1007/s100510170273
https://doi.org/10.1103/physrevb.81.214419
https://doi.org/10.1103/physrevb.81.214419
https://doi.org/10.1103/physrevb.97.205112
https://doi.org/10.1103/physrevb.97.205112
https://doi.org/10.1103/physrevlett.107.087204
https://doi.org/10.1103/physrevlett.107.087204
https://doi.org/10.1103/physrevb.85.060402
https://doi.org/10.1103/physrevb.85.060402
https://doi.org/10.1103/physrevb.89.094413
https://doi.org/10.1103/physrevb.89.094413
https://doi.org/10.1088/0953-8984/25/30/306002
https://doi.org/10.1088/0953-8984/25/30/306002
https://doi.org/10.1103/physrevb.84.024406
https://doi.org/10.1103/physrevb.84.024406
https://doi.org/10.1103/physrevb.84.014417
https://doi.org/10.1103/physrevb.84.014417
https://doi.org/10.1103/physrevlett.110.127205
https://doi.org/10.1103/physrevlett.110.127205
https://doi.org/10.1103/physrevb.88.165138
https://doi.org/10.1103/physrevb.88.165138
https://doi.org/10.1103/physrevlett.110.127203
https://doi.org/10.1103/physrevlett.110.127203
https://doi.org/10.1103/physrevb.84.024420
https://doi.org/10.1103/physrevb.84.024420
https://doi.org/10.1103/physrevb.81.214509
https://doi.org/10.1103/physrevb.81.214509
https://doi.org/10.1103/physrevb.97.235103
https://doi.org/10.1103/physrevb.97.235103
https://doi.org/10.1103/physrevb.98.100405
https://doi.org/10.1103/physrevb.98.100405
https://doi.org/10.1103/physrevx.9.031026
https://doi.org/10.1103/physrevx.9.031026
https://doi.org/10.1103/physrevb.98.174421
https://doi.org/10.1103/physrevb.98.174421
https://doi.org/10.1126/science.1091806
https://doi.org/10.1126/science.1091806

	Dynamical properties of Néel andvalence-bond phases in the J1–J2 model onthe honeycomb lattice
	1. Introduction
	2. The variational approach
	3. Results
	4. Conclusions
	ORCID iDs
	References


