PHYSICAL REVIEW X 9, 031026 (2019)

Dynamical Structure Factor of the J, —J, Heisenberg Model on the Triangular Lattice:

Magnons, Spinons, and Gauge Fields

-1 . 2
Francesco Ferrari and Federico Becca

LSISSA-International School for Advanced Studies, Via Bonomea 265, 1-34136 Trieste, Italy
2Dipartimento di Fisica, Universita di Trieste, Strada Costiera 11, I-34151 Trieste, Italy

® (Received 21 March 2019; revised manuscript received 14 June 2019; published 15 August 2019)

Understanding the nature of the excitation spectrum in quantum spin liquids is of fundamental
importance, in particular for the experimental detection of candidate materials. However, current theoretical
and numerical techniques have limited capabilities, especially in obtaining the dynamical structure factor,
which gives a crucial characterization of the ultimate nature of the quantum state and may be directly
assessed by inelastic neutron scattering. In this work, we investigate the low-energy properties of the
S = 1/2 Heisenberg model on the triangular lattice, including both nearest-neighbor J; and next-nearest-
neighbor J, superexchanges, by a dynamical variational Monte Carlo approach that allows accurate results
on spin models. For J, = 0, our calculations are compatible with the existence of a well-defined magnon
in the whole Brillouin zone, with gapless excitations at K points (i.e., at the corners of the Brillouin zone).
The strong renormalization of the magnon branch (also including rotonlike minima around the M points,
i.e., midpoints of the border zone) is described by our Gutzwiller-projected state, where Abrikosov
fermions are subject to a nontrivial magnetic z flux threading half of the triangular plaquettes. When
increasing the frustrating ratio J,/J,, we detect a progressive softening of the magnon branch at M, which
eventually becomes gapless within the spin-liquid phase. This feature is captured by the band structure of
the unprojected wave function (with two Dirac points for each spin component). In addition, we observe an
intense signal at low energies around the K points, which cannot be understood within the unprojected
picture and emerges only when the Gutzwiller projection is considered, suggesting the relevance of gauge

fields for the low-energy physics of spin liquids.
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I. INTRODUCTION

The antiferromagnetic Heisenberg model for § = 1/2
spins interacting on the triangular lattice represents the
simplest example in which quantum fluctuations give rise
to strong modifications of the classical picture, where the
minimum energy configuration shows 120° order. Indeed,
this was the first microscopic model that has been proposed
for the realization of the so-called resonating valence-bond
state [1,2]. Within this approach, the ground state is
described by a superposition of an exponentially large
number of singlet coverings of the lattice, generalizing the
concept of resonance introduced and developed by Rumer
[3] and Pauling [4] to describe the chemical bond. Even
though recent numerical investigations [5,6] have shown
that the ground state possesses a finite magnetization in the
thermodynamic limit, the results confirmed large deviations
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from classical and semiclassical limits. In addition, small
perturbations on top of the nearest-neighbor Heisenberg
model have been shown to drive the system into magneti-
cally disordered phases [7,8]. By keeping the spin SU(2)
symmetry, a natural way to induce further magnetic
frustration is to include a next-nearest-neighbor super-
exchange coupling, leading to the following Hamiltonian:

(i.j) )

where (---) and (---)) indicate nearest-neighbor and
next-nearest-neighbor sites in the triangular lattice, S; =
(8%, 87, 83) is the spin-1/2 operator at the site 7, and, finally,
J; and J, are the antiferromagnetic coupling constants.
This model has been intensively investigated in the past,
from the semiclassical approaches of the early days [9,10]
to the recent numerical approaches [11-13]. The latter ones
indicated a rather fragile 120° magnetic order, which is
melted for J,/J; 2 0.07(1) (a value that is in very good
agreement among these calculations). For larger values of
the frustrating ratio J,/J;, the nature of the nonmagnetic

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.9.031026&domain=pdf&date_stamp=2019-08-15
https://doi.org/10.1103/PhysRevX.9.031026
https://doi.org/10.1103/PhysRevX.9.031026
https://doi.org/10.1103/PhysRevX.9.031026
https://doi.org/10.1103/PhysRevX.9.031026
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

FRANCESCO FERRARI and FEDERICO BECCA

PHYS. REV. X 9, 031026 (2019)

phase is not settled, with evidences for either a gapped
[11,12] or a gapless [13] spin liquid.

An important information about the physical properties
is given by the features of the low-energy spectrum. In
particular, the dynamical structure factor S(q, ) gives a
direct probe to assess the nature of the relevant excitations.
These can be divided into two broad classes: standard
gapless magnons (or gapped triplons), which exist in
magnetically ordered phases (or valence-bond solids), and
more exotic (gapped or gapless) spinons, which exist in
deconfined spin liquids. In addition to spinons, another
kind of excitation is present, due to the emergence of
gauge fluctuations in the low-energy effective theory of
spin liquids [14].

For the Heisenberg model with only nearest-neighbor
couplings on the triangular lattice, semiclassical approaches,
based upon the large-S expansion, suggested that the
excitation spectrum obtained within the leading order (i.e.,
within the linear spin-wave approximation) is subjected to
significant corrections when interactions between spin
waves are taken into account [15]. This fact is mainly
due to the noncollinearity of the magnetization, which allows
for three-magnon interactions. Then, despite the presence of
long-range order, the Goldstone modes are not stable, but
they may decay in a large part of the Brillouin zone (see
Fig. 1); in particular, the existence of more than one
Goldstone mode, with different velocities, immediately
implies that magnons may be kinematically unstable,
decaying into two magnons with lower energy [16,17]. A
detailed analysis, which includes interactions among spin
waves, corroborated this outcome, also showing rotonlike
minima at M = (0,2z/+/3) and symmetry-related points
(i.e., midpoints of the edges of the Brillouin zone)
[16-18]. The latter aspect shares similarities with the
Heisenberg model on the square lattice, where minima of
the magnon dispersion are present around (r,0) and
(0, 7) [19,20]. As far as the triangular lattice is concerned,
aspects of the strong renormalization of the magnon
dispersion at high energies have been confirmed by series
expansions [21]. Moreover, within these numerical cal-
culations, a huge downward renormalization of the one-
magnon excitations is recovered, leading to a relatively
dispersionless mode.

While there are a number of materials whose low-energy
behavior can be well described by the S = 1/2 Heisenberg
model on the square lattice (among them, we just mention
La,CuQ, for its relevance to cuprate superconductors [22]),
until very recently there were no compounds that could be
well approximated by the same model on the equilateral
triangular lattice. For example, in Cs,CuCl, the super-
exchange couplings are not isotropic in the nearest-
neighbor bonds, one out of the three being much stronger
than the other ones (thus defining weakly coupled zigzag
chains) [23]. Here, inelastic neutron scattering measure-
ments have shown the existence of a very broad continuum,
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FIG. 1. Upper left-hand panel: The classical spin configuration
(in the XY plane) that is determined by the fictitious magnetic
field 4 in the Hamiltonian Eq. (13) with Q = (27/3.2xz//3).
Upper right-hand panel: Pattern for the sign structure of the
nearest-neighbor hopping s; ; of Eq. (13), s; ; = +1 (=1) for solid
(dashed) lines; notice the amplitude for the kinetic terms is
chosen to be ¢ > 0. Lower left-hand panel: The path in the
Brillouin zone that is used to plot the results of the dynamical
structure factor of the 30 x 30 triangular lattice (blue arrows); see
Figs. 2-4, 7, and 8. Lower right-hand panel: The path in the
Brillouin zone that is used to plot the dynamical structure factor
of the 84 x 6 cylinder (blue arrows); see Fig. 6. In both lower
panels the orange shaded area corresponds to the region of the
Brillouin zone in which magnon decay is predicted by the spin-
wave approximation [16,17], and the dashed line delimits the
magnetic Brillouin zone.

which has been associated to spin fractionalization and
spin-liquid behavior [23].

Recently, measurements on Ba;CoSb,09 have been
reported, providing evidence that it can be described by
a S = 1/2 Heisenberg model on the undistorted triangular
lattice with predominant nearest-neighbor superexchange
couplings (a small easy-plane anisotropy is present, in
addition to a small interlayer coupling) [24]. The initial
interest was aimed at the study of the magnetization curve
and the stabilization of magnetization plateaus [24,25], and
the proximity to a spin-liquid phase [26]. Later, inelastic
neutron scattering measurements were performed, in order
to clarify the nature of the magnetic excitations on top of
the ground state [27,28]. Even though Ba;CoSb,0q pos-
sesses long-range magnetic order (with 120° ordering),
several aspects of the magnon dispersion and the multi-
magnon continuum reveal an unconventional behavior,
which can only be partially explained within semiclassical
approaches. First of all, at low energies, the magnon
dispersion is strongly renormalized with respect to the
linear spin-wave approximation; an anomalous line broad-
ening has also been detected, leading to the conclusion that
magnon decay may be plausible; finally, the continuum
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presents unexpected dispersive features at high energies. It
should be noticed that, since neutron scattering data are
sensitive to the full dynamical spin structure factor, three
copies of the magnon dispersion (translated by the ordering
vectors) are visible in the spectrum. Experimental inves-
tigations have also been performed to infer the nature of the
magnon excitations on top of the gapped phase that is
stabilized at the one-third magnetization plateau [29]. In
this case, the situation seems to be more conventional, with
the experimental results in relatively good agreement with
theoretical predictions.

Motivated by these experimental findings, there have
been a few attempts to investigate the Heisenberg model
(also including small perturbations) with both analytical
and numerical tools [30-33]. In particular, by using
density-matrix renormalization group (DMRG) calcula-
tions, Verresen et al. [32] claimed that the magnon decay
does not take place, because of the strong coupling
interactions between quasiparticles (i.e., magnons) in the
Heisenberg model [34]. As a result of the avoided decay,
the midpoint of the edge of the magnetic Brillouin zone
(dubbed Y) displays a minimum of the magnon dispersion,
possibly explaining the high-energy features seen around
the M point in Ref. [28].

Within this context, the discovery of YbMgGaO, [35]
and, more recently, NaYbO, [36] will also give a further
impetus to study (generalized) spin models on the triangu-
lar lattice. In both cases, no signatures of magnetic order
appear down to very low temperatures, suggesting the
existence of a quantum spin liquid. While both materials
host effective J = 1/2 spin degrees of freedom (d.o.f.), the
actual low-energy Hamiltonian may be more complicated
than the SU(2)-invariant one of Eq. (1); still, the physical
properties can share many similarities with the ground state
of the J; — J, model, as suggested in Ref. [7].

In this work, we employ a dynamical variational
Monte Carlo approach [37] to compute the out-of-plane
dynamical spin structure factor for the Heisenberg model
on the triangular lattice, also in the presence of a next-
nearest-neighbor coupling J,. First, we focus our attention
on the model with J, =0 for which we confirm huge
corrections from the linear spin-wave calculations. Our
results support the idea that the magnon excitations are
stable in the whole Brillouin zone; indeed, even though a
discrete set of excitations is obtained within our numerical
method, the lowest-energy state for each momentum q
appears to be rather well separated from the rest of the
spectrum at higher energies, suggesting the existence of a
faint continuum just above the magnon branch. The second
part of this work deals with the J; — J, model, to highlight
the modifications in the dynamical structure factor that
take place when entering the spin-liquid phase (which,
according to our variational approach, is gapless [13]).
Here, the spectrum shows gapless excitations at M points;
in addition, a strong signal at low energies is present at the

corners of the Brillouin zone, i.e., K = (27/3,27/+/3) and
K' = (4z/3,0). While the former aspect can be easily
understood by inspecting the noninteracting spinon band
structure, the latter one is a genuine feature that emerges
from the Gutzwiller projector, which includes interactions
between spinons and gauge fields. Indeed, while the
noninteracting wave function corresponds to a mean-field
approximation, in which gauge fields are completely
frozen, the Gutzwiller projection has the effect of inserting
back the temporal fluctuations of those fields [38]. In this
respect, it is worth mentioning that a recent field-theoretical
analysis indicated the existence of low-energy (triplet)
monopole excitations at the zone corners, which are
expected to contribute to the dynamical structure
factor [39].

II. DYNAMICAL VARIATIONAL
MONTE CARLO METHOD

The dynamical structure factor, which is directly mea-
sured within inelastic neutron scattering experiments, can
be used to unveil the nature of the elementary excitations of
the models and materials under investigation. In its spectral
form, this quantity reads as

SU(q. ) = ) _|(YEIS4ITo)*8(w — Eb + Ey).  (2)

where |T,) and {|Y%)}, are the ground state and the set of
all excited states with momentum ¢, whose corresponding
energies are E, and {EZ},, respectively. In this work, we
evaluate the dynamical structure factor of the spin model
Eq. (1) by directly constructing accurate variational Ansdtze
for its ground state and a few low-energy excited states.
Our variational approach is based on the so-called parton
construction, in which the spin d.o.f. of the model are
rewritten in terms of auxiliary fermionic operators [14,40].
The fermionic language constitutes a versatile framework
to define variational wave functions for both magnetically
ordered and disordered phases of matter. This section is
dedicated to the introduction of the fermionic wave
functions for spin models and to the description of the
variational Monte Carlo method employed for the calcu-
lation of the dynamical structure factor.

A. Gutzwiller-projected fermionic wave functions
for the ground state

Here, for the sake of generality, we consider a generic
SU(2) model for frustrated spin systems, which consists of
a set of spin-1/2 d.o.f. sitting on the sites of a lattice and
interacting through the Heisenberg exchange couplings J; ;:

L.J
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The interplay of the different interactions can lead to the
stabilization of different phases of matter. In the absence of
frustration, i.e., when no competing couplings are present,
the ground state may develop some kind of magnetic order,
which minimizes the classical energy of the model. On the
contrary, when different interactions compete with each
other, magnetically disordered phases can arise, such as
spin liquids.

The first attempt to describe spin-liquid states dates back
to the resonating valence-bond approach, where a varia-
tional wave function is defined in terms of a linear super-
position of singlet coverings of the lattice [1]. More
recently, Wen [40] developed a general approach to classify
and construct spin-liquid states, which satisfy all the
symmetries of a given lattice model. This method is built
upon the introduction of auxiliary Abrikosov fermions,
which form a projective representation of S = 1/2 spin
operators:

1 .
=5 ch“,aca,ﬁci,ﬂ' (4)
ap

Here, c;, (cza) destroys (creates) a fermion with spin
a =1, onsite i, and the vector 6 = (6,,0,.0,) is the set
of Pauli matrices. The anticommutation relations among
fermions ensure that the Abrikosov representation yields
the correct commutation relations among different spin
components. Still, in order to faithfully reproduce the
Hilbert space of the original spin model, only configura-
tions with one fermion per site must be considered, which
implies that the Abrikosov fermions must satisfy the
constraint

Cj,TCi,T + Cj.lci»i =1, (5)
or, equivalently,
CzT,TCj.i =0. (6)

Besides constant terms, the Hamiltonian of Eq. (3) can
be rewritten in terms of Abrikosov fermions as follows:

= __ZZ]”(C“XCJ&C ﬁclﬂ+2 laclfacjjﬂcj’ﬂ)'
i.j ap
(7)

At this stage, the Hamiltonian Eq. (7) with the constraints
of Egs. (5) and (6) gives an exact representation of the
original model. In order to tackle the above interacting
fermionic system, one possibility is to perform a mean-field
decoupling [40]. For the purpose of studying spin-liquid
phases, we keep only the mean-field terms that do not break
the SU(2) symmetry of the original spins. The result is a
quadratic Hamiltonian:

ZZM waFZAucm ¢jy +He.
"‘ZZ/‘:C,UQU"‘ZC: Cit ,¢+HC (8)

which contains a hopping term ¢; ;

term A, j,

<c}.5c,.6> and (c;,c;_,), respectively. In addition, the
one-fermion-per-site constraint of the parton construction
is enforced in a global fashion by including a chemical
potential u; and an on-site pairing {; as Lagrange multi-
pliers in H, [40]. Within the mere mean-field approach,
the parameters of H, are computed self-consistently and
define a low-energy effective theory for the spin model
under investigation. However, the ground state of H,,
named |®,), satisfies the constraints of Egs. (5) and (6)
only on average and, therefore, does not represent a valid
wave function for spins. Within this approach, a full
treatment of the original spin model requires the inclusion
of all fluctuations of the parameters around the mean-field
solution. Since this task is in general unfeasible, an
alternative approach can be pursued, in which the
Hamiltonian H,, is exploited as a starting point for the
definition of a variational wave function for the initial spin
model. Indeed, the one-fermion-per-site constraint can be
enforced exactly by applying the Gutzwiller projector,

Po = [ [ iy —niy)> )

i

and a singlet pairing
which are related to the expectation values

to the ground-state wave function of H,. We emphasize that
in general the Gutzwiller projection cannot be treated
analytically, due to its intrinsic many-body character; how-
ever, it can be considered within Monte Carlo sampling. At
variance with the mean-field treatment, in the variational
approach the parameters of H, are not computed self-
consistently, but are optimized in order to minimize the
energy of the Gutzwiller-projected Ansatz Pg|®Dy).

The artificial enlargement of the Hilbert space intro-
duced by the parton construction gives rise to a gauge
redundancy 1in the representation of the spin d.o.f.
Specifically, the mapping Eq. (4) is invariant under local
SU(2) transformations of the Abrikosov fermions
operators [40]. As a consequence, all physical properties
of the spins are independent of the gauge choice for
fermions. For example, whenever we perform SU(2) trans-
formations to the unprojected Hamiltonian H,,, the varia-
tional wave function with the Gutzwiller projector remains
invariant. Exploiting this gauge redundancy, it is possible
to classify all the quadratic Hamiltonians H, whose
Gutzwiller-projected ground states fulfill the symmetries
of the lattice model. This procedure, known as projective
symmetry group analysis [40], provides a recipe to con-
struct all the distinct spin-liquid Ansdtze for a given spin
model. From a variational point of view, the spin-liquid
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wave function with the lowest variational energy is the one
which better describes the true ground state of the model.

In general, the variational Ansdtze defined by Gutzwiller
projecting the ground state of Eq. (8) do not display any
magnetic order [41]. For the purpose of defining suitable
wave functions for magnetically ordered phases, an addi-
tional term can be added to H,:

Ho — Hy + hz <€iQ'R"CZ-r’TCi.¢ + e_iQ'R“Ciiciﬁ) . (10)
i

Here, 4 is a fictitious magnetic field which lies in the XY
plane and displays a periodic pattern defined by the pitch
vector Q. Since the ground-state wave function of the
Hamiltonian Eq. (10) tends to overestimate the magnetic
order [42], further transverse quantum fluctuations are
added through the application of a spin-spin Jastrow factor,

1
js = exp <§Z1},1SIZS§> s (11)
L]

to the Gutzwiller-projected state. Specifically, the complete
form of the variational wave functions employed in this
work is

o) = Ps. T Ps|Po), (12)

where, in addition to the Gutzwiller projection and the
Jastrow factor, we apply a projector enforcing zero value
for the z component of the total spin (Ps).

By using this approach, the variational phase diagram
for the J; —J, model on the triangular lattice has been
obtained in Ref. [13]: the system undergoes a phase
transition between a magnetically ordered phase to a
gapless spin liquid at J,/J; ~ 0.08. For this model, the
optimal variational wave functions are obtained by con-
sidering only a hopping term (no pairing) and the fictitious
magnetic field in the quadratic Hamiltonian:

H() = tzsi,jcj,(;cj.o'
(i)
+ hz (e"Q'RicITciqi + e‘iQ'R"cj:ici.T). (13)
i

Here, ¢ is a first-neighbor hopping with a nontrivial sign
structure (s; ; = +1) which generates a pattern of alternat-
ing 0 and 7z fluxes through the triangular plaquettes of the
lattice, see Fig. 1, and £ is a fictitious magnetic field which
displays the classical 120° order with Q = (27/3,27//3),
see Fig. 1 [considering Q = (47/3,0) would not change
the physical content of the ground state wave function]. All
the parameters included in H,, and the pseudopotential v; ;
(one parameter for each distance |R; — R;| in the transla-
tional invariant lattice) entering the Jastrow factor can be

optimized to minimize the variational energy. While in
the magnetic phase of the system the optimal value for the
ratio &/t is finite, for J,/J; 2 0.08 the system enters the
spin-liquid phase and the magnetic field parameter vanishes
in the thermodynamic limit [13]. The values of the fictitious
magnetic field as a function of J,/J; can be found
in Ref. [13].

In this work, we compute the dynamical structure factor
for the J; —J, model on the 30 x 30 triangular lattice.
For J, = 0, we first consider the crudest approximation for
the ground state, which consists in setting the hopping term
t to zero. The resulting wave function is equivalent to the
state of Ref. [43] with only a two-body Jastrow factor.
Much more accurate results are then obtained by restoring
the hopping term in the Hamiltonian and optimizing all
the variational parameters for the cases J, =0 and
J>/J; = 0.07. On the other hand, when the system is in
the spin-liquid regime (J,/J, = 0.09 and J,/J, = 0.125),
the fictitious magnetic field is vanishing and the Jastrow
factor is not considered, because of its negligible effects
on the variational results. According to the projective
symmetry group classification, the wave function obtained
by considering only the hopping term in H, is a fully
symmetric U(1) spin liquid [44].

B. Dynamical structure factor

As already mentioned, the dynamical structure factor of
the J; — J, model is computed by constructing variational
Ansdtze to approximate the low-energy excited states of
the system. Here we limit ourselves to the calculation of
the out-of-plane component S%(q, w), and we employ the
technique outlined in Refs. [37,45,46], which is briefly
summarized in the following.

First, we find the optimal variational Ansatz for the
ground state of the model, which has the form of Eq. (12),
by minimizing the variational energy. The resulting wave
function is employed as a reference state to construct a
set of projected particle-hole excitations with a given
momentum g:

1 .
q.R) ZPSZJSPG\/—NZZelq'R[‘fczT+R,aCi,a|q)o>- (14)

These states are labeled by R, which runs over all lattice
vectors. We approximate the low-energy excited states of
the model by using linear combinations of the elements of
the basis set {|q, R) } x:

i) = AR
R

For a certain momentum ¢, we consider the Schrodinger
equation for the J; — J, Hamiltonian restricting the form
of its eigenvectors to the one of Eq. (15), i.e., H|¥]) =
El|W!). Expanding everything in terms of {|g,R)},

q,R). (15)
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we arrive at the following generalized eigenvalue

problem,
> (q.R[H|q. R)AR! = Ef

R R

(9.Rlq.R") A", (16)

which is solved to find the expansion coefficients Ay?
and the energies EI of the excitations. All the matrix
elements, (g, R|H|q,R’) and (q,R|q,R’), are evaluated
within the Monte Carlo procedure, by sampling accord-
ing to the variational ground-state wave function. Finally,
the dynamical structure factor is computed by

S (q.@) = ) |[(¥HIS5¥0) (0 — EX + Eg™).  (17)

n

where EJ™ is the variational energy of |¥).

III. RESULTS

In this section, we present the numerical calculations
for the dynamical structure factor S(q, w) obtained by the
variational approach described in the previous section.
First, we discuss the case of the Heisenberg model with
only nearest-neighbor superexchange J;, also comparing
our results with recent DMRG calculations [32]. Then, we
include the next-nearest-neighbor coupling J, to increase
frustration and melt the magnetic order. In this way, a
gapless spin-liquid regime is reached for J,/J; = 0.08 [13].

A. Nearest-neighbor model with J,=0

Let us start our analysis by considering the case in which
the ground-state wave function contains only the fictitious
magnetic field, i.e., t = 0. In this case, the Abrikosov
fermions are completely localized (e.g., the eigenvalues
of the auxiliary Hamiltonian define flatbands) and the
wave function corresponds to the Jastrow state of Ref. [43]
with only a two-body Jastrow factor. The results for the
dynamical structure factor on the 30 x 30 cluster are shown
in Fig. 2. Here, the spectrum consists of a single mode,
which is identified as the magnon excitation (no continuum
is visible). Notice that only one magnon branch is visible,
related to the magnon dispersion ¢, since we consider the
out-of-plane dynamical structure factor (the folded branches
€44k do not contribute to the signal). Remarkably, the
dispersion of the magnon branch is possible thanks to the
Jastrow factor, since the wave function without it would give
rise to a trivially flat (gapped) excitation spectrum, reflecting
the noninteracting band structure of fermions. By contrast,
the long-range Jastrow term is able to produce a reasonable
magnon mode, which agrees fairly well with the spin-
wave calculations. In particular, the spectrum is gapless at
' =(0,0) (with a vanishingly small weight). Instead, in
contrast to spin waves, which correctly predict gapless
magnons at K and K’ due to the coplanar 120° order, this
simple wave function leads to a gapped spectrum at the

10!

w‘/]l

107!

M Y r Y] K M
q

Vi Y

FIG. 2. Dynamical structure factor of the nearest-neighbor
Heisenberg model on the triangular lattice obtained by using
the variational wave function of Egs. (12) and (13) with # = 0 on
the 30 x 30 cluster. The path along the Brillouin zone is shown in
Fig. 1. A Gaussian broadening of the spectrum has been applied
(6 = 0.02J;). The spin-wave energies of the magnon branch (¢,),
on the same cluster size, are represented by the white dots
connected with a solid line. The dashed line corresponds to the
bottom of the continuum within linear spin waves, i.e., E, =
miny {e,_ + €;}. Notice that E, < e, in most of the Brillouin
zone, as obtained in Refs. [16,17].

q

corners of the Brillouin zone. In connection to that, the out-
of-plane static structure factor $%(q) = [ dwS*(q,®) does
not diverge at K or K’ when L — oo, showing only a
maximum.

A much more realistic spectrum is obtained when
considering a finite fermion hopping ¢ (with the z-flux
pattern shown in Fig. 1), as well as the optimized value of
the fictitious magnetic field 4 (and the Jastrow factor). The
results for the 30 x 30 lattice are reported in Fig. 3. In this
case, there are several excitations with a finite weight for
each momentum, thus reproducing the existence of a broad
continuum, which extends up to relatively large energies.
We mention that, with respect to the square lattice [46—48],
here many more excitations for each momentum possess a
visible spectral weight. Within this calculation, we identify
the lowest-energy excitation E{ as the magnon peak. This
assumption is corroborated by the results shown in Fig. 4,
where the variational energies E{ closely follow the
magnon branch obtained by series expansions. Instead,
identifying the lowest-energy peak as the bottom of the
continuum is not very plausible, since a much broader
signal should be present in this case. In this regard, the basis
set that is used here for the excited states is made of
particle-hole spinon excitations on top of the ground state
of the auxiliary Hamiltonian of Eq. (13), before Gutzwiller
projection. For this reason, we argue that, in general, our
approach is particularly suited to capture (i) two-spinon
excitations or (ii) bound states of spinons, e.g., magnons.
Multimagnon excitations are expected to show up with a
reduced intensity. In order to discuss the issue of magnon
decay, we apply a kinematic argument (as done both in the
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FIG.3. The same as Fig. 2 but for the optimal variational wave

function with both hopping ¢ and fictitious magnetic field 4. The
path along the Brillouin zone is shown in Fig. 1. The dotted line
denotes the bottom of the continuum E, = min, {EJ ™ + E%},
where E{ is the lowest energy for a given momentum q obtained
within our variational approach. Since the spectrum is gapless at
the T point, we exclude the cases k = (0,0) and k = q in the
search of the minimum, because the resulting E, would simply
coincide with the energy of the magnon branch E{ all over the
Brillouin zone. The purpose of this kinematic analysis is to
show that no magnon decay can yield an energy E, which is
lower than the one of the magnon branch E{ (in contrast to spin-
wave results).

linear spin-wave approach [16,17] and within DMRG [32])
and we consider all the possible two-magnons decays,

which fulfill the conservation of momenta, ie., E, =

min, {E{™* + EK}. For this purpose, we computed the
spectrum E} for all the k vectors in the Brillouin zone
on the 30 x 30 lattice. The outcome is that the bottom of
the two-magnon continuum, defined by the kinematic
analysis, lies above the magnon branch. These results
clearly indicate an avoided decay in a large part of the
Brilloiun zone, as suggested by DMRG calculations, which
considered certain (high-energy) parts of the magnon
dispersion [32]. Still, we cannot exclude the existence of
small regions where the magnon decay may persist,
especially close to the gapless points. In this respect,
within the linear spin-wave approach, the different veloc-
ities of the excitation spectrum at I and K immediately lead
to an unstable magnon branch close to the I" point [16,17].
Should this aspect be a genuine feature of the model, the
magnon would be unstable in a small part around the center
of the Brillouin zone. Unfortunately, given the finiteness of
the cluster used in our numerical calculations, we cannot
reliably estimate the slope of the magnon spectrum at I" and
K and, therefore, make definitive statements for this issue.

Here, we would like to notice the strong renormalization
of the magnon branch with respect to spin-wave calcu-
lations; see Fig. 4. Most importantly, we emphasize that,
within this most accurate calculation, the magnon branch
shows a rotonlike minimum not only at M but also at Y,
i.e., the midpoint of the edge of the magnetic Brillouin zone

spin waves —4— series expansion variational

0.51

0.0 T T T Y T
M Y r Y; K M i Y

FIG. 4. Energies of the magnon branch for the nearest-neighbor
Heisenberg model on the triangular lattice obtained with different
methods. The path along the Brillouin zone is shown in Fig. 1.
The black line corresponds to linear spin wave, the blue squares
to series expansion [21], and the orange circles to our variational
results (on the 30 x 30 cluster).

(see also Fig. 5), as already detected by neutron scattering
measurements in Ba;CoSb,Oq [28]. This feature was not
captured by the previous series expansion calculations [21]
but, instead, has also been observed by recent DMRG
calculations on an infinitely long cylinder (with a small
circumference L = 6) [32] and has been interpreted as the
hallmark for the absence of magnon decay. In order to make
a closer comparison with DMRG data, we perform the
variational calculations on a long cylinder (84 x 6) along
the same path in the Brillouin zone as the one that has been
considered in Ref. [32]. The results are shown in Fig. 6.
Here, the large number of lattice points along the cylinder

Spin waves Variational

00 04 08 12 16 0.0
UJ/Jl W/Jl

02 04 06 08 1.0

FIG. 5. Dispersion relation of the magnon branch (i.e., the
lowest-energy excitation) as obtained within our variational
approach (on the 30 x 30 cluster). The linear spin-wave results
are also reported for comparison. Dashed lines represent the
edges of the magnetic Brillouin zone. The presence of the
roton minima at the M and Y points in the variational spectrum
is evident.
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FIG. 6. The dynamical structure factor for the nearest-neighbor
Heisenberg model on a cylindrical geometry (84 x 6), to make a
close comparison with DMRG calculations by Verresen et al.
[32]. We apply a Gaussian broadening to the spectrum, which is
equivalent to the one of the aforementioned DMRG result
(6 =0.077J,). The path in the Brillouin zone is shown in the
inset and in Fig. 1 [point A lies at 1/4 of the I' — K” line, where
K" =(=2x/3,27/+/3), and point B lies at 1/4 of the K — K’ line].
The dashed line denotes the bottom of the continuum, which is
evaluated by taking E, = min{Ej * + E§, E{™ + E;X}, where
E{ is the lowest energy for a given momentum ¢ obtained within
our variational approach and K = (27/3,27//3).

allows us to have a detailed resolution of the magnon
branch, which closely follows the one obtained by DMRG.
In particular, we can estimate the bottom of the continuum
by evaluating E, = min{Ef "~ + E§, E{™X + E;X}, where
we consider the possible decays involving a magnon at K
and —K. In doing so, we find that the lowest-energy
excitation Ej is always below E,, indicating that a well-
defined branch exists and magnon decay is avoided. We
finally remark that a roton minimum is detected along
the same path as the one studied by Verresen et al. [32],
strongly suggesting that this is a genuine feature of the
Heisenberg model.

B. Jl _JZ model

We now move to the case where also a next-nearest-
neighbor coupling J, is present. Within our variational
approach, a gapless spin-liquid phase is stabilized for
0.08 £ J,/J; £0.16; here, the fictitious magnetic field
vanishes in the thermodynamic limit and the best wave
function contains only fermionic hopping (with z flux
threading half of the triangular plaquettes) [13]. On a finite
size, a small value of & can be stabilized, as well as a tiny
Jastrow pseudopotential. Still, we verified that these ingre-
dients do not cause significant differences in the dynamical
structure factor. In Fig. 7, we show the results for the
30 x 30 cluster and for two values of J,/J,, which are very
close to the transition point, one still inside the magnetic
phase (J,/J; = 0.07) and the other one in the spin-liquid
region (J,/J; = 0.09). By approaching the quantum phase
transition, the major modification of the spectrum comes

10!
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1072
1073
10!
10°
i 1071
3
1072
1073
M Y r Y, K M Yi'Y
q
FIG. 7. The dynamical structure factor for the J; — J, Heisen-

berg model on the 30 x 30 cluster with J,/J; = 0.07 (top) and
Jo/J; = 0.09 (bottom). The path along the Brillouin zone is
shown in Fig. 1, and a Gaussian broadening of the spectrum has
been applied (6 = 0.02J)).

from the softening of the magnon excitation at the M
points. This feature closely resembles the case of the
frustrated J; — J, model on the square lattice, previously
studied with the same numerical technique [46], where a
softening is clearly detected for q = (z,0) [and (0, 7)]. In
this latter case, this fact has been connected to the
progressive deconfinement of spinons that have gapless
(Dirac) points at q = (+x/2, +x/2). We would like to
mention that the possibility to have (gapped) almost-
deconfined spinons in the unfrustrated Heisenberg model
has been suggested by a recent quantum Monte Carlo
calculation [49]; moreover, clear signatures for deconfined
spinons at the transition between an antiferromagnetically
ordered phase and a valence-bond crystal have been
reported in the so-called J— Q model [50]. On the
triangular lattice, the softening of the spectrum at the
M points is a direct consequence of the Dirac points at
q = (0,47/+/3) in the spinon band structure. Therefore,
we expect both M and K points to be gapless at the
transition (as well as Y, which can be obtained by
combining M and K vectors). Indeed, this is necessary
for a continuous phase transition, as the one that appears in
the J; — J, Heisenberg model, according to ground-state
calculations [13].
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FIG. 8. The dynamical structure factor for the J; — J, Heisenberg model on the 30 x 30 cluster with J,/J; = 0.125. The variational
results (left) are compared to the ones obtained from the unprojected Abrikosov fermion Hamiltonian H of Eq. (13) with # = 1 and
h = 0 (right). The path along the Brillouin zone is shown in Fig. 1. We applied a Gaussian broadening of ¢ = 0.02J to the variational
results. Notice that, for the unprojected data, the energy scale is given by the hopping amplitude ¢ of the unprojected Hamiltonian
Eq. (13), instead of J,. In addition, the broadening has been rescaled in order to account for the larger bandwidth of the spectrum.

In Fig. 8, we report the dynamical structure factor
for J,/J, = 0.125. The spin-liquid state is characterized
by a broad continuum that extends up to relatively large
energies. In particular, around the M points, the magnon
rotonlike minima of the ordered phase fractionalize into
an incoherent set of excitations at low energies. This
feature is compatible with the existence of Dirac points in
the unprojected spectrum of the auxiliary Hamiltonian
'Hy; see Fig. 8. By contrast, a strong signal in the lowest-
energy part of the spectrum is detected around the K
points, where the unprojected spinon spectrum is instead
gapped. In this respect, the Gutzwiller projection is
fundamental to include interaction among spinons in a
nonperturbative way and give a drastic modification of
the low-energy features. This is a distinctive aspect of
the triangular lattice, since, on the square lattice, all the

projected

Square lattice

10!
100
q
~—
3 107!
1072
) . 1073
(5,3 (m,0) (m,m) (55 (0,0) (0,7)
q

low-energy (gapless) points observed in the presence of
the Gutzwiller projector [i.e., q = (0,0), (7, x), (x,0),
and (0,7)] already exist in the noninteracting picture
[51]; see Fig. 9. We would like to emphasize that, in
contrast to the magnetically ordered phase, where no
visible spectral weight is present right above the magnon
branch (see Fig. 3), in the spin-liquid phase the con-
tinuum is not separated from the lowest-energy excita-
tion. This outcome corroborates the fact of having
deconfined spinons in the magnetically disordered phase.
The intense signal at K points immediately implies
strong (but short-range) antiferromagnetic correlations
in the variational wave function, which are absent in the
unprojected z-flux state (by contrast, on the square
lattice, the z-flux state already has significant antiferro-
magnetic correlations built in it).

22

20 Square lattice — unprojected 102
18
16 10!
14

3 13 10°
8
0 10!
4
2
0 1072

FIG. 9. The dynamical structure factor for the J; — J, Heisenberg model on the square lattice (22 x 22) with J,/J; = 0.55. The
variational results (left) are compared to the ones obtained from the unprojected Abrikosov fermion Hamiltonian H, (right), which
contains a flux-phase hopping (of strength #) and a d,, pairing (see Ref. [46] for details). We applied a Gaussian broadening of
o = 0.02J, to the variational results. Notice that, for the unprojected data, the energy scale is given by the hopping amplitude ¢ of the
unprojected Hamiltonian of Ref. [46], instead of J,. In addition, the broadening has been rescaled in order to account for the larger
bandwidth of the spectrum.
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The presence of low-energy spectral weight at the
corners of the Brillouin zone could be ascribed to the
existence of critical monopole excitations, as suggested by
the analysis of Ref. [39]. In fact, the Gutzwiller projector,
which imposes single occupancy on each lattice site,
introduces temporal fluctuations of the gauge fields that
are completely frozen within the noninteracting picture
(i.e., within the unprojected wave function). Even though
we cannot exclude a more conventional picture where a
bound state of spinons is responsible for the intense signal
around K, it is plausible that this feature originates from
the existence of gauge fields, which emerge in the field-
theoretical description of spin liquids [14]. While gauge
fields are known to predominantly contribute to spectral
functions of specific Kitaev spin liquids with Z, magnetic
fluxes [52], our calculations suggest that monopole exci-
tations may give some relevant signature in the spin-liquid
phase of the J; — J, Heisenberg model on the triangular
lattice. Remarkably, on the 30 x 30 cluster, the lowest-
energy excitation at K is slightly higher inside the spin-
liquid phase (i.e., for J,/J; = 0.125) than close to the
critical point (i.e., for J,/J; ~ 0.08); see Figs. 7 and 8. This
fact may suggest the possibility that this kind of excitation
may be slightly gapped in the spin-liquid region, while
being gapless at the critical point. We finally highlight the
existence of an unexpected high-energy dispersing mode,
which bends from the I" point down into the continuum,
being seemingly connected to the low-energy excitation
at K. A comparison with other numerical techniques will
be needed to clarify whether this feature is a genuine
aspect of the model or an artifact of the present variational
approach.

IV. CONCLUSIONS

In this work, we performed variational Monte Carlo
calculations to estimate the dynamical structure factor of
the J; — J, Heisenberg model on the triangular lattice. The
results for J, = 0 are consistent with the existence of a
well-defined magnon branch in the whole Brillouin zone, in
agreement with recent DMRG calculations [32]. This
outcome contrasts the semiclassical predictions [16,17],
which suggested the presence of magnon decay in a large
portion of the Brillouin zone. When a finite J, super-
exchange is included and the spin-liquid phase is
approached, a clear softening of the spectrum is detected
around the M points, in close similarity to what happens on
the square lattice [46]. Remarkably, the low-energy physics
of the spin-liquid phase cannot be fully described by the
unprojected spinon picture, since, besides gapless excita-
tions at M and M’, there are anomalously low-energy states
appearing around the K points. Our numerical calculations
provide indisputable evidence of the fact that the non-
interacting (i.e., unprojected) spinon spectrum is not
sufficient to fully explain the low-energy spectrum detected
by the dynamical structure factor. In light of the recent

field-theoretical analysis [39], the natural interpretation of
the spectral features around the corners of the Brillouin
zone comes from the existence of low-energy monopole
excitations. This outcome is particularly important, since
it would give a direct signature of the fact that these
theoretical approaches correctly capture the nature of the
spin-liquid phase. We hope that the present results will
motivate future investigations in this direction.

ACKNOWLEDGMENTS

We are particularly indebted to T. Li for pointing out
interesting aspects of the problem and A. Chernyshev for
highlighting some aspects of his results. We also acknowl-
edge C. Batista, Y.-C. He, A. Parola, F. Pollmann, R.
Verresen, and A. Vishwanath for useful discussions. Open
access for this article was funded by SISSA - International
School for Advanced Studies.

[1] P. W. Anderson, Resonating Valence Bonds: A New Kind of
Insulator?, Mater. Res. Bull. 8, 153 (1973).

[2] P. Fazekas and P.W. Anderson, On the Ground State
Properties of the Anisotropic Triangular Antiferromagnet,
Philos. Mag. 30, 423 (1974).

[3] G. Rumer, Zur Theorie der Spinvalenz, Gottingen Nachr.
Tech. 337 (1932).

[4] L. Pauling, The Calculation of Matrix Elements for Lewis
Electronic Structures of Molecules, J. Chem. Phys. 1, 280
(1933).

[5] L. Capriotti, A.E. Trumper, and S. Sorella, Long-Range
Néel Order in the Triangular Heisenberg Model, Phys. Rev.
Lett. 82, 3899 (1999).

[6] S.R. White and A.L. Chernyshev, Neél Order in Square
and Triangular Lattice Heisenberg Models, Phys. Rev. Lett.
99, 127004 (2007).

[7] Z.Zhu, P. A. Maksimov, S. R. White, and A. L. Chernyshev,
Topography of Spin Liquids on a Triangular Lattice, Phys.
Rev. Lett. 120, 207203 (2018).

[8] J. Taconis, C. Liu, G. B. Halasz, and L. Balents, Spin Liquid
versus Spin Orbit Coupling on the Triangular Lattice,
SciPost Phys. 4, 003 (2018).

[9] T. Jolicoeur, E. Dagotto, E. Gagliano, and S. Bacci, Ground-
State Properties of the S = 1/2 Heisenberg Antiferromag-
net on a Triangular Lattice, Phys. Rev. B 42, 4800 (1990).

[10] A.V. Chubukov and T. Jolicoeur, Order-from-Disorder
Phenomena in Heisenberg Antiferromagnets on a Triangu-
lar Lattice, Phys. Rev. B 46, 11137 (1992).

[11] Z. Zhu and S.R. White, Spin Liquid Phase of the S :%
Jy — J, Heisenberg Model on the Triangular Lattice, Phys.
Rev. B 92, 041105(R) (2015).

[12] W.-J. Hu, S.-S. Gong, W. Zhu, and D. N. Sheng, Competing
Spin-Liquid States in the Spin-% Heisenberg Model on the
Triangular Lattice, Phys. Rev. B 92, 140403(R) (2015).

[13] Y. Igbal, W.-J. Hu, R. Thomale, D. Poilblanc, and F. Becca,
Spin Liquid Nature in the Heisenberg J, — J, Triangular
Antiferromagnet, Phys. Rev. B 93, 144411 (2016).

031026-10


https://doi.org/10.1016/0025-5408(73)90167-0
https://doi.org/10.1080/14786439808206568
https://doi.org/10.1063/1.1749284
https://doi.org/10.1063/1.1749284
https://doi.org/10.1103/PhysRevLett.82.3899
https://doi.org/10.1103/PhysRevLett.82.3899
https://doi.org/10.1103/PhysRevLett.99.127004
https://doi.org/10.1103/PhysRevLett.99.127004
https://doi.org/10.1103/PhysRevLett.120.207203
https://doi.org/10.1103/PhysRevLett.120.207203
https://doi.org/10.21468/SciPostPhys.4.1.003
https://doi.org/10.1103/PhysRevB.42.4800
https://doi.org/10.1103/PhysRevB.46.11137
https://doi.org/10.1103/PhysRevB.92.041105
https://doi.org/10.1103/PhysRevB.92.041105
https://doi.org/10.1103/PhysRevB.92.140403
https://doi.org/10.1103/PhysRevB.93.144411

DYNAMICAL STRUCTURE FACTOR OF THE J, — J, HEISENBERG ...

PHYS. REV. X 9, 031026 (2019)

[14] L. Savary and L. Balents, Quantum Spin Liquids: A Review,
Rep. Prog. Phys. 80, 016502 (2016).

[15] O. A. Starykh, A.V. Chubukov, and A.G. Abanov, Flat
Spin-Wave Dispersion in a Triangular Antiferromagnet,
Phys. Rev. B 74, 180403(R) (2006).

[16] A.L. Chernyshev and M. E. Zhitomirsky, Magnon Decay in
Noncollinear Quantum Antiferromagnets, Phys. Rev. Lett.
97, 207202 (20006).

[17] A.L. Chernyshev and M. E. Zhitomirsky, Spin Waves in a
Triangular Lattice Antiferromagnet: Decays, Spectrum Re-
normalization, and Singularities, Phys. Rev. B 79, 144416
(2009).

[18] M.E. Zhitomirsky and A.L. Chernyshev, Colloquium:
Spontaneous Magnon Decays, Rev. Mod. Phys. 85, 219
(2013).

[19] R.R.P. Singh and M.P. Gelfand, Spin-Wave Excitation
Spectra and Spectral Weights in Square Lattice Antiferro-
magnets, Phys. Rev. B 52, R15695 (1995).

[20] W. Zheng, J. Oitmaa, and C.J. Hamer, Series Studies of the
Spin-% Heisenberg Antiferromagnet at T = 0: Magnon
Dispersion and Structure Factors, Phys. Rev. B 71, 184440
(2005).

[21] W. Zheng, J. O. Fjaerestad, R. R. P. Singh, R. H. McKenzie,
and R. Coldea, Anomalous Excitation Spectra of Frustrated
Quantum Antiferromagnets, Phys. Rev. Lett. 96, 057201
(2006); Excitation Spectra of the Spin-% Triangular-Lattice
Heisenberg Antiferromagnet, Phys. Rev. B 74, 224420
(2006).

[22] R. Coldea, S. M. Hayden, G. Aeppli, T. G. Perring, C.D.
Frost, T. E. Mason, S.-W. Cheong, and Z. Fisk, Spin Waves
and Electronic Interactions in La,CuQO,, Phys. Rev. Lett.
86, 5377 (2001).

[23] R. Coldea, D. A. Tennant, A. M. Tsvelik, and Z. Tylczynski,
Experimental Realization of a 2D Fractional Quantum
Spin Liquid, Phys. Rev. Lett. 86, 1335 (2001); R. Coldea,
D. A. Tennant, and Z. Tylczynski, Extended Scattering
Continua Characteristic of Spin Fractionalization in the
Two-Dimensional Frustrated Quantum Magnet Cs,CuCly
Observed by Neutron Scattering, Phys. Rev. B 68, 134424
(2003).

[24] Y. Shirata, H. Tanaka, A. Matsuo, and K. Kindo, Exper-
imental Realization of a Spin-1/2 Triangular-Lattice
Heisenberg Antiferromagnet, Phys. Rev. Lett. 108,
057205 (2012).

[25] T. Susuki, N. Kurita, T. Tanaka, H. Nojiri, A. Matsuo,
K. Kindo, and H. Tanaka, Magnetization Process and
Collective Excitations in the S=1/2 Triangular-Lattice
Heisenberg Antiferromagnet Ba;CoSb,0Oq, Phys. Rev. Lett.
110, 267201 (2013).

[26] H.D. Zhou, C. Xu, A. M. Hallas, H.J. Silverstein, C.R.
Wiebe, 1. Umegaki, J. Q. Yan, T. P. Murphy, J.-H. Park, Y.
Qiu, J.R. D. Copley, J. S. Gardner, and Y. Takano, Succes-
sive Phase Transitions and Extended Spin-Excitation Con-
tinuum in the S:% Triangular-Lattice Antiferromagnet
Ba;CoSb,0q, Phys. Rev. Lett. 109, 267206 (2012).

[27] J. Ma, Y. Kamiya, T. Hong, H. B. Cao, G. Ehlers, W. Tian,
C.D. Batista, Z.L. Dun, H.D. Zhou, and M. Matsuda,
Static and Dynamical Properties of the Spin-1/2 Equi-
lateral Triangular-Lattice Antiferromagnet BasCoSb,0g,
Phys. Rev. Lett. 116, 087201 (2016).

[28] S. Ito, N. Kurita, H. Tanaka, S. Ohira-Kawamura, K.
Nakajima, S. Itoh, K. Kuwahara, and K. Kakurai, Structure
of the Magnetic Excitations in the Spin-1/2 Triangular-
Lattice Heisenberg Antiferromagnet Ba;CoSb,0g, Nat.
Commun. 8, 235 (2017).

[29] Y. Kamiya, L. Ge, T. Hong, Y. Qiu, D. L. Quintero-Castro,
Z. Lu, H. B. Cao, M. Matsuda, E. S. Choi, C. Batista, M.
Mourigal, H.D. Zhou, and J. Ma, The Nature of Spin
Excitations in the One-Third Magnetization Plateau Phase
of Ba;CoSb,0y, Nat. Commun. 9, 2666 (2018).

[30] E. A. Ghioldi, A. Mezio, L. O. Manuel, R.R. P. Singh, J.
Oitmaa, and A.E. Trumper, Magnons and EXxcitation
Continuum in XXZ Triangular Antiferromagnetic Model:
Application to Ba;CoSb,0g, Phys. Rev. B 91, 134423
(2015).

[31] E. A. Ghioldi, M. G. Gonzalez, S.-S. Zhang, Y. Kamiya,
L. O. Manuel, A. E. Trumper, and C. D. Batista, Dynamical
Structure Factor of the Triangular Antiferromagnet:
Schwinger Boson Theory beyond Mean Field, Phys. Rev.
B 98, 184403 (2018).

[32] R. Verresen, F. Pollmann, and R. Moessner, Avoided
Quasiparticle Decay from Strong Quantum Interactions,
Nat. Phys. (to be published).

[33] L. Chen, D.-W. Qu, H. Li, B.-B. Chen, S.-S. Gong, J. von
Delft, A. Weichselbaum, and W. Li, Two-Temperature
Scales in the Triangular-Lattice Heisenberg Antiferromag-
net, Phys. Rev. B 99, 140404(R) (2019).

[34] In Ref. [32], a small easy-axis anisotropy has been consid-
ered in order to have a gapped spectrum and tractable
numerical simulations.

[35] Y. Li, H. Liao, Z. Zhang, S. Li, F. Jin, L. Ling, L. Zhang, Y.
Zou, L. Pi, Z. Yang, J. Wang, Z. Wu, and Q. Zhang, Gapless
Quantum Spin Liquid Ground State in the Two-Dimensional
Spin-1/2 Triangular Antiferromagnet YbMgGaQO,, Sci.
Rep. 5, 16419 (2015); Y. Li, G. Chen, W. Tong, L. Pi, J.
Liu, Z. Yang, X. Wang, and Q. Zhang, Rare-Earth Tri-
angular Lattice Spin Liquid: A Single-Crystal Study of
YbMgGaO,, Phys. Rev. Lett. 115, 167203 (2015).

[36] L. Ding, P. Manuel, S. Bachus, F. GruBiler, P. Gegenwart, J.
Singleton, R. D. Johnson, H. C. Walker, D. T. Adroja, A. D.
Hillier, and A. A. Tsirlin, Gapless Spin-Liquid State in the
Structurally Disorder-Free Triangular Antiferromagnet
NaYbO,, arXiv:1901.07810; M. Bordelon, E. Kenney,
T. Hogan, L. Posthuma, M. Kavand, Y. Lyu, M. Sherwin,
C. Brown, M. J. Graf, L. Balents, and S. D. Wilson, Field-
Tunable Quantum Disordered Ground State in the Tri-
angular Lattice Antiferromagnet NaYDbO,, arXiv:1901
.09408.

[37] T. Li and F. Yang, Variational Study of the Neutron
Resonance Mode in the Cuprate Superconductors, Phys.
Rev. B 81, 214509 (2010).

[38] X.-G. Wen, Quantum Field Theory of Many-Body Systems
(Oxford University Press, New York, 2004).

[39] X.-Y. Song, C. Wang, A. Vishwanath, and Y.-C. He,
Unifying Description of Competing Orders in Two Dimen-
sional Quantum Magnets, arXiv:1811.11186.

[40] X.-G. Wen, Quantum Orders and Symmetric Spin Liquids,
Phys. Rev. B 65, 165113 (2002).

[41] In some special cases, a magnetic order may be present;
see, e.g., T. Li, Antiferromagnetic Long-Range Order in the

031026-11


https://doi.org/10.1088/0034-4885/80/1/016502
https://doi.org/10.1103/PhysRevB.74.180403
https://doi.org/10.1103/PhysRevLett.97.207202
https://doi.org/10.1103/PhysRevLett.97.207202
https://doi.org/10.1103/PhysRevB.79.144416
https://doi.org/10.1103/PhysRevB.79.144416
https://doi.org/10.1103/RevModPhys.85.219
https://doi.org/10.1103/RevModPhys.85.219
https://doi.org/10.1103/PhysRevB.52.R15695
https://doi.org/10.1103/PhysRevB.71.184440
https://doi.org/10.1103/PhysRevB.71.184440
https://doi.org/10.1103/PhysRevLett.96.057201
https://doi.org/10.1103/PhysRevLett.96.057201
https://doi.org/10.1103/PhysRevB.74.224420
https://doi.org/10.1103/PhysRevB.74.224420
https://doi.org/10.1103/PhysRevLett.86.5377
https://doi.org/10.1103/PhysRevLett.86.5377
https://doi.org/10.1103/PhysRevLett.86.1335
https://doi.org/10.1103/PhysRevB.68.134424
https://doi.org/10.1103/PhysRevB.68.134424
https://doi.org/10.1103/PhysRevLett.108.057205
https://doi.org/10.1103/PhysRevLett.108.057205
https://doi.org/10.1103/PhysRevLett.110.267201
https://doi.org/10.1103/PhysRevLett.110.267201
https://doi.org/10.1103/PhysRevLett.109.267206
https://doi.org/10.1103/PhysRevLett.116.087201
https://doi.org/10.1038/s41467-017-00316-x
https://doi.org/10.1038/s41467-017-00316-x
https://doi.org/10.1038/s41467-018-04914-1
https://doi.org/10.1103/PhysRevB.91.134423
https://doi.org/10.1103/PhysRevB.91.134423
https://doi.org/10.1103/PhysRevB.98.184403
https://doi.org/10.1103/PhysRevB.98.184403
https://doi.org/10.1103/PhysRevB.99.140404
https://doi.org/10.1038/srep16419
https://doi.org/10.1038/srep16419
https://doi.org/10.1103/PhysRevLett.115.167203
http://arXiv.org/abs/1901.07810
http://arXiv.org/abs/1901.09408
http://arXiv.org/abs/1901.09408
https://doi.org/10.1103/PhysRevB.81.214509
https://doi.org/10.1103/PhysRevB.81.214509
http://arXiv.org/abs/1811.11186
https://doi.org/10.1103/PhysRevB.65.165113

FRANCESCO FERRARI and FEDERICO BECCA

PHYS. REV. X 9, 031026 (2019)

Uniform Resonating Valence Bond State on the Square
Lattice, Europhys. Lett. 103, 57002 (2013).

[42] F. Becca, L. Capriotti, A. Parola, and S. Sorella, Variational
Wave Functions for Frustrated Magnetic Models, in
Springer Series in Solid-State Sciences, edited by C.
Lacroix, P. Mendels, and F. Mila (Springer, New York,
2011), p. 379.

[43] D. A. Huse and V. Elser, Simple Variational Wave Func-
tions for Two-Dimensional Heisenberg Spin-% Antiferro-
magnets, Phys. Rev. Lett. 60, 2531 (1988).

[44] Y.-M. Lu, Symmetric Z, Spin Liquids and Their Neighbor-
ing Phases on Triangular Lattice, Phys. Rev. B 93, 165113
(2016).

[45] F. Ferrari, A. Parola, S. Sorella, and F. Becca, Dynamical
Structure Factor of the J| — J, Heisenberg Model in One
Dimension: The Variational Monte Carlo Approach, Phys.
Rev. B 97, 235103 (2018).

[46] F. Ferrari and F. Becca, Spectral Signatures of Fraction-
alization in the Frustrated Heisenberg Model on the Square
Lattice, Phys. Rev. B 98, 100405(R) (2018).

[47] B. Dalla Piazza, M. Mourigal, N.B. Christensen, G.J.
Nilsen, P. Tregenna-Piggott, T.G. Perring, M. Enderle,

D.F. McMorrow, D.A. Ivanov, and H.M. Rgnnow,
Fractional Excitations in the Square-Lattice Quantum
Antiferromagnet, Nat. Phys. 11, 62 (2015).

[48] S.-L. Yu, W. Wang, Z.-Y. Dong, Z.-J. Yao, and J.-X. Li,
Deconfinement of Spinons in Frustrated Spin Systems:
Spectral Perspective, Phys. Rev. B 98, 134410 (2018).

[49] H. Shao, Y. Q. Qin, S. Capponi, S. Chesi, Z. Y. Meng, and
A. W. Sandvik, Nearly Deconfined Spinon Excitations in the
Square-Lattice Spin-1/2 Heisenberg Antiferromagnet,
Phys. Rev. X 7, 041072 (2017).

[50] N. Ma, G.-Y. Sun, Y.-Z. You, C. Xu, A. Vishwanath, A. W.
Sandvik, and Z.Y. Meng, Dynamical Signature of Frac-
tionalization at a Deconfined Quantum Critical Point, Phys.
Rev. B 98, 174421 (2018).

[511 W.-J. Hu, E. Becca, A. Parola, and S. Sorella, Direct
Evidence for a Gapless Z, Spin Liquid by Frustrating
Néel Antiferromagnetism, Phys. Rev. B 88, 060402(R)
(2013).

[52] J. Knolle, D. L. Kovrizhin, J. T. Chalker, and R. Moessner,
Dynamics of a Two-Dimensional Quantum Spin Liquid:
Signatures of Emergent Majorana Fermions and Fluxes,
Phys. Rev. Lett. 112, 207203 (2014).

031026-12


https://doi.org/10.1209/0295-5075/103/57002
https://doi.org/10.1103/PhysRevLett.60.2531
https://doi.org/10.1103/PhysRevB.93.165113
https://doi.org/10.1103/PhysRevB.93.165113
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/10.1038/nphys3172
https://doi.org/10.1103/PhysRevB.98.134410
https://doi.org/10.1103/PhysRevX.7.041072
https://doi.org/10.1103/PhysRevB.98.174421
https://doi.org/10.1103/PhysRevB.98.174421
https://doi.org/10.1103/PhysRevB.88.060402
https://doi.org/10.1103/PhysRevB.88.060402
https://doi.org/10.1103/PhysRevLett.112.207203

