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Breakdown of linear spin-wave theory and existence of spinon bound
states in the frustrated kagome-lattice antiferromagnet
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The spin dynamics of the spin-1/2 kagome-lattice antiferromagnet Cs,Cu;SnF;, is studied using high-
resolution, time-of-flight inelastic neutron scattering. The flat mode, a characteristic of the frustrated kagome
antiferromagnet, and the low-energy dispersive mode, which is dominated by magnons, can be well described
by the linear spin-wave theory. However, the theory fails to describe three weakly dispersive modes between 9
and 14 meV. These modes could be attributed to two-spinon bound states, which decay into free spinons away

from the zone center and at a high temperature, giving rise to continuum scattering.

DOI: 10.1103/PhysRevB.105.134403

I. INTRODUCTION

At zero temperature, magnetic moments in a strongly
correlated electron system either become ordered [1] or re-
main disordered but are highly entangled due to quantum
correlations [2,3]. The latter is experimentally observed in
one-dimensional (1D) systems [4—12] and is well described
by the Bethe ansatz [13,14], while the former is ubiqui-
tous in three-dimensional (3D) systems. These two states are
believed to be mutually exclusive, and hence, so are their
emerging spin dynamics. On the one hand, a highly entan-
gled quantum state gives rise to nonlocal, multiparticle, and
fractional § = 1/2 excitations called spinons, characterized
by a continuum spectrum in neutron scattering [15,16]. On
the other hand, the collective excitations of ordered moments
result in well-defined, single-particle S = 1 excitations called
magnons, which can be described by the linear spin-wave the-
ory (LSWT) [17-19]. However, recent studies have revealed
the shortcoming of LSWT, which was foreseen by Anderson
[18] and Kubo [19] when they first formulated the theory
seven decades ago, in describing spin dynamics emerging
from classically ordered states in spin-1/2 two-dimensional
(2D) edge-sharing triangular [20-24] and square lattices [25].

In a 2D corner-sharing-triangle kagome-lattice antiferro-
magnet, frustration can destabilize a classical state, and a
quantum spin liquid state analogous to that in the 1D sys-
tems was theoretically proposed [26-28] and experimentally
investigated most intensely for herbertsmithite [29-34]. Even
though a majority of the realizations of the kagome-lattice
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antiferromagnet are magnetically ordered at low temperatures
due to extra terms in the spin Hamiltonian, hints of quantum
correlations can still be present in spin dynamics, exposing
the limitation of LSWT. In this paper, we demonstrate the
breakdown of LSWT in describing spin dynamics emerging
from a classical Néel state in the spin-1/2 frustrated kagome-
lattice antiferromagnet Cs,Cu3SnFy;.

At room temperature, Cs,;CusSnF;, crystallizes in the
rhombohedral space group R3m, where the nearest-neighbor
Cu?t ions form a network of the kagome lattice com-
prising corner-sharing equilateral triangles [35]. A 2D unit
cell contains three spins [Fig. 1(a)], with its correspond-
ing Brillouin zone depicted in Fig. 1(c). At 7, = 185 K,
the compound undergoes a structural phase transition to the
monoclinic space group P2;/n, causing a small distortion
in the triangles, as shown in Fig. 1(b) [36]. Below Ty =
20.2 K, the S = 1/2 Cu®" spins order due to the antisym-
metric Dzyaloshinskii-Moriya (DM) interaction and weak
interlayer coupling, forming the all-in-all-out magnetic struc-
ture [37,38] [Fig. 1(a)] with about a one third reduction of
the ordered moment [36]. Previous neutron scattering mea-
surements of magnetic excitations revealed a large negative
quantum renormalization of the exchange interaction from the
high-temperature value, indicative of a significant quantum
effect on spin dynamics [39].

This paper is organized as follows. The experiments are
discussed in Sec. II. The breakdown of LSWT is demon-
strated and discussed in Sec. IITA. An analysis of the
spin-fluctuation polarization and critical scattering above Ty
is given in Sec. III B. In Sec. III C, the existence of spinons and
spinon bound states is proposed. Finally, the conclusion is
given in Sec. IV.

©2022 American Physical Society
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FIG. 1. (a) The 2D R3m unit cell (shaded area) and the all-in-
all-out spin structure are depicted. The uniform exchange interaction
Jy is assumed with one of the next-nearest-neighbor interactions J,
displayed. The DM vector is shown for one bond, and those for other
bonds can be obtained using symmetry operators. (b) The 2D unit
cell projected onto the kagome plane for P2 /n is shown by the
shaded area. Three inequivalent exchange interactions are denoted
by Ji1, J12, and Jy3. (c) The Brillouin zones corresponding to the unit
cells in (a) [(b)] are depicted by the hexagonal (rectangular) areas.

II. EXPERIMENTS

Single-crystal Cs;Cu3SnFi, was synthesized using a
method described in Ref. [35]. Magnetic excitations in
Cs,Cu3SnF, were measured on the cold-neutron time-of-
flight disk-chopper spectrometer Amateras [40] at the Japan
Proton Accelerator Research Complex. The sample, which
consisted of three coaligned single crystals with a total mass
of 3.82 g, was aligned so that the [110] and [001] directions
were horizontal and in the scattering plane. Reciprocal lattice
vectors throughout this paper are given in the rhombohedral
space group R3m of the high-temperature phase, where the 2D
magnetic unit cell is denoted by the shaded area in Fig. 1(a),
with lattice parameters a = 7.105 and ¢ = 20.381 A, and the
corresponding Brillouin zone is shown by the solid lines in
Fig. 1(c). The sample was loaded into an aluminum can and
cooled down to a base temperature of 7 K using a closed-cycle
“He cryostat. The monochromator disk choppers rotated at
150 Hz with 30 mm width slits and two different conditions
for choppers (including auxiliary choppers) to select two dif-
ferent setups of incident energies of (i) 4.0, 6.4, 11.7, and
27.6 meV and (ii) 5.0, 8.4, 17.0, and 51.0 meV. We found
that an incident energy of 17.0 meV gives the optimal results
in terms of dynamic-range coverage and the incident neutron
flux. A resolution of the incident energy of 5.0 meV is suf-
ficient to resolve the magnetic-anisotropy gap of 0.7 meV at
the magnetic zone center. Multiple data sets were acquired
by rotating the sample about the vertical axis, which is par-

allel to the (110) direction, in a step of 2° covering roughly
100° of the sample orientation. The magnetic excitations were
measured at the base temperature and 30 K, which is about
10 K above Ty, while the phonon background was measured at
150 K. These data were processed using the software package
UTSUSEMI [41] to generate the four-dimensional scattering
intensity data 1(Q, fiw), where Q is the momentum transfer
and /iw is the energy transfer. The obtained data were then
sliced and cut along high-symmetry directions to produce
scattering intensity maps and line scans. Taking advantage of
the nondispersive and rodlike scattering along the direction
perpendicular to the kagome plane, which results from the
two-dimensionality of the system, we integrate the intensity
along the [001] direction to increase a signal-to-background
ratio. To avoid phonon contributions, the L integration for
most of the figures was taken for an L range of [—3, 3] recip-
rocal lattice units (r.L.u.) except for the H-K maps, for which
the integration was taken for the whole measured L range.

III. RESULTS AND DISCUSSION

A. Breakdown of linear spin-wave theory

The measured scattering intensity map as a function of
energy transfer (fiw) and momentum transfer measured at 7 K
along high-symmetry directions, illustrated by the red lines in
Fig. 1(c), displays the energy spectrum of spin dynamics up
to 15 meV. We first attempt to describe the magnetic excita-
tions using LSWT. Spin-wave calculations are based on the
all-in-all-out spin structure with a uniform nearest-neighbor
exchange interaction J; [Fig. 1(a)]. The lattice distortion,
which results in the nonuniformity of the exchange interac-
tions, is very small [35,36]. Hence, the distortion-induced,
spatially anisotropic exchange interactions are ignored. To
first approximation, the spin Hamiltonian is given by

H = Z[]ls,' . Sj +D,‘j - (S; x SJ)] +ZJ2SI - Sk,
(i, ) (1k)

where J; and J, are the nearest- and next-nearest-neighbor
interactions, respectively, and D;; denotes the DM vector be-
tween the nearest-neighbor spins. Dj» = (0, D, D.) is shown
in Fig. 1(a), and all other DM vectors can be obtained by
symmetry operators. The dominance of the DM interaction in
selecting and stabilizing the all-in-all-out spin structure results
in a robust spin structure against the small differences in the
spatially anisotropic exchange. Hence, the LSWT calculations
for the enlarged 2D magnetic unit cell with six spins including
the spatially anisotropic exchange interactions, which will be
discussed later, do not show any improvement in explain-
ing the data compared with the uniform-exchange-interaction
model.

The spin-wave calculations exhibit three transverse
magnon modes, two of which, the “weather vane” (flat)
[42-44] and dispersive low-energy modes, were fitted to the
measured dispersion to obtain D, and J;, respectively. The
weakly dispersive nature of the flat mode is a result of ferro-
magnetic J,. D, which determines the spin-wave anisotropic
gap at the zone center [see Fig. 7(a) below], was fit to repro-
duce this gap energy. The best fit denoted by the red line in
Fig. 2(a) yields fit parameters J; = 13.3(2), J, = —0.24(6),
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FIG. 2. Measured scattering intensity maps as a function of the
momentum transfer and energy transfer show the magnetic excitation
spectrum at (a) 7 and (b) 30 K along the high-symmetry directions,
which are depicted by the red lines in Fig. 1(c). For comparison, the
calculated intensity map based on LSWT along the same directions
is shown in (c).

D, =0.566(2), and D, = —1.94(8) meV. The value of J
represents the renormalization factor of 0.67, consistent with a
previous work [39]. The spin-wave results [see Figs. 2(a) and
2(c)] can capture the low-energy part of the resolution-limited,
single-particle magnetic excitations up to the flat mode around
8 meV. However, it fails to reproduce the full spectrum. Com-
paring the measured dispersion in Fig. 2(a) and the calculated
one in Fig. 2(c), we highlight the inconsistencies in (i) the
absence of the flat mode around the zone center, (ii) the
absence of the high-energy dispersive modes around the M
and K points (see also Figs. 2(a) and 2(b) in Ref. [45]), (iii)
three weakly dispersive, resolution-limited modes centered at
9.6(2), 10.7(1), and 13.4(1) meV measured at the I" point, as
shown in Fig. 3, and (iv) broad scattering around the flat mode
[see also Fig. 5(a) below]. Furthermore, we note that even
though LSWT appears to well reproduce the lower branch
of the flat mode along the zone edges, it fails to capture the
branching out to high energy near the zone center, as observed
in Fig. 2(a) [see also Fig. 5(a) below], which suggests the
existence of another mode beyond LSWT.

The failure of the linear spin-wave theory is further high-
lighted in the constant-energy intensity maps shown in Fig. 4.
The low-energy spin dynamics shown as a ring of scattering
intensity in Fig. 4(a) originates from the hexagonal zone cen-
ters and is well reproduced by LSWT, as shown in Fig. 4(g).
The agreement between the measured and calculated mag-
netic excitations persists up to around 8 meV, where the flat

Intensity (arb. units)

0.0 . . , . , . ,
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FIG. 3. An energy cut through the zone center at 7 K shows
the three weakly dispersive modes centered at 9.6(2), 10.7(1), and
13.4(1) meV. The red curve denotes a fit to three Gaussians. The
horizontal blue line denotes the energy resolution measured at the
elastic position.

mode was observed, when comparing Fig. 4(b) with Fig. 4(h).
The high intensity at the zone corner at /iwo = 8 meV where
three Brillouin zones meet is consistent with the high-intensity
region obtained in the calculations. However, above 8§ meV
the measured and calculated results appear to be significantly
different from each other, as shown in Figs. 4(c)—4(f) and
4(1)-4(1), respectively. Figure 4(c) shows a ring of scattering
intensity around the zone corner at 9 meV. This ring be-
comes larger at 10 meV, and the scattering intensity forms
an X pattern at the zone centers [Fig. 4(d)]. On the other
hand, the calculated results show that most of the scattering
intensity remains centered around the zone centers at 9 and
10 meV [Figs. 4(i) and 4(j)]. At 11 meV, while the calculated
scattering intensity forms a spherical profile around the zone
centers [Fig. 4(k)], the measured scattering intensity forms a
nonspherical, starlike shape, as shown in Fig. 4(e). Finally, at
14 meV most of the measured intensity appears around the
zone centers [Fig. 4(f)], while at 15 meV the calculated scat-
tering intensity is absent around the zone center and, instead,
is present near the zone edges [Fig. 4(1)]. This discrepancy
highlights the failure of LSWT to describe the magnetic exci-
tations in Cs,CusSnF, at energies above the flat mode.

The most conspicuous discrepancy between the measured
dispersion and LSWT is the existence of the three weakly dis-
persive modes around the zone center between 9 and 14 meV.
The spin-wave calculations predict only one highly disper-
sive magnon mode starting from 9.2 meV at the I point
and reaching 16.9 meV at the K point [Fig. 2(c)]. Unlike
the flat and dispersive low-energy modes, which have some
parts that agree with the measured dispersion, this magnon
mode is entirely absent. Instead, it is replaced by three weakly
dispersive modes, which quickly terminate away from the
zone center. The termination wave vector approaches the zone
center for the higher-energy modes, forming a profile resem-
bling the top of a pyramid [Fig. 2(a)]. We note that these
modes were not observed in the spin-5/2 kagome-lattice an-
tiferromagnet KFe3;(OH)s(SO4), (jarosite) [46] despite both
having the same classical all-in-all-out ordered state, suggest-
ing the manifestation of the quantum effect on spin dynamics
in CSzCu3SnF12.
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FIG. 4. Scattering intensity maps at a constant energy as a function of in-plane momenta (H-K plane) measured at 7 K for (a) 6, (b) 8,
(©) 9, (d) 10, (e) 11, and (f) 14 meV. For comparison, scattering intensity maps at a constant energy as a function of in-plane momenta were
also calculated based on LSWT for (g) 6, (h) 8, (i) 9, (j) 10, (k) 11, and (1) 15 meV.

Another distinct feature of the measured dispersion that
cannot be reproduced by LSWT is the broad scattering around
the flat mode, which is most evident in the intensity map
along the [K, —K] direction centered at (0.7,0.7), as shown
in Figs. 5(a) and 5(c) for 7 K and 30 K, respectively. This
broad intensity is highlighted in the integrated intensity as a
function of energy by the red solid lines in Figs. 5(b) and 5(d).
The onset of the broad intensity, which extends up to 12 meV,
starts around 2 meV. At 7 K (30 K), it peaks at 8.9(2) [8.0(1)]
meV, nearly coinciding with the flat mode centered at 8.32(1)
[8.2(1)] meV. The proximity of the single-particle flat mode
to the broad scattering could hint at their interconnection.

B. Spin-fluctuation polarization and critical scattering above Ty

Analysis of the spin-fluctuation polarization was per-
formed for the low-energy dispersive mode, flat mode, and
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three modes between 9 and 14 meV. The polarization fac-
tor in the magnetic scattering cross section is governed by
F(O[1 £ (QL/Q)?], where f(Q) is the Cu’>" magnetic form
factor, the positive (negative) sign is for in-plane (out-of-
plane) polarization, and Q; (Q) denotes the L component
(magnitude) of Q. Figures 6(a), 6(c), 6(e), and 6(g) show the
constant-energy contour maps in the (H, H, L) plane, where
magnetic scattering forms a rod along L attesting to the two-
dimensionality of the spin network. We note that within the
resolution of the spectrometer, the energy dispersion along L
is flat (not shown), and hence, the interplanar coupling (J)
cannot be extracted from our inelastic neutron scattering data.
A rough estimate using the energy resolution yields the up-
per limit of J, at ~0.05J;. For comparison, J, in jarosite
estimated from the magnetization [47] and electron spin
resonance (ESR) [48] measurements is one order of magni-
tude smaller than this upper-limit value.
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FIG. 5. Temperature dependence of the flat mode and broad scattering around the flat mode. Scattering intensity maps as a function of
energy and momentum transfer along (K, —K) centered at (0.7,0.7) as shown by the blue line in Fig. 1(c) were measured at (a) 7 and (c) 30 K.
The integrated scattering intensity [(H, H) = (0.6, 0.6) to (0.8,0.8) r.l.u. and (K, —K) = (—0.25, 0.25) to (0.25, —0.25) r.l.u.] as a function
of energy is shown in (b) and (d) for 7 and 30 K, respectively. The solid line in (a) shows the LSWT result. In (b) and (d), the red solid lines
denote fits to a Gaussian for the broad scattering, and the dashed blue lines show the flat mode.
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FIG. 6. Scattering intensity maps as a function of (H, H) and L measured at 7 K show rodlike scattering intensity along L for the integrated
energy ranges (a) [2.0,4.0], (c) [7.6,9.0], (e) [9.5, 11.75], and (g) [12.75, 14.75] meV. (b), (d), (f), and (h) show integrated intensity as
a function of L. The integrated ranges for (H, H) are (b) (0.95, 0.95) to (1.05,1.05), (d) (0.450, 0.450) to (0.825,0.825), (f) (0.8, 0.8) to
(1.2,1.2), and (h) (0.9, 0.9) to (1.1,1.1) r.L.u. Solid lines in (b), (d), (f), and (h) denote fits to the polarization factor described in the text.

The integrated intensity along the scattering rod as a func-
tion of L for the low-energy dispersive mode [Fig. 6(b)]
reveals the in-plane polarization, consistent with the fact that
the anisotropic gap at the bottom of this mode [Fig. 7(a)]
results from the in-plane component D, of the DM vector,
which functions as effective easy-axis anisotropy. On the other
hand, as shown in Fig. 6(d), the flat mode is out of plane
polarized, confirming its connection to the out-of-plane com-
ponent D,, which functions as effective easy-plane anisotropy.
The polarizations of the three modes around the zone center
[see Fig. 6(f) for the two modes at 9.6 and 10.7 meV and
Fig. 6(h) for the 13.41 meV mode] suggest that they are

0.50
(-0.5+H,0.5+H) (r.l.u.)

0.75

0.50
(-0.5+H,0.5+H) (r.l.u.)

0.25

in plane polarized, which could indicate that these modes
are longitudinal modes given that quasiparticles are confined
within the kagome plane. The polarization analysis appears
to suggest that the in-plane modes exist only around the
zone center, while the out-of-plane mode disappears near
the zone center but prevails near the zone edges. Further-
more, while the calculated spin-wave results indicate that the
out-of-plane-polarized flat mode attains high intensity

throughout the Brillouin zone and the in-plane-polarized dis-
persive mode survives up to high energies [Fig. 2(c)], the data
[Fig. 2(a)] show that both modes terminate where they cross
each other.

10

0.50
(-0.5+H,0.5+H) (r.l.u.)

FIG. 7. Temperature dependence of the spin-anisotropic energy gap. Scattering intensity maps as a function of energy and momentum
transfer along (H, H) centered at (0,1) show (a) the energy gap at 7 K, (b) the closing of the gap at 30 K with the remnant scattering intensity
at low energy, and (c) the disappearance of the remnant scattering at 150 K. The solid line in (a) denotes the LSWT result. In (d), the
difference map between the integrated quasielastic intensity ;. (an integrated energy range of [—0.5,0.5] meV) measured at 30 and 7 K

[£4-1(30 K) — I;.1(7 K)] shows the scattering rod at (0,1) along L.
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At 30 K, about 10 K above Ty, the resolution-limited,
single-particle excitations of the low-energy dispersive mode
and flat mode, which is dominant near the zone edges, disap-
pear and are replaced by a column of continuum scattering
[Figs. 2(b) and 7(b)] and a broad peak [indicated by the
dashed blue line in Fig. 5(d)], respectively. The remnant broad
scattering of the flat mode, which remains centered around
8 meV, implies that spins are confined to fluctuate within the
kagome plane and retain two-dimensional rotational symme-
try in the plane, while the closing of the in-plane anisotropy
gap [Fig. 7(b)] suggests that spins can freely rotate in the
plane. Furthermore, due to the effect of the out-of-plane DM
interaction, which determines spin chirality, the in-plane fluc-
tuations, which form a scattering rod along L [as shown in
Fig. 7(d)] and disappear at 150 K [Fig. 7(c)], must preserve the
chirality of the ordered state. Therefore, above Ty, the system
transitions into a chiral ordered state with the absence of
rotational symmetry breaking. This chiral state was previously
observed in jarosite [49]. The low-energy spin fluctuations
resulting in the quasielastic scattering observed in Figs. 7(b)
and 7(d) can be associated with a critical phenomenon of the
ordered moments at the magnetic phase transition, supporting
the dominance of magnons at low energy, which could also
explain why LSWT works exceptionally well in this regime.

C. Possible existence of spinons and spinon bound states

As previously discussed in Sec. I[II A, LSWT alone cannot
fully describe spin dynamics in Cs,Cu3SnF,. We can also
rule out the effect of the doubling of the magnetic unit cell due
to the structural transition at 7; because the “ghost mode” [45]
resulting from the zone folding, which was also observed in
the cousin compound Rb,Cu;SnF}, [50-52], cannot describe
the discrepancies. Specifically, the enlarged magnetic unit cell
resulting from the structural phase transition from R3m to
P2, /n cannot explain the magnetic excitation spectrum above
the flat mode. Figure 8(a) shows the calculated spin-wave
spectrum based on the enlarged 2D magnetic cell containing
six spins [Fig. 1(b)]. This enlarged magnetic cell is the projec-
tion of a monoclinic unit cell in space group P2;/n onto the
kagome plane. The enlarged unit cell gives rise to the folding
of the Brillouin zone, as evidenced by an extra low-energy
dispersive mode originating from the M point in the calculated
spin waves and experimental data, as indicated by the arrows
in Figs. 8(a) and 8(b), respectively. We note that this ghost
mode is not observed in Fig. 2(a), where the measurements
were done using the incident neutron energy E; of 17 meV,
and that it is only faintly visible in Fig. 8(a) using neutrons
with E; of 11.7 meV, where the neutron flux is higher and
hence yields a better signal-to-noise ratio than that with E; of
17 meV. The scattering intensity of this ghost mode at the M
points is much smaller than the low-energy dispersive mode
at the zone centers due to the all-in-all-out magnetic structure,
which yields weak magnetic scattering intensity at the M
points. The LSWT result also shows that the folding does not
give rise to the three modes between 9 and 14 meV around the
" point, as evidenced by the absence of spin-wave branches
between 10 and 15 meV [Fig. 8(a)]. Furthermore, varying the
relative values of the spatially anisotropic nearest-neighbor
interactions Jy, J12, and J3 does not resolve the inconsistency

0.50 0.75 1.00 1.25
(H,H) (r.L.u)

FIG. 8. (a) The scattering intensity map as a function of mo-
mentum and energy shows the calculated spin-wave spectrum using
LSWT based on the enlarged 2D unit cell. We note that the struc-
tural phase transition gives rise to a total of three domains, whereas
Fig. 1(b) shows only a single domain. Hence, the “ghost-mode” ex-
citations will appear at all M points [45]. (b) The scattering intensity
map was measured using an incident neutron energy of 11.7 meV at
7 K. The arrows indicate the ghost mode.

between the calculated spin waves and experimental data. In
particular, it cannot reproduce the three high-intensity, weakly
dispersive modes between 9 and 14 meV.

Another explanation which includes higher-order (cubic
and quartic) terms in the spin-wave expansion was examined
in Ref. [53], where the absence or broadening of the dispersive
excitations above the flat mode in the kagome antiferromagnet
can be explained by a decay of the quasiparticle into two
magnons belonging to the flat mode, which is possible for
a noncollinear system. However, this scenario also fails to
capture the loss of intensity of the dispersive and flat modes
after their crossing, as observed in Fig. 2(a). Given that the
energy of the flat mode is around 8 meV, one would expect
the dispersive mode to become broadened around 16 meV,
which is twice the flat-mode energy. However, from the data,
we start to observe the loss of intensity of the dispersive mode
above 9 meV. Furthermore, this model is unable to explain
the three weakly dispersive modes around the zone center.
These modes do not resemble any of the calculated spin-wave
modes, and hence, their origin is most likely not due to a mi-
nor improvement of the spin-wave theory such as the inclusion
of higher-order terms in the spin-wave expansion. The fact
that the peak profile of these excitations is resolution limited
(Fig. 3) suggests that they do not result from the broadening of
the magnon modes. We believe that these modes correspond to
two-spinon bound states (triplons) [54,55], which could decay
into free spinons away from the zone center.
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At 30 K, these modes also decay, forming continuum scat-
tering extending up to 15 meV (the highest measuring energy)
[Fig. 2(b)]. The spinon continuum at 30 K retains the profile
shaped like the top of a pyramid, suggesting energy conser-
vation of the decay. Furthermore, the upper branch of the flat
mode, which disperses to high energy close to the zone center,
could also be attributed to the triplons, and the decay of these
triplons at 30 K could increase the continuum intensity around
the flat mode [compare the red lines in Figs. 5(b) and 5(d)].
The fact that the center of the continuum at 30 K is roughly
the same as the energy of the flat mode suggests an energy-
conserving decay of the triplons into free spinons. In addition,
it was recently reported that the continuum also exists up to
50 meV [45], substantiating the existence of free spinons at
high energy. Therefore, we conjecture that the triplons are
dominant around the zone center between 9 and 14 meV and
that they become unstable and decay into free spinons away
from the zone center, at high energy, or at high temperature. It
is not clear what interaction can bind pairs of spinons to form
triplons. In a spatially anisotropic triangular antiferromagnet,
it was shown that a pair of spinons can lower their kinetic
energy by forming a triplon that propagates between chains
[54].

In Cs,CusSnF,, the existence of spinons and their bound
states could be attributed to the one third of magnetic mo-
ments that remain disordered at low temperature and possibly
form an entangled quantum state, whereas the dominance
of magnons at low energy could be the contributions from
the two thirds of the magnetic moments that order. In
the triangular- and square-lattice spin-1/2 antiferromagnets
[20,22,23,25], the deviation of the observed magnetic exci-
tation spectrum from the result of LSWT was also observed.
To explain the excitation spectra in these systems, a fermionic
resonating valence-bond theory was proposed, and single-
particle spin dynamics arises as the two-spinon bound state
[25,56,57]. A similar mechanism could also play a key role

in the spin dynamics of the spin-1/2 kagome antiferromagnet.
A recent large-scale numerical calculation using a tensor net-
work renormalization group method captured all key features
of the spin-dynamic spectra of the triangular-lattice antiferro-
magnet [58] and could be applied to the kagome system.

IV. CONCLUSION

We have performed high-resolution, time-of-flight inelastic
neutron scattering and mapped out the magnetic excitations
in the kagome-lattice antiferromagnet Cs,Cu3SnF;;. Low-
energy spin dynamics can be well described by LSWT.
However, the theory becomes inadequate to describe the
whole energy spectrum. We observed the disappearance of
the flat-mode intensity near the zone center, the absence of the
dispersive modes around the M and K points, the emergence
of extra modes between 9 and 14 meV, and a broad continuum
around the flat mode, all of which cannot be accounted for
by LSWT. Our results reveal a shortfall of the semiclassical
framework, which has been ubiquitously used to describe the
spin dynamics of a magnetically ordered system, in describing
magnetic excitations in this 2D frustrated kagome system. The
breakdown of LSWT necessitates a new quantum-based theo-
retical framework to describe spin dynamics in Cs;Cu3SnF;
and other magnetically ordered 2D systems.
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