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Cs2Cu3SnF12 is a spin-1/2 antiferromagnet on a nearly uniform kagome lattice with an exchange interaction
of J = 20.7 meV. This compound undergoes magnetic ordering at TN = 20.2 K with the q = 0 structure and
positive chirality, which is mainly caused by the large Dzyaloshinskii-Moriya interaction. Rb2Cu3SnF12 is a spin-
1/2 antiferromagnet on a modified kagome lattice with a 2a × 2a enlarged chemical unit cell at room temperature
resulting in four kinds of nearest-neighbor exchange interaction, the average of which is Javg = 15.6 meV. Its
ground state is a pinwheel valence bond solid (VBS) with an excitation gap. Here, we show the structures
of magnetic excitations in Cs2Cu3SnF12 and Rb2Cu3SnF12 investigated by inelastic neutron scattering in wide
energy and momentum ranges. For Cs2Cu3SnF12, four single-magnon excitation modes were observed. Three
low-energy modes are assigned to be transverse modes and the high-energy fourth mode is suggested to be
an amplitude mode. It was confirmed that the energy of single-magnon excitations arising from the �′ point
in the extended Brillouin zones is largely renormalized downwards. It was found that the broad excitation
continuum without a marked structure spreads in a wide energy range from 0.15J to approximately 2.5J in
contrast to the clearly structured excitation continuum observed in the spin-1/2 triangular-lattice Heisenberg
antiferromagnet. These findings, as well as the results of the recent theories based on the fermionic approach
of spinon excitations from the spin liquid ground state, strongly suggest spinon excitations as elementary
excitations in Cs2Cu3SnF12. In Rb2Cu3SnF12, singlet-triplet excitations from the pinwheel VBS state and their
ghost modes caused by the enlargement of the chemical unit cell were clearly confirmed. It was found that the
excitation continuum is structured in the low-energy region approximately below Javg and the almost structureless
high-energy excitation continuum extends to approximately 2.6Javg. The characteristics of the high-energy
excitation continuum are common to both Cs2Cu3SnF12 and Rb2Cu3SnF12, irrespective of their ground states.
The experimental results strongly suggest that the spin liquid component remains in the ground state as quantum
fluctuations in Cs2Cu3SnF12 and Rb2Cu3SnF12.

DOI: 10.1103/PhysRevB.105.064424

I. INTRODUCTION

Linear spin wave theory (LSWT) is a basis for under-
standing magnetic excitations from the magnetically ordered
state [1–3]. Hence, LSWT has been widely applied to ana-
lyze magnetic excitations in magnetic materials. The magnetic
excitations in most three-dimensional (3D) magnets, which
are describable using the classical spin model, can be well
understood in terms of LSWT. The characteristic elemen-
tary excitation of LSWT is a spin-1 excitation, the magnon.
Over the last two decades, the magnetic excitations in frus-
trated quantum magnets, such as spin-1/2 triangular-lattice
Heisenberg antiferromagnets (TLHAFs) and kagome-lattice
Heisenberg antiferromagnets (KLHAFs), have been drawing
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considerable attention from the viewpoint of fractionalized
spin excitations [4–12]. A typical fractionalized spin exci-
tation is a spin-1/2 excitation, the spinon, which has been
established as the elementary excitation of a spin-1/2 anti-
ferromagnetic Heisenberg chain [13,14].

Magnetic excitations of S = 1/2 TLHAFs have been ac-
tively investigated theoretically using various approaches
[4,5,7–10,15–17]. The theories demonstrated that, although
the dispersion relation of low-energy single-magnon exci-
tations near the K point can be described by LSWT, the
excitation energy is significantly renormalized downward by
quantum fluctuations in a large area of the Brillouin zone (BZ)
[4,5,15–17], and that the dispersion curve shows a rotonlike
minimum at the M point [4,5,18]. These theoretical predic-
tions were confirmed by inelastic neutron scattering (INS)
experiments performed on Ba3CoSb2O9 [19–22], which
closely approximates the ideal S = 1/2 TLHAF [23–27].
The rotonlike minimum in the single dispersion curve was
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observed not only at the M point but also at the Y point, the
middle point between the � and M points [20,22]. These dis-
persion anomalies were successfully reproduced by fermionic
approaches based on resonating valence bond (RVB) theory
or a closely related theory [9,10], in which an elementary spin
excitation is the spinon and the single-magnon excitation is
described by the bound state of spinons.

Experiments on Ba3CoSb2O9 revealed that the excitation
spectrum has an intense structured continuum extending to
the high-energy region, which is at least six times higher
than the exchange interaction J [20,22]. The structured in-
tense continuum cannot be explained in terms of two-magnon
excitations, because the calculated intensity is much smaller
than the observed intensity [21]. In the theory based on spinon
excitations, single-magnon excitations and the excitation con-
tinuum are described by the bound state of spinons and the
spinon continuum, respectively [7–10]. The intense excitation
continuum can be described by the spinon theory, although
there is still disagreement between theory and experiment
about the structure of the excitation spectrum. Experimental
and theoretical results suggest that the dominant elementary
excitations in the S = 1/2 TLHAF are spinon excitations.
Such fractionalized spin excitations will be more likely to
occur in the S = 1/2 KLHAF than in the S = 1/2 TLHAF,
because the ground state of the S = 1/2 KLHAF has been
considered to be a quantum disordered state.

The S = 1/2 KLHAF with the nearest-neighbor interac-
tion has been extensively studied and is a research frontier
in condensed matter physics even today. It was theoretically
demonstrated that for large spins, quantum fluctuation stabi-
lizes the

√
3 × √

3 structure [28,29], whereas for S = 1/2, the
synergistic effect of strong frustration and quantum fluctua-
tion leads to the quantum disordered ground state [30–45].
However, the nature of the ground state for the spin-1/2
KLHAF is still under debate. Valence bond crystals (VBCs)
described by a static array of singlet dimers [46–51] and quan-
tum spin liquid based on the RVB theory are representative
models of the ground state. Most of the recent theories support
the spin liquid ground state, which includes the gapless U (1)
Dirac spin liquid state [52–59] and gapped Z2 spin liquid state
[42,60–63].

Theoretical studies of magnetic excitations in S = 1/2 KL-
HAFs seem less extensive, because the ground-state nature is
unclear. Regarding experimental studies of S = 1/2 KLHAFs,
on the other hand, herbertsmithite, ZnCu3(OH)6Cl2, with the
nearest-neighbor exchange interaction of J � 17 meV has
been studied most extensively [64–76]. The magnetic excita-
tions in herbertsmithite were investigated via INS [77,78]. The
excitation spectrum is broad and almost featureless except that
the scattering intensity is absent in the BZ centered at the �

points shown in Fig. 1(a). The periodic absence of intensity
around the � points generally arises from the kagome ge-
ometry. The experimental results stimulated theoretical work
on the magnetic excitations in S = 1/2 KLHAF [6,11,12,79].
Recent theories based on the spin liquid ground state demon-
strated that the strong lowest excitations composed of spinons
occur at �′ points [6,11,12].

Although herbertsmithite has been studied most exten-
sively, this system has a problem in that 15% of Zn2+

sites are substituted for Cu2+ ions [73,78], which leads to

exchange randomness in the kagome layer [80]. According
to a theory, the exchange randomness smears an excitation
spectrum, making it broad [81]. For a comprehensive study
of the magnetic excitations in S = 1/2 KLHAFs, a model sub-
stance without exchange randomness is necessary. INS studies
on other S = 1/2 kagome-lattice antiferromagnets such as
vesignieite [82] and kapellasite [83] have been conducted
using powder samples. However, it seems difficult to obtain
the detailed structure of the excitation spectrum from powder
scattering data.

Here, we show the structures of magnetic excitations in
Cs2Cu3SnF12 and Rb2Cu3SnF12 investigated by INS in the
wide energy and momentum ranges using single crystals. The
advantages of these compounds are that large single crystals
can be obtained and that the exchange randomness is absent.
Cs2Cu3SnF12 is magnetically described as an S = 1/2 KL-
HAF with the nearest-neighbor exchange interaction of J =
20.7 meV and the Dzyaloshinkii-Moriya (DM) interaction
[84,85]. At room temperature, this compound has a trigonal
structure (R3̄m) with a uniform kagome lattice of Cu2+. Since
the CuF6 octahedra are tetragonally elongated approximately
parallel to the c axis owing to the Jahn-Teller effect, the
hole orbitals d (x2 − y2) of Cu2+ are spread in the kagome
layer. This leads to a strong superexchange interaction in the
kagome layer and a weak superexchange interaction between
layers.

Cs2Cu3SnF12 undergoes a structural phase transition to
a monoclinic structure (P21/n) at Tt = 185 K [84], below
which the kagome lattice is distorted [85–87]. The temper-
ature dependence of magnetic susceptibility exhibits a small
kink anomaly at Tt . There are three kinds of nearest-neighbor
exchange interactions below Tt , as shown in Fig. 1(b) [86,87].
However, precise structural analysis revealed that the bond-
ing angles Cu2+-O-Cu2+ for these three kinds of exchange
interactions are almost the same [87]. This indicates that the
kagome lattice below Tt can be regarded to be approximately
uniform. The magnetic susceptibility of Cs2Cu3SnF12 actually
coincides with the theoretical magnetic susceptibility calcu-
lated by 24-site exact diagonalization [88] down to 30 K,
which is just below the temperature Tmax � (1/6)J/kB � 40 K
displaying a rounded maximum, as shown in Ref. [84].

Cs2Cu3SnF12 undergoes a magnetic phase transition at
TN = 20.0 K to a q = 0 state with positive chirality owing
to the relatively large DM interaction (D‖ � 0.2J), which
conjugates with the ordered state [84,85,87,89,90], and the
weak interlayer exchange interaction J ′, which is estimated
to be J ′/J ∼ 1×10−3 using a theory by Yasuda et al. [91].

Ono et al. [85] reported on magnetic excitations in
Cs2Cu3SnF12 investigated by INS using a triple-axis spec-
trometer. They observed single-magnon excitations below
14 meV. Using LSWT, they analyzed the dispersion rela-
tions on the basis of a 2a × 2a enlarged chemical unit cell
expected below Tt = 185 K and found the large downward
renormalization of excitation energy. However, the high-
energy single-magnon excitations and excitation continuum
in Cs2Cu3SnF12 have not been examined.

Rb2Cu3SnF12 is also magnetically described as an S =
1/2 KLHAF with a modified kagome lattice. At room
temperature, this compound has a trigonal structure (R3̄)
[92]. The chemical unit cell is 2a × 2a enlarged in the ab
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FIG. 1. (a) Two-dimensional (2D) reciprocal lattice for the kagome lattice. Hexagons drawn with solid lines show the elementary BZs. An
extended BZ is drawn with dashed lines. The reciprocal lattice points given by (2m, 2n), with integers m and n, and those given by (2m + 1, n)
or (m, 2n + 1) are labeled as � and �′, respectively. (b) Exchange network below Tt = 185 K in the kagome layer of Cs2Cu3SnF12 [87]. There
are three kinds of nearest-neighbor exchange interactions, J1, J2, and J3, which are expected to be almost the same from their bonding angles
Cu2+-O2−-Cu2+. (c) Exchange network at room temperature in the kagome layer of Rb2Cu3SnF12, in which pinwheels composed of exchange
interactions J1, J2, and J4 are connected by triangles of J3 interactions [92,93]. Shaded areas in (b) and (c) are the unit cells for Cs2Cu3SnF12 and
Rb2Cu3SnF12, respectively, at room temperature. (d), (e) Arrangement of the c-axis component D‖ and the c-plane component D⊥, respectively,
of the D vectors for the Dzyaloshinskii-Moriya (DM) interaction at room temperature in Cs2Cu3SnF12. Large arrows in (d) denote the q = 0
structure with positive chirality stabilized when D‖ > 0.

plane; thus, there are four kinds of the nearest-neighbor
exchange interaction Jα (α = 1–4). As shown in Fig. 1(c),
exchange interactions J1, J2, and J4 form pinwheels, which
are linked by triangles of J3 interactions [92,93]. Here,
the exchange interaction Jα is labeled in decreasing order
in magnitude. Rb2Cu3SnF12 undergoes a structural phase
transition at Tt = 215 K [93,94]. The low-temperature crys-
tal structure has been considered to be triclinic (P1̄) [94].
However, the change in the exchange network at Tt should
be small because the magnetic susceptibility exhibits no
anomaly at Tt [92].

The magnetic ground state of Rb2Cu3SnF12 is a pinwheel
valence bond solid (VBS) with an excitation gap of � =
2.4 meV [92,93]. From the analysis of the dispersion curves
obtained by INS experiments, the exchange constants were
determined to be J1 = 18.6 meV, J2 = 0.95J1, J3 = 0.85J1,
J4 = 0.55J1, and D‖

α = 0.18Jα [93], which are consistent with
those estimated from the temperature dependence of magnetic
susceptibility [92]. The average of four exchange constants
is Javg = 15.6 meV. Although low-energy singlet-triplet ex-
citations in Rb2Cu3SnF12 have been investigated in detail,
high-energy singlet-triplet excitations and the excitation con-
tinuum are still unclear.

In this paper, we focus on high-energy single-magnon
excitations and the excitation continuum, which reflect the
characteristics of magnetic quasiparticles. For Cs2Cu3SnF12,
we observed four single-magnon excitation modes around
the �′ point in the BZ. Three low-energy modes are trans-
verse modes that can be seemingly understood in terms of
LSWT. The high-energy fourth mode is suggested to be a
longitudinal mode composed of bound spinons as has been
discussed by the RVB theory of magnetic excitations in
S = 1/2 TLHAFs [10]. We confirmed that the energy of
single-magnon excitations arising from the �′ point is largely
renormalized downwards [85]. We found that the high-energy
single-magnon excitations near the zone boundary decay
significantly. We also found that the excitation continuum
without marked structure spreads from 0.15J to at least 2.5J
in contrast to the structured excitation continuum observed
in the spin-1/2 triangular-lattice Heisenberg-like antiferro-
magnet Ba3CoSb2O9 [19–22]. In addition, unexpected weak
excitations arising from the M points were observed. We
will discuss the possible origins of the weak excitations. For
Rb2Cu3SnF12, we confirmed singlet-triplet excitations and
their ghost modes attributable to the enlargement of the chem-
ical unit cell in the ab plane. We found a structured low-energy
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excitation continuum, which appears to be caused by the two
triplet excitations, and an almost structureless high-energy
continuum extending to at least 2.6Javg. These characteris-
tics of the high-energy excitation continuum are common to
Cs2Cu3SnF12 and Rb2Cu3SnF12, although their ground states
and low-energy excitations are different; thus, these character-
istics of high-energy excitation continuum are considered to
be universal in the S = 1/2 KLHAF. The results obtained for
both systems are discussed, referring to the theory based on
spinon excitations from the spin liquid ground state [6,11,12].

II. EXPERIMENTAL DETAILS

A2Cu3SnF12 with A = Cs and Rb single crystals was syn-
thesized in accordance with the chemical reaction 2AF +
3CuF2 + SnF4 → A2Cu3SnF12. AF, CuF2, and SnF4 were de-
hydrated by heating in vacuum at about 100 ◦C. First, the
materials were packed into a Pt tube of 15 or 10 mm inner
diameter and 100 mm length at a ratio of 3 : 3 : 2. Both ends
of the Pt tube were tightly folded with pliers and placed
between nichrome plates. Single crystals were grown from
the melt. The temperature of the furnace was lowered from
850◦ to 750 ◦C for Cs2Cu3SnF12 and from 800◦ to 700 ◦C for
Rb2Cu3SnF12 over 100 h. After collecting the well-formed
crystals, we repeated the same procedure using a Pt tube of
13 or 10 mm inner diameter and 100 mm length. Transparent
light green crystals were obtained.

Magnetic excitations of Cs2Cu3SnF12 and Rb2Cu3SnF12

were measured in a wide momentum-energy range using the
Fermi chopper spectrometer 4SEASONS [95] installed in the
Materials and Life Science Experimental Facility (MLF) at
J-PARC, Japan. We used one single crystal in each INS ex-
periment. The size of the single crystal is 4 × 1 × 0.5 cm3

for Cs2Cu3SnF12 and 3.5 × 0.7 × 0.3 cm3 for Rb2Cu3SnF12.
Their mosaicities are approximately 2◦ and 1.5◦, respec-
tively. The sample was mounted in a cryostat with its (1,1,0)
and (0,0,1) directions in the horizontal plane. The sample
was cooled to 5 K using a closed-circle helium refrigerator.
First, we checked the excitation spectra of Cs2Cu3SnF12 and
Rb2Cu3SnF12, setting the wave vector ki of an incident neu-
tron parallel to the (0,0,1) direction. Scattering data presented
in this paper were collected by rotating the sample around the
(−1, 1, 0) direction with a set of incident neutron energies:
6.3, 8.5, 11.9, 17.9, 30.0, and 60.0 meV [96]. All the data
were analyzed using the software suite UTSUSEMI [97].

III. RESULTS AND DISCUSSION

A. Cs2Cu3SnF12

Figures 2(a)–2(d) show excitation spectra of Cs2Cu3SnF12

measured along two high-symmetry directions Q = (− 1
2 −

K,− 1
2 + K ) and ( 1

2 + H,− 1
2 + H ) at T = 5 K with incident

neutron energies of Ei = 30.0 and 17.9 meV. We can see
four strong excitations around the �′ point, which are as-
cribed to single-magnon excitations. The excitation energies
of these four modes at the �′ point are h̄ω = 1.0, 9.6, 10.7,
and 13.8 meV. The lowest excitation energy h̄ω = 1.0 meV
was determined from the scattering data obtained with Ei =
6.3 meV. The single-magnon excitation arising from the

�′ point is clearly confirmed, as observed in a previous
study [85].

Figure 2(e) shows the scattering intensity map in the ( 1
2 +

H,− 1
2 + H, L) plane measured with Ei = 17.9 meV, where

the averaged energy range is 3 � h̄ω � 10 meV. Strong scat-
tering for 7.5 < L < 9.5, which is approximately independent
of H , is ascribed to phonon excitation. Strong scattering
streaks at H = 1

2 + n with integer n arise mainly from the
single-magnon excitations arising from the �′ points. We
can confirm from Fig. 2(e) that the single-magnon dispersion
curves are independent of L; thus, the interlayer exchange
interaction is negligible.

In a previous study [85], Ono et al. analyzed the dispersion
curves of Cs2Cu3SnF12 assuming four kinds of the nearest-
neighbor exchange interaction on the basis of the 2a × 2a
enlarged chemical unit cell below Ts = 185 K. Here, we
analyze the dispersion curves assuming a uniform kagome
lattice because the nearest-neighbor exchange interactions are
deduced to be nearly the same, as mentioned in Sec. I. We use
a magnetic model of Cs2Cu3SnF12 expressed as

H =
∑

〈i, j〉
J (Si · S j ) +

∑

〈i, j′〉
J ′(Si · S j′ ) +

∑

〈i, j〉
Di j · (Si × S j ),

(1)

where the first and second terms are the nearest- and next-
nearest-neighbor exchange interactions, respectively. The
third term is the DM interaction between the nearest-neighbor
spins. The configurations of the parallel and perpendicular
components of the Di j vector, D‖

i j and D⊥
i j , are illustrated in

Figs. 1(d) and 1(e), respectively, which are derived from the
crystal structure at room temperature [84]. We calculated the
dispersion curves using LSWT. The solid lines in Figs. 2(a)–
2(d) are dispersion curves calculated using LSWT with J =
12.8 meV, J ′ = −0.043J , D‖ = 0.18J , and D⊥ = 0.062J .
These exchange parameters are consistent with those obtained
by Ono et al. [85]. The ferromagnetic exchange interaction
J ′ between the next-nearest-neighbor spins is necessary to
describe the dispersion curve of the weakly dispersive branch
between 7.5 and 10 meV. The relatively large D‖ is essential
for the description of the weakly dispersive branch. The small
D⊥ gives rise to a small gap of � = 1.0 meV for the dispersive
branch arising from the �′ points and a small split of two
branches near 10 meV at the �′ points.

Low-energy dispersion curves below 10 meV appear to
be well reproduced by the LSWT calculation. From the
linear dispersion in the vicinity of the �′ points, the nearest-
neighbor exchange constant J can be determined to be Jdisp =
12.8 meV. However, this exchange constant is significantly
smaller than Jmag = 20.7 meV obtained from the analysis of
the temperature dependence of magnetic susceptibility us-
ing the theoretical result obtained by exact diagonalization
for the 24-site kagome cluster [84]. We consider that the
true exchange constant J is close to Jmag obtained from the
magnetic susceptibility; thus, the quantum renormalization
factor is evaluated to be R = Jdisp/Jmag = 0.62. From these
results, we can confirm that the excitation energy of the single
magnon is largely renormalized downward by the quantum
many-body effect, as concluded in Ref. [85]. This quantum
renormalization effect of excitation energy observed in the
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FIG. 2. Excitation spectra of Cs2Cu3SnF12 measured at T = 5 K. (a)–(d) Energy-momentum maps of scattering intensity along two high-
symmetry directions (a), (c) Q = (− 1

2 − K, − 1
2 + K ) (blue line) and (b), (d) ( 1

2 + H, − 1
2 + H ) (green line), measured with incident neutron

energies of Ei = 30.0 and 17.9 meV, where the scattering intensities were averaged for −5 � L � 7 to map the scattering intensity in the 2D
reciprocal lattice shown in (f), assuming good two-dimensionality. (e) Scattering intensity map in the ( 1

2 + H, − 1
2 + H, L) plane measured

with Ei = 17.9 meV, where the scattering intensity was averaged for −0.55 � K � −0.45 along Q = (−K, K, 0). The averaged energy range
is 3 � h̄ω � 10 meV. The solid lines in (a)–(d) are dispersion curves calculated on the basis of LSWT with J = 12.8 meV, J ′ = −0.043J ,
D‖ = 0.18J , and D⊥ = 0.062J .

S = 1/2 KLHAF Cs2Cu3SnF12 contrasts with that observed
in the S = 1/2 TLHAF Ba3CoSb2O9, in which the energy
of the single-magnon excitation arising from the K point is
not renormalized downward in the vicinity of the K point
[19,20,22]. Note that no such large downward renormaliza-
tion of single-magnon excitation energy was observed in the
S = 5/2 KLHAF KFe3(OH)6(SO4)2 [98,99].

For high-energy single-magnon excitations above 10 meV,
there is a significant difference between the experimen-
tal and LSWT results. Single-magnon excitations near the
zone boundary, which are expected at h̄ω � 15 meV from
LSWT calculations, appear to significantly broaden out. This
suggests the decay of high-energy magnons near the zone
boundary, as discussed in Refs. [100,101].

The fourth strong single-magnon excitation for h̄ω �
14 meV in the vicinity of the �′ point cannot be explained
by LSWT because it derives only three transverse modes.
Recently, the magnetic excitations in S = 1/2 TLHAFs were
discussed by way of a fermionic approach of spinon excita-
tions from the ordered ground state with the RVB quantum
fluctuation [10]. Dispersion curves of single-magnon exci-
tations observed in Ba3CoSb2O9 were mostly explained by
this theory [20,22], in which single-magnon excitations are
described as bound states of two spinons. The theory predicts

three low-energy transverse modes and one high-energy longi-
tudinal mode. The high-energy longitudinal mode has strong
intensity around the K point. This theory will be applicable to
the magnetic excitations in Cs2Cu3SnF12. The K point in the
case of the triangular-lattice antiferromagnet corresponds to
the �′ point for Cs2Cu3SnF12 with the q = 0 ordered ground
state. Thus, we deduce that the strong single-magnon exci-
tation for h̄ω � 14 meV in the vicinity of the �′ point is
the amplitude mode and that its strong intensity is caused by
the fact that the single-magnon excitations are composed of
bound spinons. To confirm the amplitude mode, the measure-
ment of the mode polarization is necessary.

Figures 3(a)–3(c) show the excitation spectra of
Cs2Cu3SnF12 along Q = (− 1

2 − K,− 1
2 + K ), ( 1

2 + H,− 1
2 +

H ), and (− 1
4 − K,− 1

4 + K ), respectively, measured
at T = 5 K with Ei = 11.9 meV. Besides the strong
single-magnon excitation arising from the �′ point, weak
excitations arising from the M points are also observed,
as indicated by vertical white arrows. Figure 3(d) shows
a constant-energy slice of scattering intensity, where the
averaged energy range is 1 � h̄ω � 2 meV. Bright and dark
spots are observed at the �′ and M points, respectively. Thus,
it is confirmed that the strong and weak excitations arise from
the �′ and M points, respectively.
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FIG. 3. Excitation spectra of Cs2Cu3SnF12 measured at T = 5 K with incident neutron energy Ei = 11.9 meV. (a)–(c) Energy-momentum
maps of the scattering intensity along Q = (− 1

2 − K, − 1
2 + K ), ( 1

2 + H, − 1
2 + H ), and (− 1

4 − K, − 1
4 + K ), respectively, where the scattering

intensities were averaged for −5 � L � 7 to map the scattering intensity. Vertical white arrows in (a)–(c) indicate weak excitations arising
from the M points. (d) Constant-energy slice of scattering intensity, where the averaged energy range is 1 � h̄ω � 2 meV. Solid white lines are
boundaries of the elementary BZs for the uniform kagome lattice. (e)–(g) Scattering intensities as a function of energy measured with incident
neutron energy Ei = 11.9 meV for Q = (− 1

2 , − 1
2 ), (− 1

4 ,− 1
4 ), and ( 1

4 ,− 3
4 ), which are located at (H = − 1

2 , K = 0), (H = − 1
4 , K = 0), and

(H = − 1
4 , K = − 1

2 ), respectively, in the 2D reciprocal lattice shown in Fig. 2(f). Horizontal lines are the background levels estimated from
the scattering intensity in the vicinity of the � points. Vertical arrows in (e)–(g) indicate the lower energy cut of the excitation continuum at
approximately 3 meV, which is nearly equal to 0.15J .

There are two possible origins of the weak excitations
arising from the M points. One is the ghost modes of the main
single-magnon modes caused by the enlargement of the chem-
ical unit cell below the structural phase transition temperature
Tt = 185 K. The crystal lattice is actually a × 2a enlarged in
the ab plane below Tt [86,87]. Because the lattice distortion
is small and there are three kinds of equivalent structural
domain, the diffraction spots for the crystal lattice appear to
be those of the 2a × 2a enlarged unit cell, as assumed in a
previous study [85]. In such a case, the M points of elementary
BZs for a uniform kagome lattice become the zone centers in
contracted BZs. Consequently, weak ghost modes of strong
single-magnon excitation modes can occur at the M points, as
observed in an analogous compound, Rb2Cu3SnF12 [102].

The other possible origin is the excitations from a com-
ponent of the spin liquid state such as the gapless U (1) Dirac
spin liquid and the gapped Z2 spin liquid, which remains in the
ground state as quantum fluctuations. Recent theories based
on the spinon excitations from the spin liquid ground state
demonstrated that the strong and weak magnetic excitations
arise from the �′ and M points in the extended BZs shown
in Fig. 1(a) [6,11,12]. Although Cs2Cu3SnF12 has an ordered

ground state, it seems possible that the spin liquid state re-
mains as quantum fluctuations as in the case of the S = 1/2
TLHAF [9,10]. Although the possibility of the ghost mode
due to the enlargement of the chemical unit cell appears to be
higher because the ghost mode was actually observed in an
analogous compound Rb2Cu3SnF12 [102], the second possi-
bility remains. To examine which possibility is correct, INS
experiments using a model system without lattice distortion
are necessary.

As seen from Figs. 3(a)–3(c), the scattering intensity
changes at approximately 3 meV irrespective of the momen-
tum transfer Q except in the vicinities of the �′ and M points.
Figures 3(e)–3(g) show the scattering intensities as a function
of energy measured with Ei = 11.9 meV for Q = (− 1

2 ,− 1
2 ),

(− 1
4 ,− 1

4 ), and ( 1
4 ,− 3

4 ). The steep increase in scattering in-
tensity below 1 meV is due to the tail of incoherent scattering.
The scattering intensity, which is almost at the background
level in the energy range 1.5 � h̄ω � 2.5 meV except in
the vicinity of the �′ and M points, increases rapidly at ap-
proximately 3 meV and increases gradually with increasing
excitation energy, which is a characteristic of the excita-
tion continuum. As seen from Figs. 3(a)–3(c), the scattering
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FIG. 4. (a)–(f) Constant-energy slices of scattering intensity of Cs2Cu3SnF12 measured at T = 5 K. (a)–(d) and (e) and (f) are the results
obtained using the scattering data measured with incident neutron energies of Ei = 30.0 and 60.0 meV, respectively, where the scattering
intensities were averaged in momentum ranges of −5 � L � 7 and −10 � L � 14 for Ei = 30.0 and 60.0 meV, respectively. Averaged energy
ranges are shown in the figures. Solid white lines are BZ boundaries. (g)–(i) Scattering intensities as a function of energy measured for
Q = (0, −1), (− 1

2 ,− 1
2 ), and (− 1

4 ,− 1
4 ), which are located at (H = − 1

2 , K = − 1
2 ), (H = − 1

2 , K = 0), and (H = − 1
4 , K = 0), respectively, in

the 2D reciprocal lattice space shown in Fig. 2(f). Here, scattering data obtained with incident neutron energy Ei = 17.9, 30.0, and 60.0 meV
are combined, so that the low-energy structures of the excitation spectra are clearly visible. Horizontal lines and bars are the background levels
and energy resolution, respectively. Q-independent peaks at 31 meV in (g–i) are nonmagnetic peaks due to the phonons in Cs2Cu3SnF12.

intensity is almost independent of Q in a wide area of
the BZ centered at the �′ point except in the vicinity of
the �′ point. These results indicate that there is an almost
structureless excitation continuum with a lower bound of
0.15J � 3 meV.

Figures 4(a)–4(f) show constant-energy slices of scatter-
ing intensity in Cs2Cu3SnF12 plotted in the 2D reciprocal
lattice space. Scattering intensities in the BZs centered at
the � points are absent owing to the kagome geometry. For
the dynamical structure factor S (Q, ω) of the kagome-lattice
magnet, there is the relationship of S (Q, ω) = S (Q + 2G, ω),
where G is the reciprocal lattice vector. The weak scattering
intensities in the BZs centered at (H = 1, K = ±1) are of
phonon origin.

The intensity distribution below 12 meV is mainly at-
tributed to the single-magnon excitations. Strong scattering
in this energy range has clear structures in the 2D recip-
rocal lattice space. The structures are circular, X-like, and
six-pointed-star patterns centered at the �′ points for 7 �
h̄ω � 8, 9 � h̄ω � 10, and 11 � h̄ω � 12 meV, respectively.
These intensity maps appear to be consistent with those cal-
culated by spin wave theory for a large spin KLHAF with the

DM interaction [101]. In the energy range of the excitation
continuum above 14 meV, the scattering intensity does not
exhibit a marked structure in the BZs centered at the �′
points. This almost structureless high-energy excitation in
Cs2Cu3SnF12 is similar to that observed in herbertsmithite,
ZnCu3(OH)6Cl2 [77,78].

Figures 4(g)–4(i) show scattering intensities as a func-
tion of energy measured for Q = (0,−1), (− 1

2 ,− 1
2 ), and

(− 1
4 ,− 1

4 ). Q-independent peaks at 31 meV in these
figures are nonmagnetic peaks due to the phonons in
Cs2Cu3SnF12. Excitation peaks at h̄ω = 8–12 meV are in-
trinsic peaks due to the single-magnon excitations. The steep
increase in scattering intensity below 7 meV for Q = (0,−1)
is caused by the tail of the magnetic Bragg peak and strong
low-energy single-magnon excitation. The steep increase in
scattering intensities below 2 meV for Q = (− 1

2 ,− 1
2 ) and

(− 1
4 ,− 1

4 ) is due to the tail of incoherent scattering. The
sharp peaks at h̄ω � 10 and 13 meV for Q = (0,−1) and
at h̄ω � 8 meV for Q = (− 1

2 ,− 1
2 ) and (− 1

4 ,− 1
4 ) are single-

magnon excitation peaks.
As can be seen from Figs. 4(g)–4(i), the excitation contin-

uum extends up to approximately 50 meV, which is nearly
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FIG. 5. (a), (b) Energy-momentum maps of the scattering intensity in Rb2Cu3SnF12 measured at T = 5 K with incident neutron energy
Ei = 11.9 meV along two high-symmetry directions Q = (1 − K, 1 + K ) and (1 + H, −1 + H ) indicated by blue and green arrows in the 2D
reciprocal lattice shown in (e), respectively, where the solid and dashed lines are elementary BZ boundaries for the 2a × 2a enlarged chemical
unit cell at room temperature of Rb2Cu3SnF12 and the uniform kagome lattice, respectively. Here, the scattering intensities were averaged
for −3 � L � 5 assuming good two-dimensionality. The solid lines are dispersion curves for main singlet-triplet excitations and their ghost
modes calculated by the method described in Ref. [102] with exchange parameters shown in the text. (c) Constant-energy slices of scattering
intensity with the averaged energy range 2 � h̄ω � 3 meV, which shows the center positions of strong singlet-triplet excitations and their ghost
modes. The solid and dashed white lines are elementary BZ boundaries for the 2a × 2a enlarged chemical unit cell at room temperature and
the uniform kagome lattice, respectively. (d) Scattering intensity map in the (1 + H, −1 + H, L) plane measured with Ei = 11.9 meV, where
the scattering intensity was averaged for −1.05 � K � −0.95 along Q = (−K, K, 0) and for the energy range 2 � h̄ω � 3 meV.

equal to 2.5J . Because the lower bound of the excitation
continuum is 0.15J � 3 meV, we can say that the broad
excitation continuum without a marked structure spreads
in a wide energy range from 0.15J to approximately
2.5J . We can see from Figs. 4(g)–4(i) that the spectral
weight of the excitation continuum is sufficiently larger than
that of the single-magnon excitations, as observed in the
S = 1/2 triangular-lattice Heisenberg-like antiferromagnet
Ba3CoSb2O9 [20,22]. Note that recent theories based on the
fermionic approach of spinon excitations from the spin liquid
ground state demonstrated that a broad and almost featureless
excitation continuum extends to an energy as high as 2.7J
[11,12]. This theoretical upper bound energy of the excitation
continuum is consistent with 2.5J observed in Cs2Cu3SnF12.
From the experimental results for Cs2Cu3SnF12 as well as
recent theoretical results [11,12], we can deduce that the in-
tense excitation continuum with a wide energy range observed
in Cs2Cu3SnF12 originates from the spinon excitations and
that the spin liquid state remains in the ordered ground state
as the quantum fluctuation. It is also notable that the inside
area between two single-magnon branches arising from the �′

point is filled with a strong excitation continuum, as observed
in Figs. 2(a)–2(d) and Figs. 3(a) and 3(b).

B. Rb2Cu3SnF12

In this section, we analyze the excitation data for
Rb2Cu3SnF12 on the basis of the 2a × 2a enlarged chemical
unit cell at room temperature [92]. The solid and dashed lines
in Fig. 5(e) are elementary BZ boundaries for the 2a × 2a
enlarged chemical unit cell and the uniform kagome lattice,
respectively. Figures 5(a) and 5(b) show excitation spectra in
Rb2Cu3SnF12 measured at T = 5 K with the incident neutron
energy of Ei = 11.9 meV along two high-symmetry directions
indicated by blue and green arrows in the 2D reciprocal lattice
shown in Fig. 5(e). In Figs. 5(a) and 5(b), we can see strong
singlet-triplet excitations centered at Q = (2, 0), (0, 2), and
(0,−2), as observed in previous studies [93,102]. We can
also clearly see the ghost modes of strong singlet-triplet ex-
citations centered at Q = ( 3

2 , 1
2 ), (1, 1), ( 1

2 , 3
2 ), and (1,−1),

which originate from the contraction of the BZs caused by the
enlargement of the chemical unit cell at room temperature and
below the structural phase transition at Tt = 215 K [93,94].
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For the strong singlet-triplet excitation, the lowest-energy
excitation occurs at the � point in the 2D reciprocal lattice
for the 2a × 2a enlarged unit cell, although the lowest-energy
excitation is expected to occur at the K point within the
Heisenberg model [93,103]. This is because the out-of-plane
component D‖

i j of the DM interaction splits the triply degen-
erate triplet excitations into two levels, Sz = 0 and Sz = ±1
branches, and the energy of the Sz = ±1 branch becomes a
minimum at the � point with increasing magnitude of D‖

i j
[93,104].

Figure 5(c) shows constant-energy slices of scattering in-
tensity with the averaged energy range of 2� h̄ω� 3 meV.
The center positions of strong singlet-triplet excitations and
their ghost modes are clearly observed in Fig. 5(c). Strong
singlet-triplet excitations are centered at Q = (4m + 2, 2n) or
(2m, 4n + 2) with the integers m and n, which correspond to
the �′ points for the extended BZ for the uniform kagome lat-
tice shown in Fig. 1(a). Ghost modes are centered at the zone
centers and the middle points (M point) of neighboring zone
centers of the 2D reciprocal lattice for the 2a × 2a enlarged
chemical unit cell at room temperature in Rb2Cu3SnF12. The
ghost modes centered at the zone centers can be produced by
the contraction of the BZs caused by the 2a × 2a enlargement
of the chemical unit cell at room temperature. On the other
hand, the ghost modes centered at the M points originate
from the further enlargement of the chemical unit cell below
Tt = 215 K [93,94]. The crystal structure below Tt has been
considered to be a triclinic structure (P1̄) [94]. However, the
structure is very close to a trigonal structure with the cell
dimensions 4a × 4a as compared with the uniform kagome
lattice [93,94]. In general, there are three kinds of equivalent
structural domain; thus, the diffraction spots for the crystal
lattice below Tt appear to be those for the 4a × 4a enlarged
unit cell, as assumed in a previous study [102]. Because the M
points become the zone centers in the 2D reciprocal lattice for
the 4a × 4a enlarged chemical unit cell, ghost modes centered
at the M points can be observed. As seen from Fig. 5(c),
the strongest ghost modes are centered at Q = ( 3

2 , 0) (H =
3
4 , K = − 3

4 ) and its equivalent positions. In the previous study
[102], only the strongest ghost modes were observed.

The model Hamiltonian for the 2a × 2a enlarged chemical
unit cell at room temperature, which contains 12 spins, is
expressed as

H =
∑

〈i, j〉
Ji j (Si · S j ) +

∑

〈i, j〉
Di j · (Si × S j ), (2)

where the configuration of the nearest-neighbor exchange
interactions and the DM interactions are shown in Figs. 1(c)–
1(e) and their values were determined to be J1 = 18.6 meV,
J2 = 0.95J1, J3 = 0.85J1, J4 = 0.55J1, and D‖

α = 0.18Jα [93].
Here, the in-plane component D⊥

α of the D vectors is ne-
glected. For the 4a × 4a enlarged chemical unit cell, which
can approximate the crystal structure below Tt = 215 K
[93,94], the magnitudes of Ji j and D‖

α are slightly modified.
This perturbation gives rise to the ghost modes. The solid
lines in Figs. 5(a) and 5(b) are the dispersion curves for the
singlet-triplet excitations and their ghost modes, which are the
same as those presented in Ref. [102].

Figure 5(d) shows the scattering intensity map in the
(1 + H,−1 + H, L) plane for the energy range of 2 � h̄ω �
3 meV. Strong scattering streaks at H = 2n + 1 with the inte-
ger n arise from the singlet-triplet excitations. From Fig. 5(d),
we can confirm that the dispersion curves for the singlet-triplet
excitations are independent of L; thus, the interlayer exchange
interaction is negligible. The weak curved scattering observed
between H = 1 and 3 is considered to be spurious scattering
from the sample environment.

Figures 6(a)–6(d) show energy-momentum maps of the
scattering intensity in Rb2Cu3SnF12 measured at T = 5 K
with Ei = 17.9 meV [Figs. 6(a) and 6(b)] and 30 meV
[Figs. 6(c) and 6(d)] along two high-symmetry directions
indicated by blue and green arrows in the 2D reciprocal
lattice shown in Fig. 5(e), respectively. In the energy range
7 < h̄ω < 15 meV, which is just above the energy range of
the singlet-triplet excitation (2 < h̄ω < 7 meV), we can see
the structured excitation continuum. Figure 6(e) shows the
scattering intensity measured at h̄ω = 8.0 meV along Q =
(1 − K, 1 + K ) with incident neutron energy Ei = 17.9 meV.
Strong scattering occurs at K = n + 1

2 with the integer n.
As can be seen from Figs. 6(a) and 6(c), the scattering in-
tensity has a broad maximum at h̄ω � 12 meV, which is
approximately twice the energy of the upper branch of the
singlet-triplet excitation. Thus, the structured excitation con-
tinuum ranging from 7 to 15 meV appears to be two-triplet
excitations from the pinwheel VBS ground state.

Figures 6(f) and 6(g) show constant-energy slices of the
scattering intensity of Rb2Cu3SnF12 measured at T = 5 K
with Ei = 30.0 meV in the energy ranges 10� h̄ω� 12 and
15� h̄ω� 20 meV, respectively. In these energy ranges of the
excitation continuum, strong scattering occurs in the vicinity
of the extended BZ boundaries for the uniform kagome lattice.

Figures 7(a) and 7(b) show energy-momentum maps of
the scattering intensity in Rb2Cu3SnF12 measured at T = 5 K
with Ei = 60.0 meV along two high-symmetry directions in-
dicated by blue and green arrows in the 2D reciprocal lattice
shown in Fig. 5(e), respectively. We can see that the excitation
continuum without a marked structure extends at least up to
35 meV.

Figures 7(c) and 7(d) show constant-energy slices of scat-
tering intensity of Rb2Cu3SnF12 measured at T = 5 K with
incident neutron energy Ei = 60.0 meV. In the energy range
25� h̄ω� 30 meV, the scattering intensity of the excitation
continuum distributes all over the BZs centered at �′ points
in the 2D reciprocal lattice space for the uniform kagome
lattice and does not exhibits a marked structure. We can
see that for 35� h̄ω� 40 meV, the scattering intensities in
the BZs centered at Q = (4m, 4n) with the integers m and
n, which correspond to � points for the extended BZs in
the 2D reciprocal lattice for the uniform kagome lattice, are
weaker than those in the other BZs. This indicates that the
excitation continuum extends up to approximately 40 meV (=
2.56Javg). The broad high-energy excitation spectrum with-
out a marked structure in Rb2Cu3SnF12 is similar to the
high-energy excitation spectrum observed in Cs2Cu3SnF12

and the excitation spectrum observed in herbertsmithite,
ZnCu3(OH)6Cl2 [77,78].

Figures 7(e)–7(g) show scattering intensities as a function
of energy measured for Q = (0, 2), (1,1), and ( 1

2 , 1
2 ). Sharp
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FIG. 6. Energy-momentum maps of the scattering intensity in Rb2Cu3SnF12 measured at T = 5 K with incident neutron energy (a), (b)
Ei = 17.9 meV and (c), (d) 30.0 meV along two high-symmetry directions Q = (1 − K, 1 + K ) and (1 + H, −1 + H ) indicated by blue and
green arrows in the 2D reciprocal lattice shown in Fig. 5(e), respectively, where the scattering intensities were averaged over −3 � L � 5
for 17.9 meV and −5 � L � 5 for 30.0 meV. (e) Scattering intensity measured at h̄ω = 8.0 meV along Q = (1 − K, 1 + K ) with incident
neutron energy Ei = 17.9 meV, where the scattering intensity was averaged for 7.8� h̄ω� 8.2 meV. (f), (g) Constant-energy slices of scattering
intensity of Rb2Cu3SnF12 measured at T = 5 K with incident neutron energy Ei = 30.0 meV. Averaged energy ranges are shown in the figures.
The white solid lines are elementary BZ boundaries for the 2a × 2a enlarged chemical unit cell at room temperature of Rb2Cu3SnF12, and the
black solid and dashed lines are elementary and extended BZ boundaries for the uniform kagome lattice, respectively.

excitation peaks below 8 meV arise from the singlet-triplet
excitations from the pinwheel VBS state and their ghost
modes. We can confirm from Figs. 7(e)–7(g) that the upper
bound energy of the excitation continuum is approximately
40 meV, which is 2.56 times larger than the average of
the nearest-neighbor exchange interactions Javg = 15.6 meV.
This upper bound energy of the excitation continuum ob-
served in Rb2Cu3SnF12 is almost the same as that observed
in Cs2Cu3SnF12 and consistent with the theoretical upper
bound energy of 2.7J obtained by a fermionic approach of
spinon excitations from the spin liquid ground state [11,12].
The spectrum of excitation energy for Q = ( 1

2 , 1
2 ), in which

the weight of the singlet-triplet excitation is much smaller
than the weight of the excitation continuum, is similar to
that for Q = (− 1

4 ,− 1
4 ) in Cs2Cu3SnF12 shown in Fig. 4(i).

These observations indicate that the high-energy excitation in
S = 1/2 Heisenberg-like kagome-lattice antiferromagnets has
common characteristics, irrespective of the ground state.

IV. CONCLUSIONS

We have presented the results of INS experiments on
the S = 1/2 KLHAFs Cs2Cu3SnF12 with the q = 0 or-
dered ground state attributable to the DM interaction and

Rb2Cu3SnF12 with the gapped pinwheel VBS state at-
tributable to the 2a × 2a enlarged chemical unit cell. For
Cs2Cu3SnF12, we observed four single-magnon excitation
modes around the �′ point in the extended BZ. Three low-
energy modes are assigned to be transverse modes, whereas
the high-energy fourth mode is suggested to be a longitudi-
nal mode. We confirmed that the energy of single-magnon
excitations arising from the �′ point is largely renormalized
downwards and that the high-energy single-magnon excita-
tions near the zone boundary significantly broaden out. We
found that the broad excitation continuum without a marked
structure spreads in a wide energy range from 0.15J to ap-
proximately 2.5J . In addition, we found weak excitations
arising from the M points. Two possibilities are considered
as the origins of the weak excitations. One is the ghost
modes of the main single-magnon modes caused by the
enlargement of the chemical unit cell below a structural
phase transition temperature Tt = 185 K. The other is the
spinon excitations from the spin-liquid-like component re-
maining in the ground state. For Rb2Cu3SnF12, we confirmed
singlet-triplet excitations from the pinwheel VBS state and
their ghost modes caused by the enlargement of the chem-
ical unit cell. We found that the excitation continuum in

064424-10
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FIG. 7. (a), (b) Energy-momentum maps of the scattering intensity in Rb2Cu3SnF12 measured at T = 5 K with incident neutron energy
Ei = 60.0 meV along two high-symmetry directions Q = (1 − K, 1 + K ) and (1 + H, −1 + H ) indicated by blue and green arrows in the 2D
reciprocal lattice shown in Fig. 5(e), respectively, where the scattering intensities were averaged for −5�L � 15. Q-independent scattering
at h̄ω � 32 meV are nonmagnetic peaks due to the phonons in Rb2Cu3SnF12. (c), (d) Constant-energy slices of scattering intensity of
Rb2Cu3SnF12 measured at T = 5 K with incident neutron energy Ei = 60.0 meV. Averaged energy ranges are shown in the figures. The
white solid lines are elementary BZ boundaries for the 2a × 2a enlarged chemical unit cell at room temperature for Rb2Cu3SnF12, and the
black solid and dashed lines are elementary and extended BZ boundaries for the uniform kagome lattice. (e)–(g) Scattering intensities as a
function of energy measured for Q = (0, 2), (1,1), and ( 1

2 , 1
2 ), which are located at (H = 1, K = 1), (H = 1, K = 0), and (H = 1

2 , K = 0),
respectively, in the 2D reciprocal lattice space shown in Fig. 5(e). Here, scattering data obtained with incident neutron energy Ei = 17.9, 30.0,
and 60.0 meV are combined, so that the low-energy structures of the excitation spectra are clearly visible. Horizontal lines and bars are the
background levels and energy resolution, respectively. Q-independent peaks at h̄ω � 32 meV are nonmagnetic peaks due to the phonons in
Rb2Cu3SnF12.

the low-energy range up to approximately Javg = 15.6 meV
has clear structure, whereas the high-energy excitation con-
tinuum above Javg is almost structureless and extends to
approximately 2.6Javg. The characteristics of the high-energy
excitation continuum are common to both Cs2Cu3SnF12 and
Rb2Cu3SnF12, irrespective of their ground states; thus, these
characteristics of the high-energy excitation continuum are
considered to be universal in the S = 1/2 KLHAF. Because
these observations are consistent with the theories based on
a fermionic approach of spinon excitations from the spin
liquid ground state such as the gapless U (1) Dirac spin liq-
uid state and the gapped Z2 spin liquid state [11,12], we

can deduce that the spin liquid component remains in the
ground state as quantum fluctuations in Cs2Cu3SnF12 and
Rb2Cu3SnF12.
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