Introduction

Collective behavior of electron spins in a geometrically frustrated magnet could
potentially give rise to a diversity of unconventional ground states including the most sought-after
quantum spin liquid state. Geometric frustration is due to the incompatibility between spin interactions
and the underlying crystal lattice [1]. In this project, we have studied magnetic properties of a kagome
lattice antiferromagnet (shown in Figure 1), which is one of the most highly frustrated lattice in two
dimensions. Several theoretical studies have been applied to study low-energy spin dynamics of this
geometrically frustrated magnet, and diverse classes of novel spin states have been proposed
including a gapless U(1)-Dirac-spin-liquid state, a gapped-spin-liquid state, and a valence bond solid
(VBS) state [2-4]. The difference between the spin-liquid states, which can be collective called the
resonance valance bond (RVB) state, and the VBS state is that, whereas the gapped RVB state has
short-range dimer-dimer (singlet pair) correlations, the VBS state has long-range dimer-dimer
correlations that break the translational symmetry of the proper kagome lattice. In order to probe
these states in a real system, one needs to look for their distinct features in magnetic excitations by
means of inelastic neutron scattering. While the spin dynamics of the RVB state is continuum spin-

1/2 excitations, that of the VBS state is spin-1 singlet-to-triplet excitations.

Experimentally, the quest for these states in a realizaion of the kagome lattice
antiferromagnet has been hindered by the rarity of model systems. In recent years, the field has
been rejuvenated by the discoveries of the kagome lattice in herbertsmitthite [5,6] and distorted
kagome lattice in volborthite [7, 8]. Nevertheless, the lack of samples in a single crystal form and
the presence of non-magnetic impurities at the magnetic sites make the study of these systems
difficult. As a result, the presence of the quantum spin states cannot be confirmed. In our recent
work, which has been published in Nature Physics, we have studied a stoichiometrically pure, spin-
1/2 deformed kagome lattice antiferromanget Rb,Cus;SnF,, with full occupancy of Cu® ions at the
kagome lattice sites [9]. Using inelastic neutron scattering, we found that the low-energy spin
dynamics are dominated by singlet-to-triplet excitations, which directly confirms that the ground state

of this distorted kagome system is the long-sought-after RVB state. This work reveals the first direct



evidence for the presence of the RVB state in the kagome lattice system, validating some of the
theoretical prediction [10]. The dimers in this RVB state form a pinwheel configuration as shown in
Figure 1. This pinwheel state is stabilized by spatially non-uniform exchange interactions among
spins. The singlet dimers are formed between two spins bonded by the largest exchange interaction
J,. Our results also show that the antisymmetric Dzyaloshinskii-Moriya (DM) interaction plays a
significant role in determining the ground state and its spin dynamics. We employed the dimer series
expansion to analyze the data, and were able to obtain all relevant microscopic spin Hamiltonian

paprameters.

In this previous study, magnetic excitations from the singlet ground state were probed
using inelastic neutron scattering on a triple-axis spectrometer. These measurements revealed the
pinwheel motif of dimers, and determined the relevant spin Hamiltonian parameters through a dimer
series expansion up to eighth order. However, the detailed structure of the excitations could not be
resolved due to lack of resolution and counting statistics. For this work, we report high intensity
pulsed neutron scattering measurements on single crystalline Rb,CuzSnF4, using the Cold Neutron
Chopper Spectrometer at the Spallation Neutron Source, Oak Ridge National Laboratory. A time-
resolved, highly pixelated detector system that covers a large solid angle (14% of the unit sphere)
enabled concurrent measurements over a much wider range of momentum and at higher resolution
than previously. We confirm the splitting of the triplet associated with dimerization into a doublet and
a singlet as a result of strongly anisotropic interactions, and are able to unambiguously determine
the polarization of each mode. More importantly, we discover a new family of modes associated
with the structural superlattice, and a continuum at high energy, which may be related to the spinon

continuum recently detected in the undimerized kagome system, herbertsmithite [11].

At room temperature, Rb,Cu;SnF4, has the hexagonal R-3 space group with lattice
parameters a = 13.917(2) Aand c= 20.356(3) A. At 215 K, it undergoes a first-order structural
transition, doubling the in-plane lattice constant a. The resulting lattice distortion is small so to a first
approximation we use the room temperature structure, where a two-dimensional unit cell comprises

12 Cu*" spins (Fig. 1). The spin-1/2 Cu®" ions form a distorted kagome plane and are surrounded by



a deformed octahedral environment of fluorine. The kagome planes are separated by nonmagnetic
ions, which results in weak interlayer interactions. The distorted kagome lattice gives rise to four
antiferromagnetic in-plane exchange interactions J;>J,>J;>J,. To lowest order, spins interacting
through J, form singlets which are linked through the weaker interactions. Powder neutron diffraction
shows no magnetic order down to 1.3 K. The low-temperature magnetic susceptibility indicates a
non-magnetic, spin singlet (Sy,=0) ground state and mixing of the singlet and triplet (S;=1) excited
states through the DM interactions (S, denotes the quantum number for the total spin of a single

dimer).

In our second work, we have studies magnetic excitations in Cs,CuzSnF4,, which shows
the ordered ground state at low temperature in contrast to Rb,Cu;SnF4,. Ubiquitous magnetic
excitations in conventional magnets with the Neel state are generally well described by LSWT. In
low-dimensional quantum magnets, however, dominant quantum effects significantly modify the

magnetic excitations. In particular, for an S=1/2 antiferromagnetic Heisenberg spin chain, the exact

spinon excitation energies are larger than that calculated using LSWT by a factor of TU/2, which was
verified through an inelastic neutron scattering experiment on the spin-1/2 one-dimensional (1D)
Heisenberg antiferromagnet CuCl,*2(CsDs). This quantum enhancement of excitation energies is
known as the quantum renormalization. In this work, we present the first evidence of the large
negative renormalization of spin-wave energies with respect to the LSWT result in Cs,Cu;SnF;,. This
observation provides a striking contrast to the well-known positive quantum renormalization of
excitation energies in the S=1/2 antiferromagnetic Heisenberg spin chain, for which the

renormalization factor is exactly TU/2.

Cs,CusSnF4, has a uniform kagome lattice at room temperature with the lattice
parameters a=7.142(4) A and ¢=20.381(14) A. This compound undergoes a structural transition at
T.=185 K and magnetic ordering at Ty=20.0 K. The magnetic susceptibility exhibits a small
anomaly at T¢ and a large increase at Ty. The presence of superlattice reflections below Tg
suggests the doubling of the in-plane lattice parameter, giving rise to a 2a x 2a enlarged unit cell.

Above Ty, the magnetic susceptibility is in good agreement with the theoretical susceptibility



obtained from exact diagonalization for the 24-site kagome cluster. This suggests that the
exchange network remains approximately uniform. Low-energy magnetic excitations in the spin-1/2
distorted KLAF Cs,Cus;SnF4, can be described by the collective disturbance of the ordered
moments. Although these magnetic excitations in the classical spin-5/2 KLAF KFe3(OH)s(SO,), are
well described by LSWT, little is known about the quantum effect for the spin-1/2 case, where large
guantum renormalization is expected to emerge. Here, we present the first evidence of the large
negative renormalization of spin-wave energies with respect to the LSWT result in Cs,Cu;SnFs,.
This observation provides a striking contrast to the well-known positive quantum renormalization of
excitation energies in the S=1/2 antiferromagnetic Heisenberg spin chain, for which the

renormalization factor is exactly TU/2.

Understanding ground states and their spin dynamics in the frustrated magnets, in
which the emerging phenomena are due to collective behavior of electron spins, could potentially
lead to new insight in other related subjects, such as high-T, superconductivity, in which it has long
been suggested that both frustration and magnetism could play a role in giving rise to such a high
transition temperature [12], and anomalous quantum Hall effect, in which the chirality of spins in a
non-colinear arrangement has been suggested to give rise to the phenomenon [13]. More
importantly, physics of spin interactions in the strongly correlated regime could promisingly pave the

way for the future of a new kind of electronic devices, the so-called spintronics.
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Figure 1 (a) A crystal structure of Rb,Cus;SnF;, shows the connectivity of the
Cu ions (red) forming a deformed kagome lattice. (b) The dimers shown in
blue form the pinwheel VBS state. The exchange interactions are labeled as

J1>J2>J3>J4.
Rb,Cu,SnF,,
Experiments and Results

Single crystalline Rb,Cu;SnF;, was synthesized from the melt. Inelastic neutron scattering
measurements were performed on two co-aligned crystals with a total mass of 4 g and a mosaic of
1.5°. The sample was mounted with the (H,0,L) reciprocal lattice plane horizontal to allow intensity
integration of rod-like scattering along the L direction while taking advantage of the two
dimensionality of the system. The incident energy E; was fixed at 12 meV for an energy resolution
(full width at half maximum) of 0.56(3 ~meV at the elastic position. The sample was cooled to a
base temperature of 2 K using a He-4 cryostat. Multiple datasets were acquired by rotating the

sample about the vertical axis, which is parallel to [-1,2,0], in steps of ge covering 68° of sample

orientation. An angle between the incident beam and [0,0,1] ranges from -28.5° to 39.5°. The
background was measured at 70 K, where the excitations are very broad and weak. These

datasets were subsequently combined to produce a background-subtracted, four-dimensional
scattering-intensity function I(Q,(®), where Q is the momentum transfer and A is the energy

transfer. The data were sliced and cut along high-symmetry directions using MSLICE to produce

contour maps, constant-Q, and constant-energy plots.
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Figure 2 Contour maps show a product of scattering intensity and energy transfer

m-(Q, h(,t)), displaying magnetic excitations in Rb,Cus;SnF, as a function of energy
and in-plane momentum through (a), (b) (H, 0) and (c) (-2-K, 2K). The intensity is
averaged over the available range of L, AQy; of 0.042 A, and AQ,; 5 of 0.045 A"
' The measurements along [-K,2K] are limited by a smaller detector-coverage area
perpendicular to the horizontal plane. Solid lines represent the excitations of the
original spin Hamiltonian whereas dotted lines denote excitations resulting from the

2a x 2a enlarged unit cell. Red denotes the S,,;,=0 mode and white denotes the
Sit.=+1 mode. (d) Constant-Q cuts show h(D-I(Q, h(l)) at (-2,0) (open circles) and

the average of hOJ°I(Q, h(x)) at (-1.5,0) and (-2.5,0) (closed circles). Above 8 meV,
the closed symbols lie above background, indicative of the continuum scattering. The

lines are guides to the eye. The error bar represents one standard deviation.



A contour map of h(x)-I(Q, 71(,0) averaged over the L direction (the L-dependence of the
scattering intensity will be discussed later), which is plotted as a function of energy and in-plane
momentum along [H,0] (Fig. 2), shows a distinct pattern of excitations around (-2,0) and faint
outlines of similar patterns displaced by AH=+4. The latter are barely detectable around the
equivalent Brillouin-zone centers, (-6,0) and (2,0). The measurements were set up so integration
along L is optimal at (-2,0). The difference in the intensity profile around (-2,0) and (2,0) is a result
of a smaller range of intensity integration for the latter. The overall profile of the excitations around
(-2,0) is consistent with our previous report. The lower branch, which has a broader band-width, is
known to be a two-fold-degenerate excitation as it is split by a magnetic field along the c-direction.
By mapping the L-dependence of the intensity of this branch, we shall later show that it is
associated with transitions from the singlet ground state (S;=0) to a doublet with S;4=1 and
Sii=t1 (St denotes the magnetic quantum number of the S,=1 triplet states). The upper
branch, which has a smaller band-width, does not split in a field and so is thought to be a non-
degenerate excitation from the singlet ground state to the singlet state with S;=1 and S, ,=0. We
note that these states are not pure states of defined angular momentum due to the DM

interactions.

A constant-Q cut at (-2,0) (Fig. 2(d)) shows clear resolution-limited peaks at hoo=2.4(3)
meV and 6.9(3) meV, consistent with the previous data (where the uncertainty represents half the
energy resolution). The contour maps around the zone center (-2,0) (Fig.~\ref{fig2}(b),~(c)) reveal a
more intricate set of excitations than previously appreciated. A weakly dispersive mode around 5
meV is visible along both [H,0] and [-K,2K] (Fig. 2(b),(c)). At the zone center this mode peaks at
5.3(3) meV (Fig. 2(d)). It grows slightly more intense away from the zone center, which contrasts
with the other two modes that become weaker. We also observe excitations centered around
(-1.5,0) and (-2.5,0) (Figs. 2(b) and (a) (2.0-2.5 meV)), which resemble the mode around (-2,0) but
with much less intensity, and hence are named the “ghost” modes. We have previously reported
these ghost modes and attributed them to the enlarged unit cell caused by the structural transition.

Our dimer series expansion shown by solid lines in Fig. 2(b),(c) and the bond-operator mean-field



theory cannot account for all of this observed scattering intensity between 2 meV and 7 meV as
neither calculation considers the enlarged unit cell. Furthermore, we observe diffuse scattering
between 8 meV and 10 meV near (-1.5,0) and (-2.5,0), which cannot be accounted for by the

dimer series expansion.

Discussion

In this section, we first analyze the excitation dispersions of Rb,Cu3SnF, below 8 meV
using the extended version of the dimer series expansion to include the effect of the enlarge unit
cell. We then investigate the L-dependence of the intensity to determine the polarization of each
mode. We end this section with a discussion of the diffuse scattering between 8 meV and 10

meV.

To understand the 5 meV mode and the ghost modes around (-1.5,0) and (-2.5,0), we
consider the 2a x 2a enlarged unit cell consisting of 48 spins. We write the spin Hamiltonian as H
+ H', where H' represents a perturbation due to the enlarged unit cell. H' has the exact same form
as H but the sum is over 48 spins in the enlarged unit cell. We then perform the dimer series
expansion on the pinwheel VBS state using the Hamiltonian H + H'. The linked cluster expansion
algorithm was used to generate a graphical series of dimers. The low-energy spectra are
calculated up to eighth order in the inter-dimer and DM interactions using the Dlog-Pade
approximation. We define the path > M— K— T in the first Brillouin zone of the original model

H.

It is interesting to note that the weakly dispersive mode in Fig. 2(b) is originally the
excitation on the path between two adjacent M points. From the experiment, this mode is not
symmetric around H = -1.75; its energy increases monotonically as H varies from -2 to -1.5. This
suggests that we observe the S, , = £1 triplet excitations around the zone center, H = -2, and the
Stz = 0 triplet excitations away from there, which may be experimentally verified by measurements
in @ magnetic field. We note that the in-plane component of the DM vector d, is set to zero in our

dimer series expansion. A recent °>**Cu NMR study in high fields up to 30 T and neutron



scattering measurements show that the mixing between the singlet and triplet states via the DM
interactions gives rise to a large residual gap. The anti-crossing of the singlet and triplet mode,
which is due to the combined effect of the off-diagonal g-tensor and small d;, (|d,|<0.012), prevents
the gap from closing at high magnetic fields. However, d, has little effect on the overall zero-field

spectrum.

The scattering intensity displayed thus far was averaged over the L direction. However, the
L-dependence of the scattering intensity contains valuable information about the polarization of the
excitations and inter-plane correlations. Within the resolution of our measurements, there is no

dispersion along L (Fig. 3(a)), which attests to the two-dimensional nature of the system. Contour
maps of the scattering intensity integrated over the energy ranges h0)=[2.0,3.0] meV (Fig. 3(b))

and hm=[6.5,7.5] meV (Fig. 3(c)) plotted as a function of H and L show rods of scattering that
extend along L at H=-6, -2, and 2. The integrated intensity of the S;,,=+1 mode has broad maxima
at L=3 and 6 before falling off at large L (Fig. 3(d)), while that of the S,,;,=0 mode monotonically
decreases as a function of L with a small hump around L=6 (Fig. 3(e)). The overall trend of the
curves reflects the different polarization of the modes while the modulation of scattering intensity

results from inter-plane correlations.
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Figure 3. (a) Contour maps of 1(Q,/i) are plotted as a function of /iw and L. The intensity is

averaged over AQpq g of 0.042 A™ and AQ1 5 of 0.045 A™'. The broadening is a result of the



integration along the in-plane momenta. (b) and (c) show contour maps of 1(Q,hm) plotted as a
function of H and L. The intensity is energy-integrated for (b) /®=[2.0,3.0] meV and (c)
hw=[6.5,7.5] meV. (d) and (e) show the L-dependence of I(Q, hw) for energy ranges (d)
h®=[1.0,4.0] meV and (e) h®=[6.0,8.0] meV centered at (-2,0). The intensity is averaged over
AQy; gy of 0.10 A and AQyq 2 of 0.18 A, Solid lines denote the product of the magnetic form

factor for Cu®" spins, the inter-plane correlation function, and the polarization factor, assuming

that modes are polarized (d) in the kagome plane and (e) out of the plane.

For the magnetic excitations in Rb,Cu;SnF,,, the polarization factor becomes 1+(Q./|Q]),
where Q, is a component of Q along L. It grows (shrinks) with increasing L if the polarization is in-
plane or transverse (out-of-plane or longitudinal). The inter-plane correlations, which are

embedded in the dynamic structure factor, can be described by a function $1+acos(27TL/3), when
the correlations along ¢ only extend to the nearest neighbor plane located at c/3. Here the fit
parameter, o, indicates the type and strength of inter-plane correlations. (Ferromagnetic for positive
$\alpha$. Antiferromagnetic for negative a.) The product of the magnetic form factor for Cu®
spins, which decreases monotonically with increasing L, the polarization factor, and the inter-plane
correlation function denoted is in accordance with the in-plane (out-of-plane) polarization of the
Swi=t1 (Sier.=0) mode. Ferromagnetic inter-plane correlations are indicated by positive o
(0=0.31(15)). The polarization analysis for the excitations around 5 meV close to the zone
boundary, which is not shown, reveals mixing of the in-plane and out-of plane polarizations, or in

other words the S,3,=0 and Sy, ,=+1 modes merge near the zone boundary.

The magnetic excitation spectrum between 2 meV and 7meV in Rb,Cu;SnF;, is markedly
different from the spin-wave excitations observed in the classical spin-5/2 kagome lattice
antiferromagnet KFe;(OH)g(SO,), (jarosite), which orders magnetically at low temperatures. It also
differs from the continuum of spinon excitations in herbertsmithite, where the ground state is
believed to be a quantum spin liquid. Resonant modes in Rb,Cus;SnF;, are found only around the
zone center and their intensity decreases precipitously away from (-2,0), while in jarosite the

“weathervane” mode exists throughout the Brillouin zone and in herbertsmithite the spinon



continuum gives rise to hexagonal rings of diffuse scattering, surrounding zone centers. However,
between 8 meV and 10 meV we observe for Rb,Cu;SnF;, weak diffuse scattering near (-1.5, 0)
and (-2.5, 0) on both sides of the zone center (-2,0), as in herbertsmithite. This scattering, which is
diffuse in energy and broad in momentum, is different from the resolution-limited excitations below
8 meV and cannot be accounted for within the dimer series expansion. For herbertsmithite, the
recent neutron scattering places an upper bound of 0.25 meV on any gap in the continuum of
scattering. On the contrary, the continuum in Rb,Cu;SnF, is observed well above the sharp
dispersive modes of the pinwheel VBS state. Thus, while pinwheel dimerization and DM
interactions in Rb,Cus;SnF;, induce resonant modes at low energies, it appears that a threshold in
energy exists beyond which a spin flip is no longer a stable quasi-particle and the underlying
quantum kagome nature of the material is apparent. Whether this scattering is best interpreted as
resulting from two-magnon processes or magnon fractionalization will require a more detailed

comparison between theories incorporating such features and higher quality scattering data.

Cs,Cu,SnF,,

Experiment and results

Cs,CusSnF, crystals were synthesized in accordance with the chemical reaction 2CsF +
3CuF, + SnF, — Cs,CusSnF,. CsF, CuF, and, SnF, were dehydrated by heating in vacuum at
about 100 °C. First the materials were packed into a Pt tube of 9.6 mm inner diameter and 100
mm length in the ratio of 3:3:2. One end of the Pt tube was welded and the other end was 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 over 100 hours. After collecting
the well-formed pieces of crystal, we repeated the same procedure. Inelastic neutron scattering
measurements were performed on two co-aligned single crystals of Cs,Cus;SnF;, (total mass of 3.3
g) with a sample mosaic of about 1° at GPTAS and HER, which are triple-axis spectrometers run
by the Institute for Solid State Physics, University of Tokyo. At GPTAS, the final energy of the

thermal neutrons was fixed at 14.7 meV. The collimations were 40'-40'-sample-40'-80'. A pyrolytic



graphite (PG) filter was placed after the sample to remove contamination from higher-order
neutrons. The vertically focused (horizontally flat) PG crystals were used to analyze the scattered
neutrons. At HER, the final energy of the cold neutrons was fixed at 5 meV. The scattered
neutrons were analyzed using the central three blades of a seven-blade doubly focused PG
analyzer. A cool Be or oriented-PG-crystal filter was placed in the incident beam and a room-
temperature Be filter was placed in the scattered beam. In the analysis of the HER data, effective
collimations of $10'-40'-sample-160'-120' were used. For both experiments, the sample was aligned
with the (h, k, 0) plane horizontal to measure spin-wave excitations within the kagome plane. The

sample was cooled to the base temperature of 3 K using a *He closed cycle cryostat.

Using the 2a x 2a enlarged unit cell for the low-temperature crystal structure, we observed
an increased scattering intensity due to magnetic Bragg reflections below Ty=20.0 K at Q,,=(2m,
2n, 0), where m and n are integers. The ordering wave vectors correspond to the reciprocal lattice
points of the uniform kagome lattice above T,=185 K. This result indicates that the ordered state
has a q=0 structure. Hence the center of the 2D Brillouin zone located at Q,, is expected to give

rise to strong spin-wave scattering.

Figure 4(a) shows constant-Q scans measured using the GPTAS spectrometer. The scans
were performed at 3 K and at three different momentum transfers Q=(2, 2, 0), (2.25, 2, 0), and
(2.267, 1.867, 0). At the zone center (I"-point) Q=(2, 2, 0), we clearly observed two spin-wave
excitations at 10.7(5) meV and 13.6(4) meV, and extra scattering above the background below 5
meV (top panel of Fig. 4(a)). A high-resolution measurement using the cold-neutron spectrometer
HER revealed a spin gap of 1.0(6) meV as shown in Fig. 4(c). Away from the zone center along
the I'> M and I' — K directions, we clearly observed three peaks representing three branches of
spin-wave excitations, as shown in the middle and bottom panels of Fig. 4(a), respectively. Figure
4(b) shows constant-energy scans taken along two independent high-symmetry directions from the
I"-point to the M- and K-points. For both constant-Q and constant-energy scans, the peak width is
resolution-limited and the line shape is well described by the convolution with the resolution

function. As the temperature increases toward Ty, the energy of the spin gap A, which scales with



the order parameter, decreases toward zero and the peak width I", which is resolution-limited
below 7 K, becomes broader, indicative of the shorter lifetime of the excitations, as shown in the
inset of Fig. 4(c). Figures 5(a) and 5(b) show the spin-wave dispersions obtained from several
constant-energy and constant-Q scans throughout the Brillouin zone along the two high-symmetry
directions. The data points were obtained from resolution-convolution fits. Unfortunately, we were
not able to determine the excitation energies of the high-energy modes owing to the high phonon

background and low scattering intensity, which may be due to magnon instability.
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Figure 4. (a) Constant-Q scans measured at Q=(2, 2, 0), (2.25, 2, 0), and (2.267, 1.867, 0). (b)
Constant-energy scans measured at /1(=2, 4, and 6 meV along two independent high-
symmetry directions. (c) Temperature dependence of the spin gap at the ['-point. The main
panel shows constant-Q scans measured at the ['-point at different temperatures. Data sets for
different temperature are shifted vertically by 100. The inset shows the temperature
dependences of the spin-gap energy A and peak width I". The dotted line denotes the
resolution of the instrument obtained by the convolution fitting, and the dashed lines serve as a

visual guide. The error bar denotes the statistical error.
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Figure 5. (a) and (b) Experimental data and calculated spin-wave dispersions along the two
high-symmetry directions denoted by thick red lines in (c). Open symbols indicate the data
measured around (2, 2, 0) while closed symbols indicate the data measured at the equivalent
point around (0, 2, 0). Solid lines denote the best fit obtained using the DM model, and dotted
lines denote dispersions with J,,,”#=19.8 meV obtained from the magnetic susceptibility,J,=-1.07

meV, d,=-0.18, and d,=0.033. (c) Calculated energy-integrated scattering intensity of

Cs,Cu,SnFy,.
Discussion

We analyze the low-energy spin-wave dispersion observed in Cs,CusSnF;, in the
framework of LSWT. The underlying spin structure used to calculate the spin-wave dispersion is

that of the q=0 structure for the uniform kagome lattice, in which all spins are oriented either



toward or away from the center of a triangle. In our previous study on Rb,CusSnF,, we found that
the DM interactions play a dominant role in singlet-triplet excitations, i.e., a large out-of-plane
component of the DM vectors gives rise to large splitting between the S”=+1 and 0 modes and
reduces the energy gap at the I'-point. Therefore, as a first approximation, we consider the DM
interactions as the dominant anisotropy energy (referred to as the DM model), and express the

spin Hamiltonian as

B = Z{]U(si-5]-)+Dij-[5i><sj]}+j2 Z 5. &, 1)
<ij> Lk, I>»>
where J; and J, are the nearest-neighbor (NN) and next-nearest-neighbor (NNN) exchange
interactions, respectively, and D; are DM vectors. J; are nonuniform, and their magnitude is scaled
by J;, which can be written as Jy=aJ; where i=1, 2, 3, and 4, while the strength of the DM vectors
D; is scaled by the corresponding exchange interactions, D' =d,J; and D*;=d,J;, where the
configurations of the out-of-plane (in-plane) components of the DM vectors is D“ij (Diij). We neglect
the interlayer interaction, because the triplet excitations in Rb,Cu3zSnF, are dispersionless

perpendicular to the kagome layer.

The LSWT calculations of the spin-wave dispersion as well as the scattering intensity for
the DM model of eq. 1, which are shown in Fig. 5, were performed using a symbolic algebra
method written in Mathematica. The results reveal 12 branches of spin-wave excitations, but only
three dominant low-energy branches are observed experimentally. The strong inelastic scattering
intensity centered around Q,, (Fig. 5(c)) is consistent with the experimental data. The obtained fit
parameters are J;=13.6(3) meV, a;=1 (fixed), a,=1.0(1), a;=0.84(7), a;,=0.70(5), J,=-1.07(2) meV,
d,=-0.29(1) and d,=0.057(4), giving J*",,4=J11+J12+J13+J14)/4=12.1(7) meV. The solid lines in Figs.
5(a) and 5(b) represent the best fits with these parameters. The splitting of the two higher energy

modes ((04 and (0,, see Figs. 5(a) and 5(b)) at the I'-point results from zone folding due to the

structural transition. In the DM model, the energies of the (01 and (), modes at the I'-point are

mainly determined by the out-of-plane component D' of the DM vectors and the exchange



interactions. The value of D'is as large as 0.29J,, which is the same order of magnitude as the
value of D' observed in Rb,Cu;SnF,. This large out-of-plane component of the DM vectors

stabilizes the g=0 state, and thus is responsible for the magnetic ordering in Cs,Cu3;SnF4,. For a
uniform kagome lattice, the in-plane component D+ gives rise to the splitting of the (D, and (),
modes and the spin gap A, which are expressed as (0,-(0)=2 D* D" /(J;+J,) and A=\3 D,
respectively. The large splitting of the (04 and (0, modes and the small spin gap A cannot be

consistently described by the DM model with uniform J,, attesting to the necessity of a spin model

with the enlarged unit cell and nonuniform J,;. The (4 branch, which corresponds to the zero-
energy mode in the absence of the DM interactions, is lifted considerably owing to the large D Its

weak dispersion and lowest spin gap at the K-point can be ascribed to a small ferromagnetic next-
nearest-neighbor interaction (J,<0). Another possibility accounting for the dispersion of the (1,

mode is the quantum fluctuations, which are dominant for the spin-1/2 case and favor the \/3 X \/3

ordering at the K-point over the q=0 ordering.

Although the spin-wave dispersion observed in Cs,Cus;SnF, is qualitatively understandable
in terms of LSWT and the DM model, there is a large quantitative disagreement between the
exchange constant J,,, obtained from the spin-wave dispersion (J,,,""=12.1$ meV) and that
obtained from the magnetic susceptibility data J,,,"*°=19.8% meV. Here, we neglected the small in-

mag_

plane component of the DM vector d,. Jag 19.8 meV should be close to the true exchange

constant. However, the dotted lines in Fig. 5(a) and (b), which represent LSWT with J,,4"*, show a

large discrepancy between the LSWT result and the data especially for the (O; mode. We note
that the slope of this mode is predominantly determined by J,,,. Therefore, we deduce that the
quantum fluctuations decrease excitation energies from those obtained by LSWT, i.e., negative
quantum renormalization of the excitation energies occurs in Cs,CuzSnF4,. For a spin-1/2
triangular-lattice Heisenberg antiferromagnet, a recent theory predicts that at high energies spin-
waves are strongly renormalized, so that the dispersion becomes flat. However, in contrast to the
case of the triangular lattice, the renormalization factor (R=Jyg™"/ Jayg" °=0.61) in Cs,CusSnF,

appears to be independent of the momentum transfer.



We note the renormalization factors in other low-dimensional antiferromagnets. For

Cu(DCOO0),"4H,0, which is described as an S=1/2 square-lattice antiferromagnet, the positive
quantum renormalization with R=1.21 was reported. This renormalization factor coincides with
theoretical result. For Cs,CuCl4, in which antiferromagnetic chains are coupled to form a spatially
anisotropic triangular-lattice antiferromagnet, a large renormalization factor of R=1.63 was reported.
This large positive quantum renormalization is attributed not to the triangular geometry of the lattice
but to the spinon excitations characteristic of antiferromagnetic chain. For KFe; (OH)s (SOy4),, which
is described as an S=5/2 uniform KLAF, the renormalization factor is estimated as R=0.90 using
the exchange constants determined from the dispersion relations and magnetization and ESR
measurements. This fact together with the present result on Cs,CusSnF, shows that the negative
quantum renormalization of the excitation energies is universal for KLAFs with an ordered ground

state and enhanced with decreasing spin quantum number S.

Unpublished Results

Study of magnetic excitations in Cs,Cu,SnF,, using AMAERTAS

Magnetic excitations in the distorted kagome lattice antiferromagnet Cs,Cu;SnF;, were
measured using inelastic neutron scattering. The system is known to magnetically order at low
temperatures below Ty = 20 K. The sample is aligned in (HHL) zone and cooled down to 7 K
using a closed cycle He-4 cryostat. Two chopper configurations were used for two sets of
accessible incident energies (E;). In the first set-up, E; of 27.64 meV, 11.67 meV, 6.403 meV, and
4.035 meV are accessible while in the second set-up, E; of 51.04 meV, 16.98 meV, 8.388 meV and
4.988 meV are accessible. We found that E; of 16.98 meV gives the optimal result in terms of the

covering dynamic range and incident neutron flux.



Multiple datasets were acquired by rotating the sample about the vertical axis, which is parallel to
[-1, 1, 0], in steps of 2° covering roughly 100" of sample orientation. The background was
measured at 30 K, which is right above Ty, and 150 K for phonon background subtraction. These

datasets were then combined to produce a background-subtracted, four-dimensional scattering-

intensity function I(Q, h(x)), where Q is momentum transfer and /1 is energy transfer. However,
in this report we will only show the data taken at 7 K. The data were sliced and cut along high
symmetry directions using “Utsusemi” to produce contour maps. The scattering intensity is mapped
along two diagonal directions namely [1,1] and [-1,1]. The latter is perpendicular to the scattering
plane. The intensity is integrated along the [0,0,L] direction, taking advantage of non-dispersive
and rod-like scattering along the L axis (Figure 6), which is a result of the two dimensionality of the

system.
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Figure 6. A intensity map shows the rod-like scattering along (0,0,L). Figure 7. Spin-wave dispersion along (H,H)

The spin-wave dispersion along (H,H) shows a distinct feature (Figure 7). We observe the flat
mode, which is a characteristic of the frustrated kagome lattice, indicative of highly degenerate
connected states. In the high energy region, scattering intensity in the majority of the Brillouin
zone vanishes, which can be a result of magnetic structure factor or more interestingly caused by
magnon instability. We note that the magnetic excitations observed in this system is dramatically

different from those observed in a closely related compound Rb,Cu;SnF;,, in which the magnetic



excitations are of a singlet-to-triplet type and scattering intensity is centered around the zone

center.

The spin wave dispersion along (-H,H) shows the dispersive mode similar to that along
(H,H) but the intensity of the flat mode becomes very weak along this direction as shown in Figure

6.
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Figure 8. Spin-wave dispersion along (-H,H). Figure 9. A intensity map in the (H,K) plane

with an energy range [7.5-9] meV.

We note that the range of momentum transfer along (-H,H) is limited due to the smaller covering
area of detector perpendicular to the scattering plane. The asymmetry of scattering intensity of the
flat mode along (H,H) and (-H,H) can be best observed in the intensity map plotted in the (H,K)
plane at an energy transfer range of 7.5 meV to 9 meV as shown in Figure 9. Our preliminary
calculations of spin-wave intensity on this system show that this scattering intensity pattern can be
reproduced assuming the q = 0 spin structure, where spins on each triangle points either toward or

away from the center of the triangle, and non-uniform exchange interactions.

To summarize, we measured the spin-wave excitations in the distorted kagome lattice
antiferromaget Cs,CusSnF,, and observed the flat mode over extended region of the Brillouin zone.

In addition, we observed the absence of scattering intensity in the high energy region, which could



be due to the structure factor or magnon instability. We are currently working on the ‘analysis of
these results. The preliminary analysis shows good agreement with the spin-wave calculations for
low energy. However, the spin-wave result fails to explain the weak and broad scattering at high
energy. Quantum renormalization and two magnon process could play a role in suppression or
broadening of the magnetic excitations at high energy. Further work is required to understand

these phenomena in the highly frustrated magnet.
Nuclear and magnetic structure study of Cs,Cu,SnF,, using S-HRPD

Time-of-flight powder neutron diffraction was performed on the distorted kagome lattice
antiferromagnet Cs,Cu;SnF, to study its nuclear and magnetic structure at low temperatures. A
powder sample is filled in a 1cm-diameter vanadium can and cooled to base temperature of 10 K
using a closed cycle He-4 cryostat. The data are collected by three detector banks, which we will
called LA (low-angle bank), QA (90-degree bank), and BS (back-scattering bank) with the highest
resolution. The measurements were done at four temperatures, 10 K (below Ty = 20 K), 25 K,
which is right above Ty, 150 K (below T; = 185 K, where the structural phase transition occurs),
and 200 K. The counting time at each temperature is about 30 hours. After the data reduction
process and normalization, the reduced scattering intensity of each detector bank is plotted as a

function of either time-of-flight or d-spacing.

At the base temperature of 10 K. we observed magnetic Bragg peaks on top of the fundamental
nuclear Bragg peaks at Q = (2,0,2) and (2,2,0). We note that the peaks are indexed using an
approximate structure, where the space group is R-3, and the lattice parameters are a = 14.21 and
¢ = 20.18, since the true structure at low temperature of this material is not yet known. Figure 10
shows extra scattering intensity at 10 K compared to the data the 25 K at (2,0,2) and (2,2,0) for the

LA, QA and BS detectors, indicative of the magnetic Bragg peaks.



Figure 10. Top panels show the magnetic Bragg peak at (2,0,2) in the LA (left) and QA (right)
detectors. Bottom panels show the magnetic Bragg peak at (2,2,0) in the QA (left) and BS (right)

detectors.

At the structural phase transition, we observed the doubling of a unit cell, resulting in superlattice
reflections. Figure 11 shows a group of superlattice peaks observed at 150 K but not at 200 K

indexed by odd integers in H or/and K. These superlattice peaks are relatively small compared to
the fundamental reflections; in the figure the fundamental reflections are (2,4,4) shown on the left
and (0,0,9) shown on the right of the figure. In addition, we observed the splitting of the (2,4,4)

peak suggesting that the true crystal structure is not exactly R-3. However, currently, the correct
space group is unknown and further analysis is needed. We note that the splitting of some of the

fundamental reflections can only observed using the high-resolution BS detector. The resolution of



the LA and QA detectors is not enough to resolve the splitting and hence the data from those two
sets of detectors can be refined using the spaces group R-3.
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Figure 11. Superlattice reflections at odd integers in H or K between two fundamental reflections
(2,4,4) at d = 2.112 angstroms, which splits into two peaks, and (0,0,9) at d = 2.112 angstroms,

which does not split.

In summary, we performed high-resolution time-of-flight powder neutron diffraction on Cs,Cus;SnF;,
to study its nuclear and magnetic structure at low temperatures. We observed the magnetic Bragg
peaks at 10 K, which disappears above Ty = 20 K. This magnetic peaks are very weak and lie on
top of the structural peaks, making it difficult to detect. As the result, we can only observe two
such magnetic peaks. In addition, we observed the superlattice peaks, which are due to the
structural transition at T; = 185 K. These superlattice peaks are small compared to the
fundamental peaks indicative of small lattice distortion. Furthermore, the splitting of some
fundamental Bragg peaks with even H and K is observed. The splitting is not observed at (0,0,L).

This splitting of the fundamental peaks suggests that the symmetry of the crystal is not exactly R-3



as we have expected. We note that Rb,Cu,;SnF;,, which is a closely related compound to
Cs,Cu;SnF,, crystallizes in R-3 at room temperature. This difference of the crystal structure could
explain the observed difference in the magnetic ground states of these two compounds; while the
ground state of Rb,Cu;SnF,, is valence bond solid, S = 2 spins in Cs,Cu3SnF;, magnetically

order.
Study of magnetic excitations in doped (Rb,,Cs,,),Cu,SnF,,

The discovery of the pinwheel valence-bond-solid (VBS) state in the distorted kagome
lattice antiferromagnet Rb,Cus;SnF,, marks the first evidence of the VBS state in the approximate
kagome lattice. In our previous work, we have measured the S=1 singlet-to-triplet excitations of
the pinwheel VBS state using inelastic neutron scattering. Figure 12(a) shows the intensity map of
the “flower-vase” shape of the triple excitations measured at the Cold Neutron Chopper
Spectrometer (CNCS), the Spallation Neutron Source, Oak Ridge National Laboratory, USA. The
system shows the quantum spin state, which has been proposed to be very close in energy to the
ground state of the ideal kagome lattice. On the other hand, Cs,CusSnF;,, a close cousin of
Rb,CusSnF;,, shows a magnetic-ordered Néel state. We have measured the spin-wave excitations
of this distorted kagome antiferromagnet at AMATERAS, J-PARC, Japan. Figure 12(b) shows the
intensity map of the “clione-like” (sea angle) shape of the spin-wave excitations, which has been

discussed in the previous section.
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Figure 12. (a) Singlet-to-triplet excitations in a shape of “flower vase” were measured on single
crystal Rb,Cu;SnF;, at CNCS. (a) Spin-wave excitations in a “clione-like” shape were measured

on single crystal Cs,Cu;SnF;, at AMATERAS.
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Figure 13. A phase diagram of (Rb,Cs;.,),Cus;SnF,, show the quantum phase transition at x ~0.3.

In doped (Rb,Cs;.4)>,CusSnF;, preliminary thermodynamic-property measurements show that the
system undergoes the quantum phase transition from the classical Néel state, which is
characterized by Ty, to the VBS quantum state, which is identified by the presence of the single-to-
triplet gap, at x ~ 0.7 as show in Figure 13. However, the precise nature of spin dynamics of the
doped compound remains unclear. We, therefore, propose an experiment to resolve this issue by
studying magnetic excitations in a doped compound (Rb,Cs;_,),Cu3SnF, using inelastic neutron
scattering. (Rb,Cs;.4),Cu;SnF, crystallizes in the hexagonal R -3 space group with the estimate

lattice constants, a = 14 .0(2) A and ¢ = 20.3(1) A, depending on the value of x.

In this experiment, magnetic excitations in (Rby gCsq5),CusSnF,, were studied using the neutron
time-of-flight spectrometer AMASTERAS at J-PARC, Japan. A single crystal sample of mass ~3g
was aligned in (HHL) zone and loaded into a closed cycle He-4 cryostat for cooling to a base
temperature of 6 K. The chopper configuration is set up so that the energy of incident neutrons is
17 meV, which is the same configuration as that used in the similar measurements on

Cs,CusSnF4,. The dataset was taken at several sample rotation covering about 100 degrees in a



step of 2 degree rotation. Background was measured at 50 K. The intensity is integrated along the

[0,0,L] direction, taking advantage of non-dispersive and rod-like scattering along the L axis.
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Figure 14. Scattering maps show magnetic excitations as a function of energy transfer and

momentum transfer along [H,H] and [-H.H] directions

Figure 14 shows the scattering intensity maps measured at the base temperature of 6 K. Red
denotes high intensity while dark blue denotes low intensity. The left panel shows magnetic
excitations at (2,2,L) along (H,H) while the right panel shows the excitations along (-H,H). The
measured scattering pattern is quite different from the magnetic excitations observed in both
Cs,Cu3SnF 4, and Rb,Cu;SnF4,. The magnetic excitations appears to concentrate around the zone
center and has a characteristic of a resonance scattering, that is, most of the scattering intensity
concentrate within a small range of energy, in this case between 1-6 meV. Above 6 meV, the

scattering become diffusive and relatively weak.
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Figure 15. Scattering maps show magnetic excitations between energy transfer 3-6 meV as a
function of momentum transfers [H,H,0] vs. [0,0,L] on the left panel and [H,H] vs. [-H,H] on the

right panel. The energy is integrated from 3 meV to 6 meV.

Figure 15 shows energy-integrated scattering maps as a function of momentum transfers. The left
panel shows the scattering rod along the L direction, attesting the two dimensionality of this
system. The right panel show strong scattering intensity around the Brillouin zone centered at

(2,2,L), (2,0,L) and (0,2,L).

In summary, we observe magnetic excitations in (Rby ¢Csq,),CusSnF;, that are quite different from
both in Cs,Cu3SnF4, and in Rb,CusSnF4,. The origin of this scattering is not clear. One possibility
is that the resonance scattering is intrinsic to this system. A less-interesting alternative is that it is
due to randomness of exchange interactions caused by disordered doping. Further analysis is

needed to distinguish between these two possibilities and examine other effects.

Synthesis and Characterization of 0l-Cu,V,0, Single Crystals

Experiment

Starting material of Cu,V,0; was prepared from high purity CuO and V,0s. The chemicals
were dehydrated and weighed with stoichiometric ratio then ground thoroughly with ethanol. The

mixture was calcined at 500 “C for 24 hours prior to the crystal growth process. The obtained



powder was inserted into a quartz tube. The bottom end of the tube was shaped into a taper for
seed selection while the top end was tightly closed with silica wool. The sample was melted in the
air at 850 °C for 10 h to ensure the homogeneity and then moved down through a constant
temperature gradient of about 10 “C/cm with a rate of 1 cm/day. The sample was finally cooled
from 700 °C to room temperature at a rate of 5 “C/min. The crystals were extracted from the quartz
tube by mechanical separation. Small pieces of the crushed crystals were collected and ground for
powder x-ray diffraction measurement then analyzed with the Rietveld refinement using FullProf. To
further investigate the crystallinity and magnetic properties, single crystal neutron diffractions were
measured with zero magnetic field at the BT-7 Double Focusing Thermal Triple Axis Spectrometer
at the NCNR, USA. Magnetic susceptibility were measured to the base temperature of 5 K with a
superconducting quantum interference device (MPMS-XL, Quantum De- sign) at Tohoku University,

Japan.

Figure 16. Single crystals OL-Cu2V207.

Results and discussion

The obtained crystals are shown in Fig 16. The largest size of the crystals is about 1x1x0.5
cm® with a mass of more than 1 g. The cleaved facet is naturally (1,0,0) planes. Powder x-ray
diffraction from the crushed with the Rietveld refinement gives lattice constants from the refinement
a=206954) A, b=28406(1) A, and c = 6.450(1) A, which is in good agreement with those
reported in ref.12. The result shows that the major phase of the crystals is almost pure 0l-Cu,V,0;

(about 98 wt %) with a small amount of impurities which can be indexed as B-Cu2v207 (the



(2,0,0) peak in Figure 17) and an unknown (* symbol), however we found from the elastic neutron
scattering that this impurity and the B—Cu2V207 are showing up as the powder rings with a very
low intensity. The impurities are however still presence after several tries with different cooling
conditions which is an important parameter to control the phase as described by the previous
studies. Our experiments found that the fraction of B-phase is getting higher compared to QO-phase
when the cooling rate is faster. Hence it is necessary to slowly cool the sample through the phase

transition temperature at 712" to avoid the mixed phase.

Vo <5<

5 %
g.
=
gn
Q
L =1
6L 2
g4
L '\’.2.
£
% 1\ =
Z H /f a-axis

H L a-axis

+ (10 cm*/mol Cu)

((womy jow 0L), £

0 50 100 150 200 250 300
T(K)

Figure 17. Magnetic susceptibility measurements. Upper panel shows the measurements from
different crystallographic directions and the inset shows an order parameter measurement at
(0,2,0) as a function of temperature. Lower panel shows both Bonner-Fisher fit and the Curie-

Weiss law fit to the susceptibility with applied magnetic field parallel to the bc-plane.

Temperature dependence of magnetic susceptibility (X = M/H) in the zero field-cooled
mode (ZFC) is shown in Figure 17. The magnetic field is applied both parallel and perpendicular to

the a-axis (upper panel). The susceptibility exhibits anisotropy and shows a sharp transition at



temperature 33 K consistent with the order parameter measurement from neutron scattering at (0,2,0)
Bragg position (inset). The abrupt increase at 33 K is due to the transition from paramagnetic state
to antiferromagnetic state with spins canting which is arising from Dzyaloshinskii-Moriya (DM)
interaction and resulting in the weak magnetization. Above 100 K the fit of X—1 vs T to the Curie-
Weiss law (lower panel of Figure 17) gives a Curie constant of 0.54 cm®/mol Cu and a negative

Weiss temperature at -73 K. These values are in line with the previous results.

When the magnetic field is applied parallel to the a- axis a small cusp can be observed
at the magnetic ordering transition. On the other hand, when the field is applied perpendicular to the
a-axis (i.e. along the bc-plane) the susceptibility shows a broad maximum at around 50 K, which
relates to 1D Heisenberg antiferromagnet, before an abrupt increase to the ordered state at lower
temperature. The lower panel of Figure 17 shows the best fit to the Bonner-Fisher (BF) model  for

1D S = 1/2 system
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