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% Check for updates The pursuit of quantum spin liquid (QSL) states in condensed matter physics

has drawn attention to kagome antiferromagnets (AFM) where a two-
dimensional corner-sharing network of triangles frustrates conventional
magnetic orders. While quantum kagome AFMs based on Cu* (3d’, s =1%) ions
have been extensively studied, there is so far little work beyond copper-based
systems. Here we present our bulk magnetization, specific heat and neutron
scattering studies on single crystals of a new titanium fluorides CsgRbK;Ti;,F45
where Ti** (3d', s =1%) ions form a modulated quantum kagome antiferro-
magnet that does not order magnetically down to 1.5 K. Our comprehensive
map of the dynamic response function $(Q, #@) acquired at 1.5 K where the
heat capacity is T-linear reveals a dispersive continuum emanating from soft

lines that extend along (100). The data indicate fractionalized spinon-like
excitations with quasi-one-dimensional dispersion within a quasi-two-
dimensional spin system.

Atomic magnetic moments in insulating solids generally develop static
polarization below a temperature of order the inter-site interactions
energy J. But in analogy with helium, which fails to solidify upon
cooling, it may be possible to replace low temperature frozen mag-
netism by a intrinsically fluctuating state called a quantum spin liquid
(QSL)". Ever since this was proposed by Philip Anderson in 19737,
numerous theoretical works have been reported to understand the
nature of the QSL and determine whether it can be realized as a new
state of matter. The theoretical consensus is that the spin liquid is a
quantum mechanically long-ranged entangled state with excitations
that are topological in nature. Two classes of quantum spin liquids
have been proposed, depending on whether the excitation spectrum is
gapped or gapless, which reflects different structures of the quantum
entanglement®™, Experimentally, quasi-one-dimensional materials
have been identified that fail to order even for temperatures well

below the interaction strength such as the uniform antiferromagnetic
spin-1/2 chain™*, However important features of spin-liquids including
particle exchange processes are not possible in one dimension and
long range order or a spin-Peierls lattice distortion eventually occurs
for T<//kg. While the exactly solvable Kitaev model with frustrated
bond dependent anisotropic interactions proves that a quantum spin
liquid is possible in two dimensions, no materials realization has yet
been identified and widely accepted. While an exact solution is not
available, the quantum kagome Heisenberg antiferromagnet with iso-
tropic antiferromagnetic near neighbor interactions on a two-
dimensional corner-sharing network of triangles may also support a
spin liquid and remains of great interest™'®. The most thoroughly
studied kagome spin-liquid candidate so far is herbertsmithite,
ZnCusz(OH)Cl,, where Cu® (d®, s = V%) ions provide the spin-1/2 degree
of freedom’". Single-crystal neutron scattering studies have revealed a
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broad dispersionless continuum of spin excitations for wave vector
transfer along lines that connect I' points in neighboring Brillouin
zones”. Beyond a low energy regime that is associated with inter-layer
magnetic defects, and up to half of the magnetic bandwidth the
dynamic correlation function appears to take a “local” factorized form
S(Q, hw) = f(Q)g(hw) in herbertsmithite>'s.

Recently several new kagome compounds A,BTisF;, were dis-
covered where Ti** d" forms the spin V2 and F~ is the superexchange
mediating ligand. These include inorganic compounds with A=Rb, Cs
and B=Na, K, Li”* and metal-organic compounds with A=CH;NH;
and B = Na, K*?>?°, These materials present new opportunities to explore
kagome magnetism experimentally. In particular the periodic mod-
ulation of interactions within the kagome layers and the extreme two-
dimensional character of the magnetism may promote spin-liquid-like
characteristics. For while magnetization and specific heat studies
report Curie-Weiss temperature, O, from -30 K to —47 K for the
inorganic compounds”?, O, = — 139.5 K and -83.5 K for the metal-
organic compounds (CH3NH3),KTisF;, and (CH3NH3),NaTisF,*>%,
respectively, there are no indications of magnetic ordering. Various
alternate ground states have been proposed ranging from a gapless
disordered state (Cs,NaTisF;;) and a gapped disordered state
(Cs,KTisF1»)", to a disordered state with weak spin-glass-like freezing
((CH3NH3),BTisFp, (B=Na, K))*. To go further with these promising
QSL candidates, studies of their spin correlations at the atomic time
and length scale are needed.

In this study we report a neutron scattering study of
CsgRbK3Ti,F4s, Which provides access to the wavevector (Q) and
energy (fiw) dependent dynamic spin correlation function of this new
material in the titanium kagome family. Specifically, time-of-flight
(TOF) neutron scattering measurements were performed on three co-
mounted single crystals with a total mass of ~1g. To map the entire
band of magnetic excitations up to 15 meV with the appropriate energy
resolutions, data with incident neutron energies, £;= (3,4,6,10,19) meV
and corresponding energy resolutions (0.11,0.17,0.27,0.51,1.20) meV
were concurrently acquired. For an overview of the phase diagram,
bulk magnetization and specific heat capacity measurements were
also performed on a single crystal. The experiments show that
CsgRbK;Tij,F4g does not develop magnetic order down to 3% of the
Weiss temperature. The coexistence of a T-linear specific heat and
linearly dispersive gapless continuum scattering emanating from lines
in reciprocal space indicates a quasi-one-dimensional character
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Fig. 1 | Bulk magnetic susceptibility and specific heat. a Bulk susceptibility,
X=M/H, as a function of temperature (7), for a single crystal of CsgRbK;Ti;>F4s. The
left bottom insert shows the kagome lattices formed by Ti*" ions. The crystal
structure of CsgRbK;Ti;F4s is obtained by x-ray refinement and is described in the
Supplementary Information. In the inset at the left bottom corner, red solid, red
dashed, blue solid, and blue dashed lines refer to the crystallographically different
Ti pairs (see Supplementary Fig. 3b). Black line and red line are data taken under an
external magnetic field of u,H =1 T perpendicular to and parallel to the ab-plane,
respectively. The blue line represents the theoretical susceptibility calculated by
the exact diagonalization method for a 12-site kagome cluster with an exchange
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though strong magnetic interactions define a two-dimensional net-
work of interacting spins. These observations indicate that
CsgRbK3Ti,F4s may indeed form a quasi-two-dimensional gapless
quantum spin liquid.

The crystal structure of CsgRbK;Ti;F,5 has the R3m space group
with the hexagonal unit cell parameters of a=15.242(18) A and
c=18.477(19) A (see Supplementary Information). The magnetic Ti**
(s=1/2) ions form two-dimensional modulated kagome layers in the
ab-plane (see the inset of Fig. 1a) that are well separated by non-
magnetic layers of alkali cations (Supplementary Fig. 2a). In the
kagome layer, each Ti*" ion is surrounded by six F ions, and the
fluorine octahedra of neighboring Ti** ions share one corner (see
Supplementary Fig. 2b). The fluorine octahedra are compressed along
the crystallographic c-axis so that the d" electron of the Ti*" ion occu-
pies the d,, orbital that extends mainly in the ab-plane. The magnetic
interactions between neighboring Ti** ions arise from super-exchange
interaction via their shared F~ ligand. While the difference between the
longest and the shortest bond length is just 0.47%, the /Ti-F-Ti bond
angles vary from 139.1° to 148.1° which Density Functional Theory
projects to produce a variation in the super-exchange interactions
(see Supplementary Information). The chemical unit cell in the ab-
plane contains 2 x 2 unit cells of the simple uniform kagome lattice.
The DFT results indicate a modulation of the exchange constants in
the form of two inter-penetrating triangular superlattices; one super-
lattice shown as red solid and red dashed lines in the inset of Fig. 1a can
be viewed as small triangles (formed by red dashed lines) separated by
(10) and (01) from each other that are connected by red solid and red
dashed lines, and the other superlattice shown as blue solid and blue
dashed lines can be viewed similarly, i.e., small triangles (formed by
blue solid lines) separated by (10) and (01) from each other that are
connected by blue dashed lines. We denote wavevector transfer Q by
Miller indices (HK); in the corresponding reciprocal lattice. We also
use Miller indices (%) ,,  that refer to a reciprocal lattice with twice
larger reciprocal lattice vectors (a;kag:ZaT,.). It is not only for the
comparison with other kagome compounds but also because, as dis-
cussed later, despite the expected modulation of the super-exchange
interactions the dynamic magnetic unit cell revealed by spin fluctua-
tions is the same as that of the simple uniform kagome lattice.

Figure 1a shows bulk susceptibility (x = %) data obtained from a
single crystal of CsgRbK;Tij;F4s measured in a 1 tesla field. Fitting the
high T data (inset) yields a Curie-Weiss temperature of O, = — 47.4 K
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constant of / = 7.2 meV>%, The inset on the top right shows 1/ vs. T and the dashed
blue line is a fit to the Curie-Weiss law, with Curie-Weiss temperature O, = — 47.4
K and an effective moment of Posr =1.74 pig ~ g+/s(s +1) ug with the g-factor g=2
and s =1/2. b Magnetic specific heat divided by T, C,,,,/T (red symbols), and spin
entropy AS (blue symbols) as a function of temperature. The phonon contribution
to the specific heat capacity was measured for nonmagnetic isostructural
Cs,KGasFy;, and subtracted to obtain C, mag (see Supplementary Fig. 7). The hor-
izontal dashed line is the total entropy, S,,, =R In(2s +1), expected for s=1/2. The
insert shows C,,,,, at low temperatures, and the black line is a fit to C,,,,, =y 7% with
y=0.211(1) J/mol/K** and a =1.049(3).
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which corresponds to an average near neighbor exchange constant of
/=41 meV. The effective moment is Per=174pp ~
g+/s(s+1) g =+/3 1y for g=2 and s=1/2 as expected for Ti*". y does
not exhibit sharp anomalies indicative of any magnetic phase transi-
tion down to 2 K. A broad maximum centered at around 7* =12 K that is
present for fields parallel and perpendicular to the c-axis is consistent
with a thermal cross over from a paramagnetic to a QSL phase in a
Heisenberg spin system. The blue line represents the theoretical sus-
ceptibility calculated using the exact diagonalization method for a 12-
site uniform kagome cluster, which reproduces the susceptibility
maximum with the nearest neighbor isotropic exchange constant of
J=7.2meV?, Figure 1b shows magnetic specific heat divided by T,
CLT"g, (red symbols) and the magnetic entropy, AS, (blue symbols) as a
function of 7. Upon cooling, C’;“g begins to increase for T below 150 K
and then increases more sharply below 50 K = |©cy|. A rounded
maximum near T -~ 4.5 K could be associated with entering a QSL
regime. The change in magnetic entropy AS reaches a plateau value
of 67%‘;‘1‘:‘} that is close to the expected full entropy value
of RIn(2s+1) ~ 5.76rﬂg+T'ieK. In the inset, C,,,, is plotted for low tem-
peratures as a function of T, which shows a gradual increase with
increasing T up to 10 K, and no anomaly that might be associated with a
phase transition. The black line in the inset is a fit to C,,, =yT* with
y=0.211(1) J/mol/K** and a=1.049(3). Near proportionality of Cinag
with T at low temperatures was also reported for (CH3NH3),NaTisF;,*.
This contrasts with the quadratic behavior expected for two-
dimensional linearly dispersive Goldstone modes of a rotational sym-
metry breaking ordered state. It is also distinct from herbertsmithite
where C,,qq TS at low temperatures”. T-linear magnetic specific
heat is consistent with a finite density of fermionic quasi-particles at
the chemical potential. It is a property of the Fermi liquid where the
Sommerfeld constant of proportionality is a measure of the density of
states at Fermi energy Er. The Heisenberg AFM spin-1/2 chain with a
Luttinger liquid ground state has a Sommerfeld constant y = 2kgR//
where R is the gas constant, k; is the Boltzmann’s constant and / is the
exchange constant?®”, Introducing the Curie Weiss estimate for /=4.1
meV yields y=0.12)/mol/K*> which remarkably shows this two-
dimensional magnet actually has more low energy density of states
than a one-dimensional spin system with the average near neighbor
exchange constant. Thus, we should expect soft modes extending over
areas in Q-space as for the spin-1/2 chain.

Figure 2 shows the dynamic spin correlation function S(Q, iw),
obtained from magnetic neutron scattering data acquired at 1.5K <T*
(Fig. 2a) and 20 K >T* (Fig. 2b), both temperatures that are well below
|©cy|. The horizontal momentum axis (M, — I} — I, > M, — K;)
traverses all high symmetry lines in the 2D Brillouin zone (the left inset
of Fig. 2¢) and the energy range extends from 0.1meV to 4 - k3|0, | ~
16 meV. At 1.5K, S(Q,hw) exhibits strong signals at low energies
(Fig. 2a) that weaken considerably at 20 K (Fig. 2b) and therefore are
identified as magnetic. Figure 2a shows the magnetic excitation spec-
trum extends to ~ 10 meV ~ 2.5k3|0,|. Strong gapless spin fluctua-
tions are apparent at I', =(20)y; =(10), o Which is the characteristic
wavevector of the g=0 structure that does not break translational
symmetries. No such gapless fluctuations are found at
Ky =(33)1;= (33), 1uer Which is the characteristic wavevector of the
V3 xV/3 structure. ﬁle characteristic slow g =0 spin fluctuations indi-
cated in the inset of Fig. 2c has all spins pointing in or out of the
triangles that make up the kagome lattice. The fact that the strong
gapless spin fluctuations are present at I'; =(20); = (10); g and they
are absent M1=(10)Ti=(%0)s_kag tells us that despite the expected
modulation of the super-exchange interactions the dynamic magnetic
unit cell is the same as that of the simple uniform kagome lattice and
2 x 2 smaller than that of the chemical unit cell. As shown in Supple-
mentary Fig. 4, the spin wave theory with the DFT estimated /s yields
strong gapless excitations at M; = (10)y; = & 0)54kag in addition to much
more complex spin wave spectra than the experimental S(Q, #w). This

S(Q, Aw) (1/meV/Tid+)
0.0 0.1 0.2 0.3

(Hr K)Ti = (H/2, K/Z)s.kag

Fig. 2 | Dynamic spin correlation function for CsgRbK;Ti;,F4g. Color contour
maps of the normalized dynamic spin correlation function, S(Q, hw), versus
momentum (Q) and energy transfer (iw) along the M, — T, - T, > M, — K,
path in the 2D Brillouin zone at a 1.5K and b 20 K. In those panels, the white lines
represent the dispersion relations of linear spin waves (LSW) predicted for the spin
Hamiltonian of Eq. (1) with /= 8.7 meV and D; =Dz with D=0.23 meV (see main
text). ¢ Contour maps of S, (Q, hw), calculated for this model using spin wave
theory and adding a phenomenological energy dependent damping term with
lifetime 7= Ehe_k where 6¢; =0.4 - €. See main text for details. The insets show the
Brillouin zone boundaries of the simple kagome lattice and a g = 0 magnetic
structure. The symbols ©, ® represent the direction of the DM vectors used in the
minimal model.

suggests that some aspects of the quantum kagome antiferromagnet
survive bond modulation. And thus, we will later discuss a spin wave
theory for the uniform / to compare with the data.

Does CsgRbK;Tij,F4g undergo a phase transition or develop any
static magnetic correlations? To answer this, we plot along the same
path as for the Q — hw slices, the difference in the elastic scattering
intensity, S(Q); = [* ooV §(Q, hw)d(hw) between T=15K and T=20
K as black bullets in Fig. 4a. Seeing no Bragg peaks in these data, places
an upper limit of 0.05 pz on the moment size for the static magnetic
order indicated in Fig. 2c. Furthermore, when averaging
5(Q, hw)/|F(Q)|2 at 1.5 K over the Brillouin zone (F(Q) is the magnetic
form factor of Ti’*) and integrating over energy, we find
Jomey S(F‘fg;?’>d(hw) =0.492)/Ti**  which exhausts the total
moment sum’ rule: 2s(s+1)=0.5/Ti**. Thus, we conclude that
CsgRbK3TiF4g remains in a dynamic potentially spin-liquid state at
leastdownto 1.5K <T*<<|G)CW | Figure 2a reveals a dispersionless mode
centered at hiw=A ~ 2.4 meV that extends over extended area of Q
space including zone boundaries. Such a mode is reproduced within
spin wave theory (white lines in Fig. 2) as the so-called weathervane
mode (co-rotation of spins within a-oriented chains around the axis of
the parallel spins that surround it, i.e., for instance in the inset of Fig. 2¢
the co-rotation of ABAB sublattices around the C spin) driven to finite
energy transfer by the DM interactions (Fig. 2c inset).

The white lines in Fig. 2a, b are the dispersion relations obtained
with a phenomenological spin wave model to be discussed in detail
later. But while this model can be tuned to account for the dispersive
bounds of the continuum, there is strong magnetic scattering between
the dispersion curves where no spin waves are present in the model.
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Fig. 3 | Q-dependences of dynamic spin correlations in CsgRbK;Ti;,F,g for dif-
ferent energy ranges. Symmetrized color contour maps of the fiw-integrated
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response function || :wf S(Q, hw)d(hw), a-c for 1.5 K and d-f for 20 K, and g-i those of
the damped linear spinwave theory with lifetime 7= %he—k where 6, =0.4 - ¢,
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j-1those of Landau-Lifshitz dynamics (LLD) simulations at 2.2 K, obtained for three
integration ranges: a, d, g, j [hw,, hw,] =[0.3,1.3)meV; b, e, h, k [hw,, hw,] =[1.9,2.9]
meV; and ¢, f, i, | [hw,, hw,] =[6.0,7.0] meV.

Though the large unit cell allows for more modes than the model
calculations, the absence of a static magnetic order makes conven-
tional spin wave theory of limited use to describe magnetic excitations
in CSgRbK3Tile4s.

Focusing on the Q-dependence of magnetic excitations we plot
the dynamic spin correlation function [ zsz(Q, hw)d(hw) in repre-
sentative energy bands as color maps in Q space (Fig. 3) and as line cuts
along high symmetry trajectories (Fig. 4). Dispersion is apparent in the
evolution of Q dependence of dynamic correlations with fiw that is
apparent in these figures. At low energies and low T=15K, S(Q, hw €
[0.3,1.31meV) (Figs. 3a and 4a) forms sharp ridge of intensity along the
I, — M, — I, trajectory, which indicate quasi-one-dimensional cor-
relations extending along weathervane chains (insets in Fig. 2c).
S(Q, hw € [1.9,2.91meV) (Figs. 3b and 4b) covers the dispersionless DM
mode centered at iw ~ 2.4 meV, which is strongest alongI', — M, —
I, and exhibit a broad three-fold-like peak centered at the K point.
The 1D cut in Fig. 4b shows the intensity rises from I'; in proportion to
Qbothat1.5Kand at 20 K. S(Q, hw € [6,7] meV), close to the top of the
magnetic excitation bands, shows a broad ring around I', (Fig. 3c),
which is not present at lower fiw and indicates dispersive magnetic
excitations. Dispersiveness in the high energy range is also apparent in
the 1D cut of Fig. 4c which features two peaks surrounding I',. It is
interesting to note that the unit cell for the dynamic q =0 structure is
the same as that of the simple kagome and 2 x 2 smaller than that of the
chemical unit cell of CsgRbK;Ti;,F4s.

At 20K, S(Q, hw) shows similar features for all energy ranges
though much broader than for 1.5K. For instance, S(Q,hw €
[0.3,1.3]meV) broadens asymmetrically toward K, rather than K;
(Fig. 3d). S(Q, hw € [1.9,2.9]meV) shows similar broadening that makes
the three-fold-like peak more prominent around K, (Fig. 3e). In
S(Q, hw € [6, 7]ImeV) the dispersive ring like features observed at 1.5K
are no longer visible in Figs. 3f and 4c. The broadening of all features in
S(Q, hw) with increasing fiw is evident throughout Fig. 4a-f.

Now let us turn to the fiw-dependence of the magnetic response
function. Figure 4d, e shows S(Q, 7w) for 1.5K and 20 K at I', (Fig. 4d),
K, (Fig. 4e), and M, (Fig. 4f). At 1.5K (blue circles) S(Q, hw) exhibits
gapless excitations at I', with little structure at the hw ~ A weathervane
DM mode. Intensity decreases steeply up to hw ~ 4 meV and then

weakens more slowly all the way up to 4w ~ 13 meV. The gradually
decreasing scattering intensity for 4 meV < hw <13 meV at I, indicates
the existence of a continuum of excitations because as shown in Fig. 2a
there are no spin wave modes for 7w > A at T,. At K, and M, (Fig. 4e, f),
S(Q, hw) exhibits a broad peak centered at 4w =A and a similar con-
tinuum for 4 meV $hw <13 meV as at I',. The disappearance of the
weathervane mode peak throughout the Brillouin zone upon heating
(Fig. 4d-f) signals that its presence relies on correlations that are lost
at20K.

To appreciate the exotic nature of dynamic spin correlations in
CsgRbK;TiFag, we first consider a phenomenological model of
damped spin waves with short lifetime. Contrary to our experimental
evidence, the LSW theory, of course, assumes the existence of a
magnetic long-range order, and thus the theory is not expected to
accurately reproduce the experimental data. Nevertheless, through
comparison with the measured Q-resolved excitation spectra, LSW
theory allows us to estimate relevant interactions with greater speci-
ficity than can be obtained from susceptibility data. The minimal spin
Hamiltonian used contains two terms, the isotropic nearest neighbor
exchange coupling, /, and an antisymmetric Dzyaloshinskii-Moriya
(DM) interaction, D;; **':

=SS5+ S Dy (5,x8)) M

<NN> <NN>

Another reason for us to have considered the simplest spin
Hamiltonian is that the spin Hamiltonian with modulated /s deter-
mined by the DFT calculations yields an ordered ground state and low
energy gapless magnetic fluctuations at M; = (10); = %O)S.kag as shown
in Supplementary Fig. 4. The absence of the low energy gapless mag-
netic fluctuations at M1:(10)Ti:(%0)5,kag in the experimental data
(Fig. 2a) again indicates a remarkable robustness of the quantum
kagome spin liquid state.

The white solid lines in Fig. 2a, b are the resulting spin wave
dispersion relations for the =0 state obtained with /=8.7 meV
and D;=Dz with D=0.23meV. The LSW dispersion relations
catch some of the overall properties of the experimental S(Q, hw),
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Fig. 4 | Q- and fiw-dependence of the dynamic spin correlations in
CsgRbK;TijoF4s. Q-dependence of the fiw-integrated response function

1028(Q, hw)d(hw) along My — T — T, — M, — Ky, with a [w;, ho,] =[0.3,1.3]
meV; b [1.9,2.9] meV; and ¢ [6.0, 7.0] meV. fim-dependence of S(Q, hw) at three
different high symmetry Q points: dI';; e K,; and f M. Here to increase the statistics,
we integrated S(Q, hw) over (h+ 0.1,k +0.1)y; for Q=(h, k)y;. In all panels, blue
circles and red triangles are data for 1.5 K and 20 K, respectively. Black filled circles

M,

() 3

2

in a are the difference in the elastic signal between 1.5K and 20K,

S¢/(Q,1.5K) — 5,/(Q, 20K), where S,(@) = [° 327V §(Q, hw)d(hw), showing there is
no spin freezing, either short-ranged or long-ranged, along the high symmetry
directions of M, — I' - ', - M, — K,. Blue solid lines represent the corre-
sponding response function calculated for the damped LSWs with lifetime 7= 3.
where ¢ = ne, with n = 0.4, while green and deep violet lines represent the results

of LLD simulations at 1.5K and 2.2 K, respectively.

such as two dispersive modes, one gapless and the other
gapped, coming out of the I', point and both dispersing all the way

up to th,top=2js(1+«/§jQ) ~91 meV at M and hwy p=
js\/g1 /3+6%Z +5\/§§—’ ~ 9.6 meV at K points, with a dispersionless
mode centered at hw ~ A=3+2Js, /2 (5—’ + %) =2.67 meV over an

extended area of Q space. The value of /= 8.7 meV exceeds the value
of the average exchange constant obtained from the Curie-Weiss
temperature, O, = —47.4 K by a factor 2.1, which indicates a
quantum renormalization of the magnon bandwidth. The analysis
also identifies the dispersionless mode at A as the zero-energy
weathervane mode of the kagome AFM lifted to a finite energy by the
DM interaction. Several theoretical works on the quantum kagome
antiferromagnet predict that magnetic long-range order will appear
at low temperatures when the ratio 5—’ exceeds a critical value that
ranges from 0.012 (tensor-network study®) to 0.08 (Density Matrix

Renormalization Group®) to 0.1 (exact diagonalization®) to 0.12
(functional renormalization group™®). JQ=O.027 obtained from our
analysis for CsgRbK;Tij;F4g is smaller than all but the tensor-network
value, which supports the lack of spin freezing in this compound. A
detailed description of the LSW calculations is in the “Methods”
section.

We have also performed the Landau-Lifshitz dynamics (LLD)
simulations to compute the finite-temperature neutron scattering
intensity S(Q, w). An advantage of the damped LSW is that it provides
an analytic dispersion relation for a given spin Hamiltonian. The
advantage of LLD is that it does not require an ordered state and
provides an estimate of temperature dependent damping. As shown in
Fig. 5b-d, the best fitting of the LLD simulations to the 1.5K experi-
mental data was obtained with an effective temperature of 2.2 K.

To what extent might damped spin waves be able to account for
the observed magnetic excitations at 1.5 K? We calculated S, (Q, hw)

for spin waves with and energy-dependent lifetime, 7= 35 where ¢,
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Fig. 5 | Experimental and Landau-Lifshitz dynamics simulated dynamic spin
correlation function for CsgRbK;Ti;;F4s. a Color contour maps of the normalized
experimental dynamic spin correlation function, S(Q, #w), versus momentum (Q)
and energy transfer (hw) along the M, — Il - I, > M, — K, path in the 2D

Brillouin zone, taken at 1.5 K. Landau-Lifshitz dynamics simulation results obtained
for1.5K (b), 2.2K (c), and 3 K (d) for the spin Hamiltonian of Eq. (1) with/=8.7 meV
and Dy =Dz with D=0.23 meV (see main text).

is the energy uncertainty that increases with the energy of the spin
wave for wave vector Kk, €,: 6, =1 - ;. The optimal coefficient 7=0.4
was determined for the resulting S, (Q, hw) to reproduce the broad
peak around 7w ~ A at K, and M points as shown in Fig. 4e, f. The
corresponding optimal lifetime is 7 ~ 0.4 ps for €, ~2 meV and
0.09 ps for €, ~ 9 meV. For comparison, the long-lived spin waves are
usually calculated with 721 ps for all energies. Even though S, ¢,/ (Q, iw)
captures some salient features of the experimental S(Q, #w) as dis-
cussed before, the damped LSW theory cannot reproduce S(Q, hw)
well. Most notably, for hw<A, S;5,(Q, hw) exhibits sharp Goldstone
modes around I, (see Fig. 3g), while S(Q, hw) exhibits intersecting
ridges of scattering extending along the I, - M — I, directions
(Fig. 3a). Furthermore, S, (Q, hw) cannot reproduce the continuum
that is present in S(Q, hw) for hw=5 meV (see Fig. 4d-f). As shown in
Figs. 3j-1 and 4, the LLD simulations at 2.2 K yield similar results to the
damped LSW theory. However, neither theory fully reproduces the
experimental data (Table 1).

The failure of these phenomenological models indicates that spin
waves are unstable and fractionalize into two spin-1/2 quasi-particles
which is a hallmark of the quantum spin liquid. Let us compare our
results with previous relevant experimental and theoretical works.
The low energy S(Q, w) shown in Fig. 3a that exhibit strong signals at
the I', points and along the straight lines connecting neighboring I',
points is consistent with S(Q,%w) reported for ZnCus(OH)¢Cl,
(herbertsmithite)’, though experimental challenges have so far pre-
cluded a detailed mapping of the full spectrum of magnetic excitations
beyond the low energies as was possible here for CsgRbK;Tij;F4s. The
similarity of the dynamic structure factors of these disparate materials
in the low energy limit is indicative of generic features of quantum
Heisenberg kagome antiferromagnets. The strong signals at the T,
points have been reproduced and interpreted as spinon excitations by
different theories of quantum spin liquids®***¢ (these papers use an
extended BZ in which their M, points correspond to our I', points).
Both theories®?, on the other hand, predicted strong signals along
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Table 1| Summary of theoretical models used to interpret the experimental data for CsgRbK5TioF 45

Model Results Advantages Limitations

Curie-Weiss J=4.1meV - Provides an estimate of the average - Cannot determine the exchange modulation.

Temperature nearest neighbor exchange interactions. - High T expansion of y needed for better
accuracy

Exact Diagonaliza- J=7.2 meV - Reproduces the broad peak in suscept- - Limited to small cluster sizes due to compu-

tion (ED)

ibility centered at T ~ 12 K.

tational constraints.
- Results depend on cluster geometry and
boundary conditions.

Damped LSW model J=8.7 meV and D;; =Dz with D = 0.23 meV.

- Provides an analytic dispersion relation
for a given spin Hamiltonian.

- Captures salient features of S(Q, hw),
such as two dispersive modes emerging
from the I', point and a dispersionless
mode centered at 2.67 meV.

- Assumes the existence of long-range order,
which is not observed.

- Cannot fully reproduce experimental data.

- Cannot account for the continuum present in
S(Q, hw) nor the intersecting ridges of scatter-
ing present in S(Q, hw) for hw <A.

LLD model The same J and D values are used as in the
damped LSW model and S(Q, #w) are cal-
culated for various temperatures including

15K, 2.2K, and 3K.

state.

- Does not require an ordered magnetic

- Accounts for temperature-dependent
damping effects.

- Capture salient features of S(Q, hw),
similarly to the damped LSW model.

- Computationally intensive due to time-
dependent simulations.

- Cannot accurately reproduce the 1.5K
experimental data with an effective tempera-
ture of 1.5 K. Instead, the best fit is obtained with
an effective temperature of 2.2 K.

J=(7.4,6.3,5.1,3.9) meV for distinct bonds.
(see Supplementary Fig. 3b)

Density Functional
Theory (DFT)

- Provides an estimate of the possible
effects of lattice modulation.

- Results depend on the choice of computa-
tional parameters.

The table presents the key results, advantages, and limitations of theoretical models, including Curie-Weiss analysis, exact diagonalization (ED), phenomenological damped linear spin wave theory,

Landau-Lifshitz dynamics (LLD) simulations, and Density Functional Theory (DFT).

I, > K, — I, in our BZ scheme yielding a triangular shaped strong
signal around each K, point rather than along the straight lines con-
necting the I, points as found at low energies in both ZnCuz(OH)4Cl,’
and CsgRbK;TijF4s. As shown in Fig. 3b, for energies iw ~ A, S(Q, hw)
exhibits the theoretically predicted triangular shape signals around K,
points which is also found for ZnCus(OH)«Cl, when S(Q, hw) is inte-
grated over energy up to hw ~J/2°. The S(Q,hw) reported for
ZnCus3(OH)cCl, for energies up to hw ~J/2 was interpreted as a
dynamic magnetic response function of the “local” form
S(Q, hw) = f(Q)g(hw) *. However, as shown in Figs. 6 and 7, and dis-
cussed in the “Methods” section, the magnetic excitations in
CsgRbK3Tij,F4g are not associated with decoupled dimers as suggested
in ref. 5 or trimers. Instead, as shown in Fig. 3c (dispersion ring around
the I'; point for 4w >//2), and in 4b, ¢ (one-dimensional plots showing
the dispersive peaks for A Shw < J), our measurement of S(Q, hw)
shows magnetic excitations in CsgRbK3Tij;F,g are dispersive as theo-
retically predicted®®,

In conclusion, our experimental study of the new modulated
quantum kagome antiferromagnet CsgRbK3Ti;;F4g shows there is no
magnetic phase transition down to T=3%|0| and yields an upper
limit of 0.05 ug on g=0 magnetic order. Our comprehensive mea-
surement of the dynamic correlation function provides a first view of
S(Q, w) for a kagome spin liquid candidate and shows the coexistence
of a diffuse continuum with dispersive boundaries and a finite energy
resonance covering most of the Brillouin zone save Q =0. Ridges of
quasi-elastic scattering extending perpendicular to the a-axis indicate
an effective one-dimensional character despite the fully two-
dimensional nature of the modulated quantum kagome lattice. Com-
parison with a phenomenological damped linear spin wave theory
provides a minimal spin Hamiltonian that consists of an isotropic
nearest neighbor exchange coupling with /=87 meV and a
Dzyaloshinskii-Moriya interaction D;=Dz with D=0.23meV. The
resulting value of 2 =0.027 supports the lack of magnetic order” .
Damped LSW theory however cannot reproduce the experimental
excitation spectrum, especially the omnipresent continuum scatter-
ing, which indicates fractionalization. Continuum scattering within
dispersive limits is qualitatively consistent with the theoretical two-
spinon excitation spectra reported for U(1)*** and Z, quantum spin
liquids®~*® (note again that their M, point corresponds to our I, point).

The nearly T-linear specific heat at low temperatures is a consistent
thermodynamic indication of the failure of the spin-wave picture that
points to the existence of a spinon Fermi surface***. A quenched
structural disorder may induce a magnetic glassy state in which spe-
cific heat would exhibit a 7-linear behavior at low temperatures. On the
other hand, such a glassy state would yield the typical FC-ZFC hys-
teresis in the bulk magnetization, which is inconsistent with our data.
Our data thus establish CsgRbK;TijpFsg as a leading candidate for
realization of a quantum spin liquid in a modulated kagome material.

Methods

Growth of CsgRbK;3Tij,F,s single crystals and crystal structure
determination

Single crystals of CsgRbK;Ti,F4s were grown using alkali metal
chlorides as flux. For starting materials, alkali metal fluorides and
chlorides were dried, and TiF; was purified before use. All the
materials were mixed and loaded into a Ni crucible, which was then
heated to 800 °C and slowly cooled at a rate of 2 °C/h under an Ar
atmosphere. The flux was then removed using water to isolate the
single crystals. The typical size of the resulting single crystals was =
4 x4 x1mm? as shown in Supplementary Fig. 1. Three largest single
crystals with a total mass of ~1g were co-mounted for neutron scat-
tering measurements.

Structural analysis of the single crystal was performed using a
DIP3200 x-ray diffractometer (XRD) (Bruker AXS) with a Mo target.
The structural parameters, including anisotropic displacement para-
meters, were refined using the full matrix least-square method as
implemented in SHELXL-97. The observed and calculated nuclear
structure factors, |F,ps| and |F..|, respectively, are plotted against
each other in Fig. 8. According to the refinement, CsgRbK;Ti;»F4g has a
space group of R3m that lacks inversion symmetry. In Supplementary
Tables 1 and 2, all structural parameters such as the unit cell constants,
the atomic coordinates, and the room temperature isotropic dis-
placement parameters are provided using hexagonal notation. Sup-
plementary Fig. 2a shows a polyhedral representation of the crystal
structure where the Ti-F octahedra layers are separated from each
other by Rb-Cs-F layers. Supplementary Fig. 2b highlights the kagome
lattice formed by the Ti-F octahedra. In hexagonal notation, the
kagome planes are the crystallographic ab plane.
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Fig. 6 | Q-dependence of the equal-time response function measured and cal-

culated for CsgRbK;Ti;>F4s. a Contour map of the equal-time response function

was obtained by performing the following integration, S(Q) = j'g;"meZVS(Q, hw)d(hw).
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b Contour map of the corresponding Damped LSW result. ¢ Contour map of the
structure factor for decoupled dimers and 120° trimers. Landau-Lifshitz dynamics
simulation results obtained for 1.5K (d), 2.2K (e), and 3K (f).
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Fig. 7 | Q-dependence of the equal-time response function $(Q). S(Q), at 1L5K,
alongtheM, — K; - I > M; - I', > M, — K, path through the Brillouin zone.
Blue circles are experimental data. Blue and red lines represent the corresponding
Q-dependence predicted by the damped LSW theory and by decoupled dimers/
trimers, respectively, while green and deep violet lines represent the results of LLD
simulations at 1.5K and 2.2 K, respectively.

Density functional theory and magnetic exchange couplings
Based on the crystal structure determined by the x-ray refinement that
is summarized in Supplementary Tables 1 and 2, we performed density
functional theory (DFT) calculations with OPENMX to estimate the
exchange coupling strengths, J, for the four distinct near neighbor Ti*
pairs. The parametrization of Perdew and Zunger for the local density
approximation (LDA) was chosen for the exchange-correlation
functional*’. The on-site Coulomb interactions were treated via a
simplified DFT + U formalism. The hoping parameter ¢ was obtained
using the maximally localized Wannier orbital formalism®*.

The exchange coupling constants J for Cs,BTisF1, (B=K, Na, Li)
and Rb,NaTisF; were calculated using a mapping method that

requires quantum calculation of a supercell as reported in refs. 20,21.
Since CsgRbK;Tij-F4g has a chemical unit cell that is 2 x 2 larger than for
those four systems, the mapping method is difficult to apply. Instead,
we evaluated the exchange constant assuming that the coupling
strength is mainly governed by the transfer integral ¢ for each bond.
Firstly, we calculated the values of ¢ for Cs,BTisF;, (B=K, Na, Li) and
Rb,NaTisF,, and plotted their reported / values obtained by the
mapping method as a function of t2. As shown in Supplementary
Fig. 3a, the J values show a good linear relation with ¢
1 =6.64 (-L;)” — 40.26. We then calculated ¢ for the near neighbor
Ti>*-Ti** spin pairs in CsgRbK;Tij,F4g, and obtained estimates for / from
this formula. Supplementary Fig. 3b shows the modulated kagome
lattice of CsgRbK;TijoF4s with the estimated J. The red solid, red
dashed, blue solid, and blue dashed lines represent the exchange
interaction strengths of /= (7.4, 6.3, 5.1, 3.9) meV, respectively. Note
that there are triangles with uniform /s (represented by blue solid lines
or by red dashed lines) and triangles with nonuniform /s (represented
by two different types of lines). We would like to stress here that this
simple DFT estimation of /s should be used only as a starting point for
further detailed DFT studies of this compound.

Bulk magnetization and specific heat measurements

Bulk magnetization and specific heat measurements were performed
on a single crystal using a Quantum Design MPMS-XL system and a
PPMS-14LHS system (Quantum Design), respectively, at the Research
Center for Low Temperature and Materials Science, Kyoto University.
Magpnetic susceptibility measurement for the zero-field cooled (ZFC)
condition was conducted in a heating process at the rate of 1.5 K/min
below 60 K and at the rate of 3 K/min above 60 K. The field cooled (FC)
data was taken in a cooling process at the same rates as those used for
the ZFC data (Fig. 9). The Curie-Weiss temperature was determined by
fitting the bulk susceptibility data between 100 K and 300 K. The rise of
X(T) below 3.5K is due to unavoidable imperfections in real crystals.
The inferred molar abundance is approximately 1%. Heat capacity was
measured at each temperature using a relaxation method with
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Fig. 8 | Single crystal x-ray data. The observed and calculated nuclear structure
factors, |Fops| and |F .|, respectively, are plotted against each other.
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Fig. 9 | Field-cooled (FC) and zero-field-cooled (ZFC) bulk magnetic suscept-
ibility, x, as a function of temperature. y was measured under magnetic field of 1
Tesla. In the FC process, the sample was cooled under 1 Tesla. The inset shows the
data up to 30 K. The data show no FC-ZFC hysteresis.

temperature rise of 2%. After that, the sample was heated to the next
measuring temperature at the rate of 0.5-5K/min, and the measure-
ment was commenced when temperature became stable.

Neutron scattering measurements

The Time-Of-Flight (TOF) neutron scattering experiment was con-
ducted using the 4D-Space Access Neutron Spectrometer (4SEASONS)
at the Japan Proton Accelerator Research Complex (J-PARC) Materials
and Life Science Experimental Facility, Tokai, Japan*‘. The experiment
was carried out on three single crystals that were co-aligned and
attached using CYTOP (CTL-107M) to Al plates that in turn were
attached to an Al sample holder. The total sample mass was ~ 1g. The
Al sample holder was mounted in a *He cryostat with a 1.5K base
temperature. The crystals were mounted with the crystallographic ¢
axis parallel with the incident neutron beam, which allowed us to
integrate the intensity along the c axis perpendicular to the kagome
plane. At 4SEASONS, the neutron scattering data were collected
simultaneously using five different incident neutron energies of E; =
(3, 4, 6,10, 19) meV*. These incident energies provided full width at
half maximum energy resolutions of (0.11, 0.17, 0.27, 0.51, 1.20) meV,

respectively, at the elastic line. This allowed us to map inelastic scat-
tering over the entire band of magnetic excitations up to 15 meV with
appropriate energy resolution throughout. Data were acquired at two
temperatures, 1.5K and 20 K, to examine spin fluctuations below and
above the cross-over temperature 7*. At the end of the experiment, the
empty cryostat without the crystals was measured for background
subtraction using the same experimental setup. The data were ana-
lyzed using the Utsusemi software package*.

Absolute normalization of magnetic neutron scattering data
Normalization of the neutron scattering intensity data to absolute
units for the scattering cross section can be accomplished through
comparison to well-known standards including incoherent elastic
scattering from vanadium, sample incoherent elastic scattering, sam-
ple elastic nuclear peaks, and sample phonon scattering®’. We used the
sample incoherent elastic scattering as described in Supplementary
Information.

Symmetrization of neutron scattering data

In neutron scattering experiment, we could measure S(Q) over a lim-
ited area in the momentum space as shown in Supplementary Fig. 5a as
an example. Utilizing that magnetic scattering in CsgRbK;TijsF4g has a
six-fold symmetry, we constructed S(Q) over the 360° angular range as
shown in Supplementary Fig. 5b, which provides a comprehensive
representation of S(Q) across the entire angular range.

Damped linear spin wave theory
Linear spin wave (LSW) analysis is done on a long-range ordered g=0,
120° state with the minimal spin Hamiltonian:

A=Y S5+ Y Dy (Six%')

<NN> <NN>

where/=8.7 meV and D;; = Dz with D =0.23 meV. A g = 0,120° state can
be represented by a three-sublattice state within each unit cell:

SiA= (‘ﬁ _1r0>,51,32 <\/§ —1,0>,S,-’C=(0,1,0).

27 2 27 2
Transformation to the spin fully polarized local coordinates
S; A= R4S; 4,Si 8 =RpS; 8 Si c = R¢S; ¢ is accomplished with the following
rotation matrices:

i -¢ $ 1 g ¢ 1 00
== 3 3| Re=| 2 3 -b|Re=|0 0 1
0O -1 0

£o1 0 -2 10

The Holstein-Primakoff (HP) transformation*® rewrites spin
operators in the fully polarized local coordinates in terms of HP bosons
where we can expand 3} and 5} to linear order of 1/s:

& oS PN o~ /S TYVE = i
Sia ™ \/;(ai,a +ai,a)'52".tx ~ _l\/;(ai,a - ai,a)'si.a_s - ai,aai,a~

After transforming the HF bosons in the momentum space, we
obtain:

Hoisw =1 AMiAy,
k

t_(t i il
where A, = (ak,A,ak'B,ak’C, a_y a4 g p a,k,c> and

B, C!
Mk i < ) Tk >
C, B,
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and v;=(2,0,0), v,=(1,4/3,0), v; =(—1,+/3,0).
Using Bogoliubov transformation for bosons*’ to diagonalize the
Hamiltonian at k = 0, we obtain the energy of the dispersionless mode:

A js<3f (J })) ~ 2.67 meV,

and similarly, diagonalizations at k=(1,0)y and (%, %),
maximum of two dispersive modes:

yield the

hawpy, top — 2/s <1 + \/5?) ~ 9.1meV,

2
hog 1op =JS\/§ 3+6§l2 +5x/§52 ~ 9.6meV

along the (H, 0) and (H, H) directions, respectively.

Next, we use the results from LSW analysis to compute the neu-
tron scattering intensity. The magnetic neutron scattering intensity is
computed by*%:

Q.Q,
S(Q w) < FQ* <6W - )s””(Q w),
1 Q1
where F(Q) denotes the form factor for Ti**, Q,,Q, are the y,v com-

ponents of the Q vector, and most importantly, s#*(Q, w) is the dyna-
mical structure factor:

#@Qw=Y [ dee(sk-Q085@0),
ap

which can be computed in terms of Bogoliubov bosonic quasiparticle
correlations obtained from LSW analysis:

(B} k(O 1(0)) = BapBrae 1 (005 1) € e,

(B (05, (0)) = B pBugs [0 1) + 1],

with the Bose factor n(wg, ;) = [¢"@«/*sD —1] !, where the momen-
tum k is within the magnetic Brillouin zone such that Q-k gives integer
multiples of the reciprocal lattice vectors. At T=0, we have
n(w, ) =0, so only the second term contributes to the dynamical
structure factor. For generic k points, the LSW Hamiltonian is diag-
onalized numerically, so the transformations between spin operators
and Bogoliubov quasiparticles are also obtained at each k point
numerically.

To account for the finite lifetime of the single magnon excitation,
we introduce a broadening factor (or energy uncertainty) proportional
to the energy of the magnon mode 6¢,  « €, , for a finite magnon

lifetime t, ; = 5 55 suchthate, ; is replaced by €q i +i6€, x. This gives

rise to the following form of the dynamic correlation function:

Q”Q,,>[ /] 6€ak
1Q? 33 G it (hw — g 1)

2
s ="y <6,,V -

n v, o

where [} denotes the numerical transformation between the spin
operators and the Bogoliubov bosonic quasiparticle operators (the
subscript a +3 indicates the summation is only over the lower half
diagonal elements at 7=0).

Calculation for the finite-temperature neutron response

The finite-temperature neutron scattering intensity S(Q,w) can be
computed through simulating the system using Landau-Lifshitz
dynamics (LLD):

d_tl =—$;B;

where the effective field is B;= — d#’/ds; and # is the spin Hamilto-
nian. For a given initial state {s,(t = 0)}, the above LL equation can be
integrated to produce “trajectories” of spins {s;(t)}. The information
of excited states in the initial state is encoded in these trajectories. To
this end, we write the lattice site index as i=(R, @), where R is the
position vector of a given unit cell and «a is the sublattice index. The
Fourier transform of the spin trajectories are given by:

1 )
54Q,0)=—> s,(R,t)e 2R,
Q0 mz,-: «R.O)
The dynamical structure factor is then given by:
Q=Y [ dee(s-Q,085@0),
ap -

Importantly, here the expectation value (---) is taken over the
different initial conditions which are sampled either using Monte Carlo
simulations or stochastic Landau-Lifshitz-Gilbert simulations at a given
temperature T. It is worth noting that the system energy is conserved
in LLD. The dependence on temperature, which in turn determines the
degree of spin fluctuations, solely comes from the sampled initial
states. Moreover, since the sampled initial spins could be in a classical
liquid phase, the LLD approach does not require the assumption of a
long-range magnetic order. As a result, LLD methods have been
employed in the calculation of s#*(Q, w) for classical spin liquids such
as in frustrated magnets. Using the LLD methods provided in the
SUNNY package (https://github.com/SunnySuite/Sunny.jl), we com-
puted the intensity of magnetic inelastic neutron scattering S(Q, w)
from 15 independent simulation runs with N=100 %100 x 3 spins at
T=15K,2.2K, and 3.0K.

Dimer and trimer models

In neutron scattering work on herbertsmithite, ZnCuz(OH)sCl,’, the
energy integrated magnetic response function was successfully com-
pared to a noninteracting dimer model. The associated non-dispersive
“local” form of the response function* might be associated with a
disordered random singlet state or spinon-vison interactions*. In our
experiments on CsgRbK;Tij,F,5 it has been possible to cover the entire
range of the magnetic bandwidth for a kagome material, which may
allow distinguishing such scenarios.

Here we examine whether our neutron scattering data for
CsgRbK;TioF4g are consistent with local excitations as for a random
singlet phase. Two local excitations were considered, dimers and 120°
trimers. Firstly, we found that the models of dimers and trimers yield
the same magnetic structure factor, i.e., they are not distinguishable
through neutron scattering. Secondly, the energy integrated equal
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time magnetic response function measured for CsgRbK3Ti;,F4g cannot
be reproduced by the local dimer/trimer model. Though damped lin-
ear spin wave theory cannot account for the broad continuum scat-
tering, it describes the equal-time response function better than local
models of dimers and trimers.

As shown in Supplementary Fig. 6a, considering their phase fac-
tors there are two types of 120° trimers where three spins form a 120°
spin configuration as shown in the inset. The magnetic structure factor
of the first trimer circled by the red dashed line is:

Frimer,1(h, k)= | A+ | Bl 20 | — By 19) +iciem By ).
’ 2 2 2 2
Or assuming that |4|=|B|=|C|=1,

Ftrimer,l(h, k)= ek (— ?e’%” + ?e“'"ik)fc + <1 1 et — %e_i%k)j) .

2

Similarly, for the second trimer circled by the blue dashed line,

Ftrimer, 2(h k)= e

Thus, the neutron scattering intensity from the two noninteract-
ing trimers becomes:

Itrimer(h' k) & |Ftrimer,1(hrk)‘2 + }Ftrimer,z(hr k)‘z
T m m
6% (3 - coszh - coszk - cosi(h+k)).

Supplementary Fig. 6b, on the other hand, shows three types of
decoupled dimers. Since the structure factor squared of a dimer is
|F d,-,,,e,(Q){2 o (1 — cos(Q.r)) °*, the neutron scattering intensity from
the three noninteracting dimers becomes:

Idimer(hr k) X |Fdimer,1(hr k)|2 + {Fdimer,z(hrk)‘z + |Fdimer,3(hrk)|2
m mw 114
[0 (1 - cosz(h+k)> + (1 - cos§k> + <1 - cosih>

m n m
= (3 - coszh - coszk - cosz(h+k)>.

Therefore, /e (h, k) and 14, (h, k) are exactly the same and
cannot be distinguished by the energy integrated magnetic response
function.

Q-dependence of the equal-time response function and propa-
gating excitation

Figure 6a shows a contour map of the experimental equal-time
response function S(Q) = [pas’ S(Q, hw)d(hw) at 1.5 K that provides us
with important information on the putative quantum spin liquid state
of CsgRbK;TiFas. S(Q) exhibits three salient features: A global max-
imum at I',, a strong signal along the I', -~ M, — T, direction, and a
broad bump near K,. Figure 6b-f shows S(Q) obtained with different
theoretical models as described in the caption. S(Q)imer trimer displays
a three-fold symmetric peak centered at K, and a weaker signal at
around TI,, which is inconsistent with the experimental S(Q). Con-
sistent with the data, S(Q),5), for the damped spin-wave model and
S(Q),;p for Landau-Lifshitz dynamics at 1.5K and 2.2K, on the other
hand, show a strong signal at I',. In comparison, S(Q),,, at 3K shows
similar Q-dependence as S(Q)gimer trimer OES.

For a more detailed comparison of these models with the
experimental data, Fig. 7 shows S(Q), S(Q) sy, and S(Q)gimer,erimer
along the M, — ' - I, - M, — K, path in the 2D Brillouin zone.
S(Q) is strong at I', and along I', — M,. It is stronger at K, than at K;.
S(Q);5» and S(Q),;, at 2.2 K show strong maxima at I', points, while it

<_ Do 3 e«'%k>fc+ (1 Lo %ei%k)y .

is sharper than S(Q) along all directions except M, — K,.ForM, — K,,
S(Q) is stronger at M, than at K,, while $(Q),,, and 5(Q),,p at2.2K are
stronger at K, than at My. S(Q)gimer,erimer reproduces the broad fea-
tures along M, — TI'; — T,. However, S(Q)imer trimer dO€S NOL repro-
duce the sharp peak of S(Q) centered at I',, and contrary to the
experimental data for (Q) yields no modulation alongI', — M, beyond
the Ti** form factor. Thus, we conclude that magnetic excitations in
CsgRbK3Tij,F4g are not associated with decoupled dimers or trimers.

Data availability
All the raw data used in this study have been deposited in the https://
figshare.com/; https://doi.org/10.6084/m9.figshare.27880377.
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