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Dynamical spin correlations of the kagome antiferromagnet
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Temperature-dependent dynamical spin correlations, which can be readily accessed via a variety of experimen-
tal techniques, hold the potential of offering a unique fingerprint of quantum spin liquids and other intriguing
dynamical states. In this work we present an in-depth study of the temperature-dependent dynamical spin
structure factor S(q, w) of the antiferromagnetic (AFM) Heisenberg spin-1/2 model on the kagome lattice with
additional Dzyaloshinskii-Moriya (DM) interactions. Using the finite-temperature Lanczos method on lattices
with up to N = 30 sites we find that even without DM interactions, chiral low-energy spin fluctuations of the
120° AFM order parameter dominate the dynamical response. This leads to a nontrivial frequency dependence
of S(q, w) and the appearance of a pronounced low-frequency mode at the M point of the extended Brillouin
zone. Adding an out-of-plane DM interactions D* gives rise to an anisotropic dynamical response, a softening
of in-plane spin fluctuations, and, ultimately, the onset of a coplanar AFM ground-state order at D* > 0.1J. Our
results are in very good agreement with existing inelastic neutron scattering and temperature-dependent NMR
spin-lattice relaxation rate (1/7;) data on the paradigmatic kagome AFM compound herbertsmithite, where the
effect of its small D* on the dynamical spin correlations is shown to be rather small, as well as with 1/7; data
on the novel kagome AFM compound YCu;(OH)sCl;, where its substantial D* & 0.25/ interaction is found to

strongly affect its spin dynamics.

DOI: 10.1103/PhysRevB.103.014431

I. INTRODUCTION

The antiferromagnetic (AFM) Heisenberg spin-1/2 model
on the kagome lattice (KLHM) is one of the most intensively
studied quantum spin models, owing to its unique ground
state (GS) and low-T properties [1-4]. Various theoretical
and numerical investigations have established KLHM as the
most promising candidate amongst isotropic spin models to
feature a quantum spin liquid (SL) GS, where the absence
of low-T long-range order is accompanied by strong quan-
tum entanglement between constituent spins. However, the
nature of the SL GS, including the presence of either a finite
[5-15] or a vanishing [16-21] energy gap A, to spin-triplet
excitations, remains controversial. Properties of the KLHM at
finite temperatures may provide important insights into this
long-standing issue.

Thermodynamic quantities such as the uniform suscep-
tibility xo(7"), magnetic specific heat ¢(T), and the related
entropy density s(7") of the KLHM have previously been stud-
ied by high-T series expansion [22,23], via numerical linked
cluster methods [24,25], and more recently with the finite-
temperature Lanczos method (FTLM) [13,15,26] on finite
spin systems with up to N = 42 sites. Apart from evidence
of a finite spin triplet gap A, > 0, FTLM results indicate
that there is substantial remnant entropy s(7°) > 0 at very
low T, which is a signature of a large density of low-energy
singlet excitations with a (nearly) vanishing spin singlet
energy gap A; < A,. The wave-vector dependent static
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(equal-time) spin correlation function $*“(q) has also been
studied both at 7 = 0 [17] and at finite temperatures [27,28].
However, dynamical spin properties of the KLHM, in partic-
ular the dynamical spin structure factor (DSF) §%*(q, w), are
theoretically poorly understood even though the temperature-
dependent DSF is potentially a unique fingerprint of SL
states, and is experimentally directly accessible via inelas-
tic neutron-scattering (INS) and nuclear magnetic resonance
(NMR) relaxation measurements [29]. Because of its funda-
mental importance various analytical concepts and methods
[30-32], as well as numerical approaches [28,33], have been
employed to study it, though they have mostly led to incon-
clusive results.

One reason for the theoretical difficulties lies in the large
density of low-energy spin-singlet states of the KLHM [15],
which implies that a meaningful evaluation of the DSF would
require a more challenging finite-temperature instead of GS
treatment. Another reason is that the DSF of a SL, like the
one in KLHM, is usually (implicitly) assumed to be rather
featureless due to the fractionalization of spin excitations. We
show that the KLHM DSF instead has some quite pronounced
spectral features.

On the experimental front, investigations of the KLHM
have been boosted in the last couple of decades by the dis-
covery of several promising kagome-lattice (KL) materials
exhibiting SL properties at low temperatures. The most promi-
nent example is herbertsmithite, ZnCu3(OH)Cl, [34-36],
where the availability of single crystals allows for full ac-
cess to the DSF §“(q, w) [37-39]. While several other KL
materials have been discovered in recent years [40—45], in ad-
dition to herbertsmithite, we here mostly focus on the recently
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synthesized [46] and investigated [26,45,47,48] compound
Y Cu3(OH)sCl3, which has the distinct advantage of having a
structurally-perfect kagome lattice without any substitutional
disorder, in contrast to most other KL materials including her-
bertsmithite [35,36,49]. Besides potential imperfections the
relation of KL materials to the ideal KLHM is often fur-
ther complicated by additional Dzyaloshinskii-Moriya (DM)
interactions, which are usually allowed in these systems as
most lack local inversion symmetry on superexchange bonds
J between nearest-neighbor magnetic ions. While weak DM
interactions are expected to lead to mostly quantitative cor-
rections of observables at low T [23,25], as in the case of
herbertsmithite [50,51], strong DM interactions can lead to
a quantum phase transition from a SL to a long-range or-
dered (LRO) GS [52-54], as in the case of YCu3(OH)sCl;
where an out-of-plane D* & 0.25J induces chiral 120° AFM
LRO [26,48]. The addition of DM interactions to the KLHM
is therefore crucial for explaining the observed properties
of many KL materials, especially low-T ordered ones like
YCH3(OH)6C13.

In this paper we present a comprehensive numerical study
of the DSF $**(q, ) of the KLHM with additional out-of-
plane DM interactions D = D at finite temperatures. To this
end we employ the FTLM on systems with up to N = 30
sites under periodic boundary conditions. This method is par-
ticularly suitable for frustrated spin systems (and in general
strongly correlated systems) that do not possess long-range
correlations down to 7 < J, which allows us to obtain static
and dynamical properties of macroscopic validity down to
temperatures many times lower [15,26] than in systems with
GS LRO [15,55]. In contrast to previous investigations of the
KLHM DSF [28] we find that it is in fact not featureless.
Even at D = 0 we find particularly pronounced low-energy
chiral 120° AFM fluctuations corresponding to the wave vec-
tor ¢ = 0 in the reduced Brillouin zone (BZ) or, equivalently,
the M point of the extended BZ. Furthermore, we find that the
low-T', low-energy DSF of the KLHM seems to be governed
by a finite spin triplet gap A; > 0. Adding finite DM inter-
actions D > 0 results in an anisotropic DSF and a softening
of the in-plane spin triplet gap A7 that ultimately leads to GS
LRO for D > D. ~ 0.1J. The calculated DSF is also used to
evaluate temperature-dependent local spin fluctuation (LSF)
spectra S7*(w), which are directly related to experimental
NMR spin-lattice relaxation rates 1/7;. Finally, the obtained
numerical DSF and LSF results are compared with experi-
mental INS [37] and NMR results [38] on herbertsmithite and
on the impurity-free YCus(OH)¢Cl; [56].

II. MODEL, NUMERICAL METHOD AND CONSIDERED
QUANTITIES

We consider the KLHM with AFM isotropic Heisen-
berg nearest-neighbor exchange interactions J between
S =1/2 spins on a KL with additional out-of-plane DM
interactions D,

HZZ[JSi'Sj+D(Si x S;)°, (H

(i)
where (ij) is a sum over nearest-neighbor spin pairs and
the spins in the DM term appear in the clockwise direction

[ T\

FIG. 1. Finite-size kagome lattices with N = 24, 27, and 30 sites
used in our FTLM calculations. The primitive vectors of the un-
derlying hexagonal Bravais lattice are denoted by a, and a,, while
the three basis vectors of the kagome lattice are denoted by ry, ry,
and r,.

around each lattice triangle (see Fig. 1). Except in Sec. V
where we compare our numerical results with experiment,
we use /i = kg = 1 units as well as J = 1. All energies, fre-
quencies, and temperatures are thus implicitly given relative
to J. In KL materials the DM interaction has the general
form D;; - (S; x S;) where D;; is a vector with an out-of-
plane component D;; and an in-plane component Dipj. In this
paper we consider only the effect of a nonzero ij = D for

three reasons. First, an in-plane Dipj is symmetry-allowed only
when the kagome plane is not also a crystallographic mirror
plane [53] and is thus present less often. Second, the effect of
Df’j # 0 appears to be weaker and qualitatively less impor-
tant than that of Df'j # 0 in the KLHM, as confirmed both
theoretically and experimentally [23,25,26,52]. And, third,
as a practical benefit, when Df’i = 0 the hamiltonian H re-
mains uniaxially symmetric about the z axis, conserving
the z component of total magnetization Si,, = ), S7, which
significantly reduces the dimensionality of invariant Hilbert
subspaces, and hence the memory requirements, of the FTLM.
The standard definition of the DSF is

af 1 * iot [ go B
5P(q, w) = E/mdm (824 SEO)), 2
where (...) denotes the canonical thermal average,
o and B are components of q-space spin operators
Sq =1/ VN) > €4R:S; defined via the positions R; of
spins in the KL, and N is the total number of KL sites. As
the KL is formed of three basis vectors r; (k =0, 1,2) on
an underlying hexagonal Bravais lattice of down-pointing
triangle centers R, (see Fig. 1) one has R; = R, 4+ r; where
i = (n, k). Due to the three KL basis vectors the DSF is only
q periodic over an extended BZ that is 4 times larger than the
reduced BZ of the underlying hexagonal Bravais lattice (see
Fig. 5).

A more insightful definition of the DSF for the KL, which
explicitly takes into account its threefold rotational symme-
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try and which is beneficial both numerically as well as for
theoretical understanding, instead involves chiral spin opera-
tors in q space,

e

1 iq-R c —c
cq = Wi ; RS0+ CSwn + ¢ Swal, (3)

where n in (n, k) runs over all down-pointing triangles of
the KL, k runs over the three spins inside these triangles,
¢ =e*™/3 and ¢ = —1,0, 1 denotes the vector spin chirality
of the KL triangles. Note that the standard 120° AFM LRO on
the KL involves only the chiral spin operators with ¢ = %1,
while ferromagnetic LRO involves the ¢ = 0 chiral spin oper-
ators. Using Eq. (3) we define the (diagonal) chiral DSF on the
KL as

~ L[>

S (q, w) = — / dt ¢ (Se5(1)S%,(0)) “)

T J-c0

which is q periodic over the reduced BZ, not just over the
larger extended BZ of the standard DSF of Eq. (2) (see Fig. 5).
Note that at a generic q one could also expect nonvanishing
off-diagonal terms (§§‘J (t)§§q(0)) with ¢ # ¢’. Nevertheless,
these terms are expected to be less important than the diagonal
ones, and are much more difficult to handle within the FTLM,
so we neglect them. We can then express the standard DSF of
Eq. (2) from the chiral DSF of Eq. (4) as

1
> la(@IPSi(q, ),

$%%(q, w) =
c=—1
o )
;;_-C(q) — 5 Z elq-rk{—ck’
k=0
where §“5(q, w) =0 for @ # B and S™(q, w) = $7(q, w)

since S%, is a conserved quantity.

We evaluate the chiral DSF at T > 0 using the FTLM,
introduced in Refs. [55,57] and used in numerous studies of
static and dynamical properties of various correlated systems
[58]. In the case of the KLHM, the FTLM has previously been
employed only for the calculation of thermodynamic quanti-
ties, such as the uniform susceptibility xo(7), entropy density
s(T) and specific heat ¢(T) [13,15,26], that involve only the
conserved quantities of energy and total magnetization Sg. In
contrast, the evaluation of the chiral DSF (here given in the
Lehmann representation) is more involved,

S (g, ) = V)

(6)
where Z = Y e~“/T is the canonical partition function, [,)
are eigenfunctions of H and ¢, are their eigenenergies. As
the chiral DSF already takes into account both translation
symmetry and the conservation of S{, the needed Hilbert
subspaces remain the same as for static quantities; e.g., the
largest subspace for N = 30 sites contains Ny ~ 107 states.
In FTLM we replace ), over all eigenfunctions with a trace
over R > 1 random initial wave functions |r) and the expec-
tation value with a double sum over the emerging Lanczos
(eigen)functions |¢;), |¢%) in different q sectors [55,57,58],
with i, j < N; where N, 1s the number of performed Lanczos

1 ~ ~
—en/T of _ ]
= Y e (Yl + e — W)k,

steps. This requires additional storage of 2N, wave functions
meaning that the total memory requirements for the dynamical
FTLM are O(N.Ny). To achieve satisfactory w resolution in
the DSF Ny, > 100 is typically required.

In the following we evaluate the chiral DSF on sev-
eral finite-sized lattices with N =24, 27 and 30 sites
(Fig. 1). While the N =24 and 30 lattices break the
rotational symmetry of the infinite KL, the N =27 lat-
tice preserves it, but is less convenient because of its
Siot = 1/2 GS, whereas the infinite KLHM should have a
Siot = 0 GS [1-4]. While for N = 24 and 27 we can afford
Ni, ~ 200 and R > 10, most of the present results are for
N = 30 sites where we used N;, = 120 and R = 3 within each
symmetry sector. We note that the main criterion for (even
macroscopic) validity of FTLM results (in the given model
and system size) is that the modified thermodynamic sum
Z(T) R Trlexp(—(H — €)/T)] > Z(Tts)>>1 [55,57], where
€0 is the ground-state energy and the trace Tr involves the
sum over all wave vector and S7,, sectors. Due to a very large
density of low-lying states in SL systems (and directly related
large entropy even at low T'), even a modest R = 3 is enough
to reach valid results down to temperatures 7 > Ty~ 0.1J+D
[15,26], below which they are limited by finite-size effects,
i.e., by the onset of longer-range correlations for D > 0.

Finally, while $**(q, w) contains all of the dynamical
information, it is also useful to extract the equal-time spin cor-
relation function $*(q) and the static (d.c.) spin susceptibility
X6 %(q), defined from the DSF as

5% (q) = / dw % (q, w) = (5%,S2),
T (7)
—$5"(q, w),

X0 (q) = 7’/ da)

where P denotes the Cauchy principal value. Note that
w(q) = /$**(q)/ x5§“(q) can be interpreted as the charac-
teristic spin-fluctuation frequency at a given q and for a given
spatial direction «.

III. HEISENBERG MODEL ON KAGOME LATTICE

In this section we consider the D = 0 KLHM. Since this
model is isotropic_in spin space it has an isotropic chiral
DSF S‘W(q, w) = S.(q, ) and hence also isotropic derived
quantities in Eq. (7). In the following we present numerical
results for the standard choice o = z, which is numerically
less costly to evaluate since the relevant operators are diagonal

in the Si, basis.

A. Dynamical spin structure factor

In Fig. 2 we present a comparison of chiral DSF’s calcu-
lated at T = 0.2 using the FTLM on lattices with N = 24,
27, and 30 sites (see Fig. 1). We choose two rather extreme
cases of the I' and M points of the reduced BZ [see inset
in Fig. 3(b)]. The largest dynamical response is at the I'
point (¢ = 0) with chirality ¢ = £1, which represents uniform
fluctuations of the AFM order parameter for 120° ordered
spins on each KL triangle. We see that these results are quite
independent of lattice size N, which confirms that the spin
correlation length is quite short even at this low tempera-
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FIG. 2. Chiral DSF’s S.1(¢ =0,0) and So(q=M,w) at
T = 0.2 [see inset in Fig. 3(b) for wave vector definitions] calculated
using the FTLM for different lattice sizes N = 24—30 (Fig. 1). Note
that the N = 27 lattice does not contain the M point of the reduced
BZ. The vertical dotted line at w = 1.5 corresponds to triplet excita-
tions within an isolated Heisenberg spin triangle.

ture due to strong geometric frustration. The spectra are not
featureless, as they exhibit two distinct frequency maxima,
which seem quite robust. These were already tentatively
observed via the numerical linked cluster method [29] by
assuming an ad hoc Lorentzian line shape. Our FTLM cal-
culations, on the other hand, do not require any a priori
assumptions on the line shape. The higher-energy maximum
can be traced back to transitions within individual spin trian-
gles, for which the energy gap between the S = 1/2 GS and
excited § = 3/2 spin states is @ = 1.5 (dashed line in Fig. 2).

In Fig. 3 we show the full chiral DSF S.(q, w) at T = 0.2
for all inequivalent q's in the reduced BZ for both chirality
branches ¢ = +1 and ¢ = 0, calculated on the largest N = 30
site lattice. Since the ¢ = +1 and ¢ = —1 chiral DSF’s are in
general not equal at generic q # 0 we plot in Fig. 3(a) the
averaged chiral DSF

S1(q, ) = 1[Si(q, ®) + S_1(q, )], (8)

while at g = 0 both chiralities ¢ = £1 match and we have
Si(g=0,w)=8+1(g =0, w). We see that chiral ¢ = +1
fluctuations indeed dominate the response (Fig. 3), with the
largest intensity found at the ¢ = 0 (I') point and a slightly
reduced intensity found at the smallest nonzero q = q;. Chiral
DSF spectra at these low q show the characteristic double-
maximum frequency dependence with maxima near o ~ 0.3
and w = 1.5 [Fig. 3(a)]. This structure is reproduced even in
the considerably weaker ¢ = O response at q = q; [Fig. 3(b)].
At larger q, nearer the BZ boundary, all spectra are broad
(bw 2 3), weak and featureless. The observed q and c de-
pendence thus indicates that longer-ranged chiral 120° AFM
correlations dominate the dynamical response of the KLHM
at low frequencies, with a correlation length £ > 1 extending
further than a single spin triangle.

In Fig. 4 we present the temperature evolution of the
dominant ¢ = 0, ¢ = £1 chiral DSF. It is evident that the

0.3 —

S1 (qv 0))

0.1

0.0
0.08 |-

0.06 -

gO(q’ (’0)

0.04 -

0.02

0.00 .

FIG. 3. (a) Average chiral DSF S;(q, @) [Eq. (8)] and (b) chiral
DSF §0(q, w)atT = 0.2 for all inequivalent numerical q's within the
reduced BZ calculated on the N = 30 lattice. Note the very different
vertical scales of both panels. Inset in (b) shows the numerical q cells
in the reduced BZ of the N = 30 lattice (Fig. 1).

double-maximum frequency structure is not just a low-7 fea-
ture as it persists to temperatures as large as T ~ 1. Partly, the
low-energy peak at w ~ 0.3 is simply a consequence of the de-
tailed balance relation for DSF’s, S(—w) = exp(—w/T)S(w),
which implies that the frequency derivative at w = 0 is pos-
itive, dS/dw|,—0 = S(0)/(2T) > 0, and thus S(w) always
has a maximum at @w > 0. On the other hand, at the lowest

" T
[ ——T=01 |
03" —T=02 |
L —T=04 |
. ——T=08
Sl —T=2
S o02h 1
A
b
%]
01" ; 1
0'07 L L i L L L L L

FIG. 4. The chiral DSF §il(q =0, w) at different T = 0.1-2.0
on the N = 30 lattice.
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FIG. 5. The equal-time spin correlation function S(q) in the ex-
tended BZ (large hexagon) at different 7 = 0.1—2.0 on the N = 30
lattice. The reduced BZ is shown by the smaller hexagon. The left
halves of the panels show raw FTLM results on q cells shown in the
inset in Fig. 3(b), while the right halves are rotationally symmetrized
(to recover the threefold symmetry of the KL) and smoothed via
interpolation.

T =0.1 ~T; we find a further reduced w = 0 response,
which could indicate a finite spin triplet gap A, > 0, at least
on our finite-sized N = 30 lattice.

Finally, we note that the ¢ =0, ¢ =0 chiral DSF had
to be explicitly excluded from our FTLM calculations since
it is singular in finite systems, So(¢ = 0, w) x é6(w), due to
the conservation of S,. Nevertheless, in the macroscopic
limit N — oo at T > 0 this singular DSF should evolve
into the ¢ ~ 0 spin diffusion peak with a spectral width that
is expected to scale as dw Ddiffq2 where Dyige(T) is the
temperature-dependent spin diffusion constant [59]. We dis-
cuss the experimental relevance of this contribution in more
detail in Sec. VB.

B. Equal-time correlations and static response

For comparison with experimental INS data as well as with
previous theoretical calculations, it is informative to also look
at the standard INS DSF S(q, w) [Eq. (2)] in the extended BZ,
which is calculated from the chiral DSF S.(q, ») via Eq. (5).
First, we consider the q-dependent equal-time spin correlation
function S(q) [Eq. (7)] over a broad range of temperatures
T =0.1-2.0 on the N = 30 lattice (Fig. 5). Consistent with
several previous numerical studies of this quantity [17,27,28],
S(q) has a pronounced but spread-out region of high intensity
around the whole extended BZ boundary that remains visible
even at very high 7 ~ 2. This can be understood by consid-
ering the q dependence of the chiral weighing factor |£.(q)|?
in Eq. (5) that suppresses the contribution of the dominant
chiral ¢ = %1 fluctuations to the standard DSF S(q, w) near
the I" point of the extended BZ, but not at the extended BZ
boundary. Weak global maxima of S(q) appear for 7 > 0.1 at

T=02

FIG. 6. The d.c. spin susceptibility xo(q) in the extended BZ
(large hexagon) at different 7 = 0.1—2.0 on the N = 30 lattice. The
reduced BZ is shown by the smaller hexagon. The left halves of
the panels show raw FTLM results on q cells shown in the inset in
Fig. 3(b), while the right halves are rotationally symmetrized as in
Fig. 5.

corner K points of the extended BZ (note that our N = 30
lattice does not contain this point), qualitatively consistent
with previous studies, but appreciable intensity can also be
found at the M points (corresponding to periodic images of
the I" point of the reduced BZ).

A complementary quantity, which is more sensitive to low-
energy fluctuations as evident from Eq. (7), is the q-dependent
d.c. susceptibility xo(q), which we present in the extended
BZ over a broad range of temperatures in Fig. 6. A striking
difference to S(q) (Fig. 5) is a very pronounced maximum of
Xxo(q) at the M point of the extended BZ, which is directly
related to the dominant low-energy g = 0, ¢ = =1 chiral fluc-
tuations seen in the chiral DSF (Fig. 3). This maximum is
much more sensitive to temperature than the maximum in
S(q) and disappears for T > 1, consistent with the spectral
broadening of the chiral response visible in Fig. 4. It should
be stressed that the same maximum is directly related to the
one observed by low-energy INS in herbertsmithite [37], as
will be discussed in more detail in Sec. V A.

C. Local spin fluctuations

LSF can be expressed from the chiral DSF as

® d . 1 ~
st = [ gt e ssio) = 3 X5 @ o)
. 2
©

and are likewise isotropic in the D =0 KLHM, i.e.,
S7%(w) = Sp(w). Their value at @ ~ 0 is experimentally
highly relevant, as it is directly proportional to the experi-
mental NMR spin-lattice relaxation rate 1/7;, provided that
hyperfine form factors do not play an essential role, as dis-
cussed in detail in Sec. VB. As mentioned previously, we
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FIG. 7. The LSF S; (w) at different T = 0.1—2.0 on the N = 30
lattice.

omit the singular ¢ = 0, ¢ = 0 spin diffusion contribution,
discussed further in Sec. V B.

In Fig. 7 we show the temperature evolution of the LSF
over a broad range of 7 = 0.1—2.0 on the N = 30 lattice.
Apart from a pronounced low-energy peak arising from the
dominant ¢ = 0, ¢ = %1 chiral fluctuations at 7 < 0.2, the
LSF are quite temperature independent for 7 > (.2, even at
the relevant w =~ 0 energy scale of NMR experiments. At
T < 0.2, a drop of S (w =0) is observed, which is again
a signature of a finite spin triplet gap A; > 0, at least on
finite-sized lattices [13—15].

It is instructive to compare the calculated LSF S; (w = 0)
to Moriya’s Gaussian approximation [60] frequently used at
high T > 1, but also extended to lower T via higher-order
corrections in the case of the D = 0 KLHM [29]. In a uni-
form Heisenberg spin-1/2 model the LSF frequency moments
wr = [ do o*S;(w), are exactly known at T — oo, with the
LSF sum rule o = 1/4, 1 = 0 and p, = z/8, where z = 4
is the number of nearest neighbors in the KL. These yield the
expected w = 0 value of the KLHM LSF under the Gaussian
line shape approximation

Mo

V8T o

which is reasonably close to the actual KLHM value
S1.(0) ~ 0.055 at T = 2 calculated with the FTLM. We note,
though, that the frequency-dependent LSF S; (w) are not, in
fact, Gaussian in shape, as is obvious from Fig. 7, and T = 2
is not yet > 1.

SMO2(0) = ~ 0.071, (10)

IV. DZYALOSHINSKII-MORIYA INTERACTIONS

In this section we consider an extension of the KLHM
with out-of-plane DM interactions 0 < D < 0.25 [Eq. (1)]
(note that the dynamical response is not sensitive to the
sign of D) [25], which are relevant in many KL materials
[26,48,50,51,54]. The gut—of—plane D leads to a uniaxially
anisotropic chiral DSF $¢*(q, w) withequala = xanda =y
components, which differ from the o = z component, which
has to be calculated separately. The same also holds for

0.5 ——r——
04+

B

?“ 0.3+

=

g} 02+
0.1+
0.0
1.0+

2 0.8+

e I

no06

= I

x v

0 04t
0.2+
0.0

FIG. 8. Chiral DSF’s (a) §%,(¢ = 0, ») and (b) $¥ (¢ = 0, w) at
afixed T = 0.3 and for different D = 0—0.25 on the N = 30 lattice.
Inset in (a) shows the frequency of the lower-energy maximum of
§§1 (g = 0, w) (symbols) with curves serving as guides to the eye.

all derived quantities, including the standard DSF $**(q, w)
[Eq. (2)] and quantities in Eq. (7). We note that chiral spin
operators Sg, with o = x, y are off-diagonal in the S, basis,
which substantially increases the overall computational com-
plexity and requirements of FTLM compared to the o =z
case, where they are diagonal in the subspace. In particular,
the employed reduced summation over S, subspaces (having
a lesser effect on diagonal correlations) appears to influence
more the calculation of off-diagonal & = x, y correlations. To
reduce differences we normalize o = x, y results by a scaling
factor of 1.15 to reproduce the o« = z sum rules at D = 0.

A. Dynamical spin structure factor

It is known that at low temperatures KLHM systems can
be significantly affected by the presence of additional DM
interactions, with a quantum phase transition from a SL GS to
a 120° AFM LRO GS with nonzero vector spin chirality when
D > D, ~ 0.1 [52,53]. This mainly corresponds to a gradual
softening of the dominant ¢ = 0, ¢ = £1 chiral fluctuations
as D increases toward the quantum critical point D., beyond
which these emerge as in-plane chiral 120° AFM LRO.

In Fig. 8 we present the dominant ¢ = 0, ¢ = %1 chiral
DSF at a temperature 7 = 0.3 high enough to avoid longer-
ranged AFM correlations leading to strong finite-size effects
in our FTLM calculations. A finite D > 0 substantially de-
creases the o = z component of the chiral DSF at low w,
consistent with an increase of the effective out-of-plane spin
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FIG. 9. The temperature dependence of chiral equal-time spin
correlation functions (a) S5, (¢ = 0) and (b) S, (¢ = 0) for different
D = 0—0.25 on the N = 27 lattice.

triplet gap A?. At the same time, the o = z spectra become
sharper (more coherent) for D > 0.1, i.e., beyond the quantum
critical point, with the energy of the spectral peak scaling
nearly linearly as wpm,x & 3.0D [see inset in Fig. 8(a)]. This
is consistent with the linear scaling of the lower specific heat
peak Thax ~ 0.91D found via the FTLM in Ref. [26], below
which the spin correlation length & increases substantially.
The o = x,y components of the chiral DSF show the lat-
ter effect quite clearly [Fig. 8(b)] as low-energy oscillations
due to finite-size magnonlike excitations become visible at
D 2 0.1 and increase in prominence as D increases further.
This indicates a considerable increase in the spin correlation
length & > 1 already at T 2 Ti.x with increasing D > D..
Concomitantly, there is a substantial increase of low-w inten-
sity in @ = x, y components of the chiral DSF, in contrast to a
decrease in the « = z component, consistent with a softening
of chiral fluctuations above a 120° AFM GS with in-plane
LRO spins [26,48,50,52-54].

B. Equal-time correlations and local spin fluctuations

Similar conclusions can be drawn from the temperature de-
pendence of the chiral equal-time correlation function S¢%(q),
which is defined by replacing the standard DSF §**(q, w) in
Eq. (7) by the chiral DSF §%%(q, w). We focus on the domi-
nant ¢ = 0, ¢ = %1 correlations, which are shown in Fig. 9.
We see that they are weakly 7 -dependent over the whole
T > Ti range when D < D.. The behavior changes qual-
itatively for D > D,. While the o = z component remains

relatively unaffected [Fig. 9(a)], the o = x,y components
show a strong increase below 7' < 2D [Fig. 9(b)] consistent
with the gradual onset of longer-range correlations around
T ~ Tmax [26] and ultimate chiral AFM LRO at T = 0.

Finally, we consider the temperature dependence of the
o = 0 LSF, which are directly relevant for NMR spin-lattice
relaxation rate (1/7}) experiments that we discuss in Sec. V B.
Here we find it useful to separately consider the individual
chiral LSF contributions

~ 3 ~
St (@) = = > Si(q ), (1)
q

to the full LSF Sy (w) = (1/3))", §Z‘§‘(a)). Note that the
¢ = +1 and ¢ = —1 chiral LSF are equal.

In Fig. 10 we present the calculated temperature depen-
dence of the w = 0 chiral LSF for a range of D = 0—0.25
on the N = 30 lattice. We find that the ¢ = =1 chiral LSF
are highly sensitive to D, especially at T < 2D where the
a = z component is suppressed [Fig. 10(a)] due to a shift of
spectral intensity to higher @ ~ wnax [Fig. 8(a)], while the
o = x,y components are strongly enhanced [Fig. 10(c)] due
to the gradual onset of longer-range correlations at T ~ Tjyx
[Fig. 8(b)]. On the other hand, components of the ¢ = 0 chiral
LSF are nearly equal and mostly insensitive to D, showing
just a steady increase with increasing temperature due to
increasingly incoherent spin dynamics at 7 2 1 [Figs. 10(b)
and 10(d)].

V. COMPARISON WITH EXPERIMENT

In this section we reinstate J # 1 and SI units.

A. Inelastic neutron scattering

INS is a very powerful experimental technique as it directly
probes the magnetic DSF S*¢(q, w), with typical interaction
energies in KLHM materials J ~ kz(60-230K) = 5—20 meV
in a convenient energy range for this technique. Unfortunately,
most KL materials are not yet available in single-crystal form,
therefore the intrinsic DSF anisotropy and ¢ dependence is
often averaged out in experiment. To avoid this issue we
concentrate on INS results from single-crystal herbertsmithite
[37], a material that remains in a SL state down to the lowest
measured kzT ~ 107*J. As the experimentally determined
D = (0.04—0.08)J [50,51] plays only a modest role against a
much stronger J/kp &~ 190K (16.4 meV) in equal-time prop-
erties relevant for INS (Fig. 9), we compare INS results with
model calculations for D = 0. Moreover, low-o results may
be strongly influenced by structural and chemical disorder,
especially at low kgT < J. We therefore restrict ourselves to
INS energies fiw > 1 meV, above the energy scale of impurity
contributions, which mostly contribute to a low-w quasielastic
INS peak [37,61].

First, we note that experimental frequency-dependent
INS spectra show a broad maximum at hw ~ 6 meV [37],
which is consistent with the calculated low-energy peak at
hw ~ 0.3 = SmeV (Figs. 3 and 4). Second, our calculations
also nicely reproduce the q dependence of the DSF integrated
over a broad frequency window 1 meV < fiw < 11 meV (i.e.,
0.06J < hw < 0.67J) along the (—2, 1 + K, 0) cutin q space,

014431-7



P. PRELOVSEK et al.

PHYSICAL REVIEW B 103, 014431 (2021)

0.06 - 0.06
8 —_
I 0.04 40.04 ©
\.8/ 1
b 3
0.02 —40.02
0.00 f f f f f f 0.00
0-08 " () 1F @ +0.06
S 0.06 - i
1] N — — ;M/ﬂ»",—— g 004 8
é ]
x% 0041 . s
W X3
b))
-10.02
0.02 |- N
0.00 : : : : : : 0.00
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
T T
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D = 0—0.25 on the N = 30 lattice.

which shows the most pronounced variation (Fig. 11). The po-
sition of the experimental INS peak at (—2, 1, 0) corresponds
to the M point of the extended BZ and is well accounted for
by our FTLM results. Having separated chiral contributions at
different wave vectors, we can attribute this peak to the dom-
inant low-energy ¢ = 0, ¢ = =1 chiral fluctuations [Fig. 3

03— e
i O Han etal. (2012) 1-11 meV 4
= t = - — Dimer model 1
S | =——FTLM
_Ei L
L 02+ i
’§ L
g
(%3]
b= L
*é' 0.1+ . 4
g oo o |
E o °)

\
L 7 \\
0.0= L L Lo A
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FIG. 11. Low-T INS measurements of the magnetic DSF S(q, )
in herbertsmithite (symbols) integrated over 1 meV < fiw < 11 meV
along the (—2,1+ K, 0) cut in q space from Ref. [37]. The pre-
sented magnetic DSF was obtained from raw experimental data
by dividing INS intensities by the free-Cu’** magnetic form factor
|F(q)|?> [37,62]. The experimental magnetic DSF agrees well with
g-interpolated FTLM calculations at 7 = 0.1 on the N = 30 lattice
(blue line), but significantly worse with a toy model of independent
singlet dimers [37] (dashed line).

and Eq. (5)]. The position of the peak is also consistent with
expectations from the q-dependent d.c. susceptibility xo(q),
which is also sensitive mainly to low-energy fluctuations, and
which also has a very pronounced peak at the same wave vec-
tor (Fig. 6 and discussion in Sec. III B). Finally, we stress that
not only the position but also the width of the experimental
INS peak is well reproduced by model calculations (Fig. 11),
and is considerably smaller than the width predicted by a sim-
ple independent-singlet-dimer-model [37]. This indicates that
the chiral AFM fluctuations in the KLHM have a nontrivial
low-T correlation length & > 1 that extends beyond nearest
KL neighbors.

B. NMR spin-lattice relaxation rate
1. Theory

NMR spin relaxation experiments probe low-energy elec-
tron spin fluctuations via the hyperfine coupling between
nuclear and electron spins. In a crystal, the spin-lattice relax-
ation rate of a given nucleus is given by [63,64]

1 y: [ . p
— =L dt e N (845 — BoBp) (8D (1)51(0)),
7 2/_00 e i;ﬁ(ﬂ PIAGAQ)
| (12)
where y, is the nuclear gyromagnetic ratio,

wo = B < J/h is the nuclear Larmor angular frequency
in an external field B, B = B/|B| is a unit vector pointing
along B, and 8bf = bf — (b)) = — ), A;"'S}" is the effective
fluctuating local field at the position of the nucleus due to
hyperfine coupling with the electron spin S!* via a specific
hyperfine coupling tensor A7". Defining the chiral hyperfine
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TABLE I. NMR chiral form factors f. in Eq. (15) for coupling
to different numbers of spins z, in a single KL triangle and examples
of relevant nuclei in herbertsmithite, YCu;(OH)¢Cl; and other KL
compounds [see inset in Fig. 12(a)]. Note that ZC fe =3z;.

2 Nuclear position Nucleus Nonchiral fy  Chiral fi,
1 Magnetic ion (on-site) ~ *%Cu 1 1
2 Exchangebond (NN) 70, 'H 4 1
3 Center of spin triangle el 9 0

coupling tensor in q space in analogy with Eq. (3) as
@ i Rn c c
A“—fzeq AGtoy + EAG )+ ETEAT )] (13)

we can further succinctly express the NMR spin-lattice relax-
ation rate in terms of the chiral DSF S"‘ﬂ (q, w) [Eq. (4)] as

—ny,,Ztr{ Ay PLAg-S(qop)), (14

where the tensor P, =1— ﬁ~® B projects onto a plane or-
thogonal to B, while Acq and S,(q, wp) are 3 x 3 tensors with

components Avfé‘ and %% (q, wy), respectively.

In the simplest, yet experimentally highly relevant, case
of a nucleus coupled to z; spins of the KL triangle with
hyperfine eigenaxes pointing along the crystallographic axes
(i.e., for A‘(’n’_‘k) = Ay 80 8n.nyOk<z, )» this further simplifies to an

expression involving only the chiral LSF §Z‘f‘ (wo) [Eq. (11)

and Fig. 10],
1 2 2 N2 1
7= Xa:Aa(l —Ba)ﬁw
| L (15)
For =3 > £S5 (e,

c=—1

where 1/ 7~"1"‘°‘ are directional contributions to the spin-lattice
relaxation rate 1/7; that depend on the number of spins z; the
nucleus is coupled to via the chiral form factors f, summa-
rized in Table I.

In Figs. 12(a)-12(c) we show the impact of different z;
on 1/7T"% in more detail. We consider the o = x, y compo-
nent due to spin fluctuations within the kagome plane, the
a = z component due to out-of-plane spin fluctuations, and a
powder average of both, for both zero and large D = 0.25J
on the N = 30 lattice. We present our results normalized
to Moriyas Gaussian approximation [60] for the KLHM
where S¢*M(0) = sMY(0) for all ¢ and « [Eq. (10)],

0.8+ @z =1 T (b)z,=2 408
0.6 - -+ 0.6
3_ 3.
o o
£ 041 —+ 04 ¢
i o> Ay
Cu* D=0 D=0.25J D=0 D=0.25J
0.2 Powder —— — — Powder 0.2
|C|’ 77 SRR 4
~ H* XX — = XX
0.0 — | | | — 1 ——t— | 0.0
08 (0)z,=3 T (d) *Clin YCu,(OH)Clj (x0.40) 108
o 47Tllc
0.6 3 o 47T/la 0.5
3 -
= =
~ o
£ 04l 4 04%
e =
D=0 D=025/ 70 in herbertsmithite (x0. 57)
0.2+ Powder -+ o 9T/ ¢ 0.2
7 2z - o 9T/ a*
xx e e 32T/ a*
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FIG. 12. (a)—(c) Directional spin-lattice relaxation rate contributions 1/ T‘m [Egs. (15), and Table I] normalized by Moriya’s Gaussian

approximation 1/ TM"rlyd [Eq. (16)] for nuclei coupled to z; electron

spins where (a) z; = 1 (Cu-type nuclei), (b) z; = 2 (O-type nuclei),

and (c¢) z; = 3 (Cl-type nuclei) calculated for D = 0 and D = 0.25J on the N = 30 lattice. Shown are the o = x, y component (xx), the
@ = z component (zz), and a powder average of both given by 1/ = (1/3) Y, 1/T*. Representative nuclei in herbertsmithite and
similar materials are shown in the inset in panel (a). (d) Symbols show the 7O NMR spin-lattice relaxation rate 1/7; of herbertsmithite with
J/kg = 190K and z; = 2 from Ref. [38] (green) and the **Cl1 NMR spin-lattice relaxation rate of YCu3(OH)sCl; with J/kz = 82K [26]
and z; = 3 from Ref. [56] (red), both normalized by the Moriya’s Gaussian approximation 1/7,*™* from Eq. (17). These values are further
uniformly rescaled by a factor 0.57 in the case of herbertsmithite and 0.40 in the case of YCu3(OH)sCls. These are compared to FTLM results
at D = 0 and D = 0.25J on the N = 30 lattice, with the curves taking appropriate averages over relevant directions « and chiral form factors

f. in Egs. (15) and (17).
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yielding
1 hZ]

N7 (16)
First, in the z; =1 case [Fig. 12(a)], where each nucleus
is coupled to a single magnetic ion, we have fo = fi; =1
(Table 1), i.e., all chiralities contribute equally, and 1/7T** =
S7%(wo ~ 0) [Eq. (9)]. In the intermediate case of z; =2
[e.g., when each nucleus is coupled equally to two spins
on an exchange bond; see inset in Fig. 12(a)] we have
fo > f+1 > 0, where again all chiralities contribute to 1/7*¢
but the chiral ¢ = =1 contributions are suppressed compared
to the ¢ = 0 contribution [Fig. 12(b)]. Finally, in the case
of z; = 3 [e.g., when each nucleus is positioned symmetri-
cally at or above the center of a KL triangle; see inset in
Fig. 12(a)] we have fi; =0, so that the ¢ = +1 fluctua-
tions are completely filtered out, and only the ¢ = O chiral
LSF [Figs. 10(b) and_10(d)] contributes, resulting in a nearly
isotropic 1/T** = 3577 (wo ~ 0) steadily increasing with in-
creasing T [Fig. 12(c)].

7"41Moriya

2. Experiment

First we compare our FTLM model results with NMR ex-
periments on herbertsmithite, ZnCu3(OH)¢Cl,. Even though
several experimental NMR spin relaxation studies have been
carried out on this material over the years, single-crystal stud-
ies at kgT > 0.1J relevant for comparison with our model
calculations are rare. In Fig. 12(d) we summarize the 70
NMR 1/T; results from Ref. [38] measured in the direction or-
thogonal to the kagome planes (c axis) and within the kagome
planes (a* axis). The appropriate components of the hyper-
fine coupling tensors (A, Ay, Ac) = (3.384,4.384,3.68.) T
are taken from Ref. [29]. Here g, = 2.14 and g, = 2.25 are
in-plane and out-of-plane components, respectively, of the
Cu’" g-factor tensor at high T [49]. As the oxygen nuclei
are positioned symmetrically with respect to two neighboring
magnetic Cu®>" ions [inset in Fig. 12(a)], we have z; = 2 and
the corresponding chiral form factors are fy = 4 and fi; = 1
(Table I). To compare our calculations with experiment, we
normalize all 1/7; values to the Gaussian approximation [60]

2
L _ ﬁ;’;hm S oA(1- B, (17)

T]Moriya

which can be obtained by inserting the directional 1,7

[Eq. (16)] into the full 1/77 [Egs. (15)]. Like in the INS
analysis in Sec. VA we compare experimental results with
FTLM calculations for D = 0, as the effect of the DM in-
teraction on the chiral LSF at the experimentally determined
value of D = (0.04—0.08)J [50,51] is very small for all di-
rections and chiralities (see the D = 0.05 curves in Fig. 10).
The experimental 1/7; along the two crystallographic direc-
tions indeed coincide when normalized by Eq. (17), and their
graduate decrease with lowering T nicely follows the theo-
retical prediction down to kT = 0.3J. The downturn of the
experimental '’0Q NMR 1/T; below this temperature, which
ultimately leads to 1/7; o< T%® below kT ~ 0.05J [39],
also seems to be qualitatively supported by our model cal-
culations, where the downturn is a signature of a quite robust
triplet gap A, > 0 in the considered D = 0 model system.

The second experimental example is the novel KL ma-
terial YCuz(OH)¢Cl3, which, like herbertsmithite, has a
nearest-neighbor Heisenberg exchange coupling J/kg = 82K
that is by far the dominant isotropic magnetic interaction
[26]. However, unlike herbertsmithite, this material enters
a chiral 120° AFM LRO GS at kgTy = 0.15J [45,47.48],
which is attributed to a sizable out-of-plane DM interaction
D = 0.25J [26]. **C1 NMR 1/T; results from Ref. [56] mea-
sured in the direction orthogonal to the kagome planes (c axis)
and within the kagome planes (a axis), on one of the two
chlorine crystallographic sites, are shown in Fig. 12(d). The
chosen *3Cl site is coupled symmetrically with all three Cu’*
spins on a given KL spin triangle [inset in Fig. 12(a)], similar
to chlorine sites in herbertsmithite. The appropriate compo-
nents of the hyperfine coupling tensor to a single electron spin
are A, = A, = 0.28 T. As evident by model calculations for
a nucleus in such a symmetric z; = 3 position [Fig. 12(c)],
the anisotropy of the measured 1/7; is minimal, suggesting
that highly anisotropic chiral ¢ = %1 local spin fluctuations
[Figs. 10(a) and 10(c)] are indeed highly suppressed at the
3l site, broadly consistent with the expected chiral form
factors (Table I). Nevertheless, even though the theoretically
predicted trend of decreasing 1/7; with lowering T is fol-
lowed by experiment, the experimentally-observed decrease is
less pronounced [Fig. 12(d)]. As the ¢ = 0 chiral LSF, which
should represent the only contribution to 1/7; according to
Table I, is expected to nearly vanish at low T [Figs. 10(b)
and 10(d)], while the experimental 1/7; does not, this sug-
gests that a remnant ¢ = 1 contribution must still affect
the experimental 1/7; to a certain extent. This could be a
telltale sign of reduced local threefold rotational symmetry in
YCu3(OH)eCls, similar to the recently discovered symmetry
reduction in herbertsmithite [49].

Finally, we note that the experimental 1/7; results on
both herbertsmithite and YCu3(OH)eCl; need to be rescaled
by factors of 0.57 and 0.40, respectively, to achieve also
a quantitative match with model calculations [Fig. 12(d)].
This might be partly attributed to uncertainty in experimental
parameters such as the hyperfine coupling constants. A fur-
ther source of uncertainty is the spin diffusion contribution,
i.e., the contribution from the ¢ ~ 0, ¢ =0 spin fluctua-
tions, which we omit as mentioned in Sec. IIl A. In generic
two-dimensional systems at wy — O this contribution might
even be singular [59]. Nevertheless, in systems with strong
AFM fluctuations, like cuprates [65] and KLHM materials,
the spin diffusion contribution to 1/7; is generally consid-
ered to be relatively small and sizable only at high 7". Still,
it might contribute a relevant quantitative correction to the
calculated 1/7;.

VI. SUMMARY AND OUTLOOK

Our comprehensive numerical study of the dynamical spin
correlations of the KL AFM via FTLM calculations has led
to several pertinent findings. By separating the chiral correla-
tions (¢ = 1) from nonchiral ones (¢ = 0), we have shown
that the former dominate the low-energy dynamics even of the
isotropic D = 0 KLHM (Figs. 2 and 3). These are fluctuations
of the uniform (¢ = 0) 120° AFM order parameter, leading
to a pronounced low-energy response in the DSF S(q, w)
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at the M point of the extended BZ. The dominant chiral
DSF features a nontrivial frequency dependence characterized
by a double-maximum structure that persists up to kT ~ J
(Fig. 4), even though the lower-energy peak corresponds to
energies of only around 0.3J. As a direct consequence of
this low-energy peak, the d.c. susceptibility xo(q) exhibits a
pronounced peak at the M point at low T (Fig. 6). In clear
contrast, the equal-time S(q), which sums over all energies,
exhibits a pronounced region of high intensity spread out
around the whole extended BZ boundary, which remains the
case to high kgT ~ 2J, and has apparent weak maxima in the
corner K points of the extended BZ (Fig. 5).

Allowing for finite DM interactions perpendicular to the
kagome plane makes the chiral DSF anisotropic (Fig. 8).
Such magnetic anisotropy mainly affects the ¢ =0, ¢ = £1
chiral 120° AFM fluctuations, which soften at the quantum
critical point D, A 0.1J. The corresponding out-of-plane chi-
ral DSF spectra S7,(¢ = 0, @) become more coherent with
increasing D with an increase in an effective out-of-plane
spin triplet gap [Fig. 8(a)], while the in-plane chiral DSF
spectra S1Y, (¢ = 0, ) show enhanced low-energy fluctuations
and longer-range correlations [Figs. 8(b) and 9]. The change
in local (i.e., integrated over q) spin fluctuations, which are
highly relevant for local-probe experiments like NMR, from
the isotropic D = 0 case is also dominated by chiral ¢ = %1
fluctuations (Fig. 10).

All of the observed characteristic features of the KL an-
tiferromagnet DSF can also be probed experimentally via
INS and NMR spin-lattice relaxation measurements. We crit-
ically compare our results to two most relevant examples
of the nearest-neighbor KL materials, the archetypal her-
bertsmithite and the novel KL material YCu3(OH)¢Cls. The
former possesses rather small DM magnetic anisotropy and
lacks LRO down to the lowest experimentally accessible tem-
peratures, while the latter is characterized by a much larger
DM anisotropy and chiral 120° LRO at low T'. Single-crystal
KL INS measurements with the required q-space resolution
are so far only available for herbertsmithite. These measure-
ments indeed show a broad low-energy peak [37] at energies
that are entirely consistent with the lower-energy, 0.3/ peak
that we find numerically. Furthermore, our model calculations
also convincingly reproduce the variation of S(q, w) measured
along the (—2,1+ K,0) q cut in Ref. [37] (Fig. 11). We

find that the peak is considerably narrower than predicted by
a simple singlet-dimer toy model [37], which indicates that
chiral AFM fluctuations in the KLHM have a finite low-T
correlation length & > 1.

Furthermore, '’0 NMR spin-lattice relaxation rate 1/T;
measurements on herbertsmithite [38] are reasonably repro-
duced by our model calculations [Fig. 12(d)], showing that the
effect of small DM interactions that are present in this com-
pound on dynamical spin correlations is indeed small. The
experimental 7' dependence is well consistent with numerical
result, in particular at kg7 > 0.3J. The observed variation
predominantly reflects the evolution of the nonchiral (¢ = 0)
fluctuations, as the contribution of the chiral (¢ = £1) fluc-
tuations is partly filtered out at the symmetric position of the
170 nuclei. The situation is even more extreme in the case
of 3°C1 NMR spin-lattice relaxation rate 1/7; measurements
on YCu3(OH)eCl; [56], where chiral ¢ = 41 fluctuations
should be completely filtered out due to the threefold rota-
tional symmetry at the nuclear site. Indeed, we observe almost
no anisotropy in experimental 1/7;7. However, the experiment
notably deviates from theory at low T', suggesting that the chi-
ral contribution might still contribute, likely due to a reduced
local rotational symmetry.

Our study thus demonstrates that detailed knowledge of
the dynamical spin structure factor of KL AFM at T > 0
can indeed provide invaluable insight into the nature of its
low-energy spin excitations and represent a link to numer-
ous theoretical studies of the ground state of this enigmatic
model. Especially intriguing is the robust, yet hitherto under-
appreciated, chiral nature of the dominant spin fluctuations.
The scope of our results is further extended by the inclusion
of experimentally highly-relevant DM interactions with non-
trivial consequences. We have furthermore demonstrated that
our unbiased state-of-the-art numerical calculations provide
a reliable basis upon which past and future experiments on
kagome materials can be judged and interpreted.
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