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A Dirac quantum spin liquid hosts Dirac spinons, which are low-energy fractionalized neutral
quasiparticles with spin 1/2 that obey the Dirac equation. Recent studies have revealed cone spin
continuum in YCus(OD)gBrz[Bry(OD)1—z], consistent with the convolution of two Dirac spinons.
In this work, we further studied spin excitations using the inelastic neutron scattering technique.
The width of low-energy spin excitations shows a linear temperature dependence, which can be
explained by spinon-spinon interactions with a Dirac dispersion. Polarized neutron scattering mea-
surements reveal that in-plane magnetic fluctuations are about 1.5 times stronger than the out-of-
plane ones, suggesting the presence of out-of-plane Dzyaloshinskii-Moriya interaction. Moreover, the
high-energy spin excitations around 14 meV agree with the one-pair spinon-antispinon excitations
in Raman studies. The real part of the dynamical susceptibility derived from the Kramers-Kronig
relationship also accords with the Knight shift measured by nuclear magnetic resonance. These

results provide further insights for the possible Dirac quantum spin liquid in this system.

A Dirac spinon is a kind of fractionalized excitations
in quantum spin liquids (QSLs) that has been widely dis-
cussed in theories [IH3]. A Dirac spinon has spin 1/2 and
is described by the Dirac equation, i.e., it is a fermion
with linear dispersion, analogous to electrons in graphene
but without the charge degree of freedom. One of the
most promising models to study Dirac spinons is the an-
tiferromagnetic (AFM) Heisenberg model on the kagome
lattice [4HI6). Despite theoretical triumphs, the search
for Dirac QSLs in the kagome materials has largely failed.
One of the main reasons may be the existence of disor-
ders and magnetic impurities in these materials [I7H29],
which may blur the sharp features of low-energy spin ex-
citations in a Dirac QSL or even destroy it.

Recently, a new kagome system,
YCus3(OH)gBra[Br;—,(OH),] (YCus-Br), has shown
many interesting results that make it a promising QSL
candidate [30H39]. Unlike many other kagome QSL can-
didates, this system shows no sign of magnetic impurities
or weakly correlated spins. Heat capacity measurements
clearly reveal behaviors expected for a Dirac QSL,
including the quadratic temperature dependence of the
specific heat at zero field and a linear term under fields
[31]. More intriguingly, the spin excitations show cone
continuum that may come from the convolution of two
Dirac spinons [36]. These results show no sign of disor-
ders and impurities, making YCus-Br the best candidate
for the Dirac QSL so far. However, there are also several
results that do not favor or even go against the existence
of Dirac spinons. Thermal conductivity measurements
do not observe a linear term that is supposed to exist

in the presence of spinon Fermi surfaces coming from
the Dirac spinons under fields [33]. Moreover, magnetic
susceptibility shows almost no temperature dependence
at low temperatures [3I, [B5, [40], whereas a linear
temperature dependence is expected for a Dirac QSL.
These results cast a shadow over the existence of Dirac
spinons and has aroused alternate explanations [39]. It
is worth noting that a one-ninth magnetization plateau
and magnetic oscillations have been observed at about
20 T, and their origin is also debated [40-43].

In this work, we studied the spin excitations of
YCU3(OD)GBI‘2 [Br0_33(OD)0_67] using the inelastic neu-
tron scattering (INS) technique. The temperature depen-
dence and anisotropy of the low-energy spin excitations
suggest finite quasiparticle lifetimes and the existence of
Dzyaloshinskii-Moriya (DM) interaction. We argue that
these factors explain the negative results from thermal
conductivity and magnetic susceptibility measurements.
Moreover, the dynamical susceptibility agrees excellently
with Raman and NMR results, providing further evi-
dence of the Dirac QSL in this system.

Single crystals of YCu3(OD)gBra[Brg.33(0D)g.66] were
grown using the hydrothermal method as reported pre-
viously [3I]. Since the sample properties may vary
among different batches [37]. we have measured the low-
temperature specific heats of the samples from all batches
to make sure that the crystals used in the INS measure-
ments exhibit the same properties [44]. About 800 sin-
gle crystals with a mass of approximate 0.5 gram were
co-aligned on a Cu plate using CYTOP, with a mosaic
spread of about 3 degrees [44]. The momentum trans-



fer @ in three-dimensional reciprocal space is defined as
Q = Ha*+Kb*+Lc*, where H, K and L are Miller in-
dices and a* = 2w (bxc)/V, b* = 27(cxa)/V and c* =
2r(axb)/V, witha=b = 6.6779 A, c = 5.9874 A, and V
= 231.23 A3 of the kagome lattice. The crystal assembly
was aligned in the [H, 0, L] scattering plane. The unpo-
larized and polarized INS experiments were carried out
on the cold-neutron disk chopper spectrometer AMAT-
ERAS at J-PARC [45] and the cold-neutron triple-axis
spectrometer ThALES at ILL [46], respectively. All the
spectral data of AMATERAS were processed by using
the software suite Utsusemi [47]. In the polarized neu-
tron experiment, an XYZ coil system is used for providing
the needed guide fields at the sample, and the incoming
neutron polarization directions are denoted as z, y, and
z with z along the @ direction. While both y and z are
perpendicular to @, they are within and perpendicular
to the scattering plane, respectively. After scattered by
the sample, the outgoing neutron polarization can either
parallel or antiparallel to the incoming neutron polariza-
tion, which corresponds to the nonspin flip (NSF) and
spin flip (SF) processes, respectively.

As shown in our previous work [36], the spin excita-
tions of YCus-Br exhibit cone continua at six symmetri-
cal positions within one Brillouin zone, among which the
one at (2/3,0) has the strongest intensity. Figures [[fa)
and b) show the colormaps of the low-energy spin exci-
tations as a function of £ and @Q along the [H,0] direction
at 0.3 and 6 K, respectively. Similar to previous results,
the cone continuum is clearly revealed at both (2/3,0)
and (4/3,0) at 0.3 K. At 6 K, the cone continuum be-
comes column-like due to the significant broadening of
low-energy spin excitations.

Figures[I{c) and[|(d) show constant-E cuts at 0.1 and
0.5 meV, respectively, all of which can be well fitted by
the Lorentzian function. The obtained energy and tem-
perature dependence of FWHM are shown in Figs. C)
and d)7 respectively. The FWHM changes linearly with
FE at low temperatures. The slope at 0.3 K is 0.191 +
0.011 eVA, which is slightly larger than the value re-
ported previously [36]. This accords with the fact that
previous INS measurements used samples with various
T? coefficients in the specific heat [37], which are directly
associated with the widths of the spin excitations for a
Dirac QSL [36]. Interestingly, the FWHM at 0.1 meV
also changes linearly with T up to 6 K, with a slope of
about 0.0211 + 0.003 A~! /K, while those above 0.5 meV
show little temperature dependence.

To further reveal the nature of the low-energy spin
excitations, we also carried out polarized INS measure-
ments in the [H,0,L] plane, as illustrated in Fig. [2fa).
Since neutrons only detect magnetic scattering compo-
nents perpendicular to (), we can obtain magnetic re-
sponses along the y and z directions, denoted as M, and

0.12

0.10

0.08

0.06

0.02

0.00

0.8 12 1.6

[H,0](r. 1. u.)
T T T T T T
E=05meV

. 0.8 12
[H,0](r.l.u.)

1 1 1 1 1 1
04 05 06 07 08 09 10

04 05 06 07 08 09 1.0

[H, 0] (r.l.u.) [H, 0] (r.L.u.)
0.30 (e) T T T T T 0.30 (f) T T : T T T T
025 | .4 ozsb . i
o020 | 45020 | 4
< <
S 015 | - =015 -
: =
. 03K i L i
Z o010 2 o3k £ o010
e 18K * 0.1meV
0.05 * 28K - 0.05 * 05meV -
* 60K * 0.95meV
0.00 1 1 1 1 1 0.00 1 1 1 1 1 1
00 02 04 06 08 10 o 1 2 3 4 6
E (meV) T(K)

FIG. 1. (a) and (b) Intensity contour plots of the INS results
as a function of E and @ along the [H,0] direction at 0.3 and 6
K, respectively, with E; = 2.57 meV. (c) and (d) Constant-E
cuts along the [H,0] direction at 0.1 and 0.5 meV, respectively.
The solid lines are fitted results by the Lorentzian function.
The integrated ranges of the energy and [-0.5K, K] are £
0.05 meV and + 0.1 r.l.u., respectively. (e) and (f) Energy
and temperature dependence of the FWHM. The solid lines
in (c) and (d) are results of linear fits at 0.3 K and 0.1 meV,
respectively. In all figures, r.l.u. is the reciprocal lattice unit.

M., respectively. Accordingly [48], we obtain

R+1 gsp SF

M, = ﬁ(% —0a,"), (1)
R+1
M, = (058 — o5F), 2)
where o7, o5F, and oFF are the SF scattering cross

sections for the corresponding neutron polarization di-
rection, and R is the flipping ratio between NSF and SF
scattering. R is large (> 15) so the flipping-ratio cor-
rection term can be neglected. As shown in Fig. b),
for magnetic intensities of excitations within the ab plane
(Myp) and along the ¢ axis (M.), we obtain M, = My,
and M, = w5120 + M,.cos?6, where 6 is the angle
between ) and the (H,0,0) direction. Here, we focus
on the spin excitations at 0.2 meV and 50 mK around
(2/3,0,0). Figures [2(c) and [(d) show scans along the
[H,0,0] and [2/3,0,L] directions for all three SF channels,
respectively. The corresponding M,;, and M. can thus
be obtained as shown in Figs. [2(e) and 2f). In both
cases, the ratio of My;,/M. is very close to 1.5. We note
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FIG. 2. (a) and (b) Illustration of the neutron polarized mea-
surement in the [H,0,L] plane and real space. The z, y, and z
are the neutron polarization directions. The angle between @Q
and the (H,0,0) direction is denoted as 8. (c), (d) Constant-
E scans at 0.2 meV along the [H,0,0] and [2/3,0,L] direc-
tions, respectively. (e), (f) In-plane and out-of-plane mag-
netic responses (Mg, and M.) at 0.2 meV along the [H,0,0]
and [2/3,0,L] directions, respectively. The solid lines in (e)
are fitted by a Lorentzian functiont. The solid lines in (f)
are guides by the eye. All measurements in this figure were
carried out at about 50 mK and with a fixed ky = 1.3 A~* .

that this anisotropy can not be due to the anisotropic
g-factor since gqp/gc is slightly smaller than 1 as shown
by the magnetization measurements [31], [42].

In the following, we turn to the results of high-energy
spin excitations. Figures[3|a) and [3[b) show high-energy
spin excitations at 0.3 K along the [H,0] and [1-K/2,K]
directions, respectively. In previous studies, the spin ex-
citations were observed up to about 8 meV due to the
incident energy limit [36], while here the excitations have
been found up to approximately 18 meV with E; = 21.91
meV. Whether there are spin excitations at even higher
energies need to be further studied. Similar to previous
results [30], the low-energy spin excitations at (2/3,0)
and the symmetrical positions gradually merge together
at the zone center (1,0) below about 8 meV. At higher
energies, new excitations emerge from the zone corners,
ie., (2/3,2/3) and (4/3,-2/3), as further shown in Fig.
c). These locations correspond to the K points in the
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FIG. 3. (a) and (b) Intensity contour plots of the INS results
as a function of E and @ along the [H,0] and [1-K/2,K] di-
rections, respectively, with E; = 21.91 meV and 7" = 0.3 K.
The corresponding integrated range along the [-K/2, K /2]
and [H,0] directions are from K = -0.12 to K = 0.12 and
from H = 0.9 to H = 1.1, respectively. (c) Intensity contour
plot of the INS results within the [H,K] plane at 10 and 15
meV, respectively, at 7' = 0.3 K. The integrated energy range
is 2 meV. The solid lines are the kagome Brillouin zone.

Brillouin zone [see the inset of Fig. [f{a)]. When the en-
ergy increases to about 15 meV, the spin excitations are
observed throughout the Brillouin zone [Fig. [3{(d)]. Note
that the |@Q| dependence of the intensity at 15 meV can be
fitted by a cosine function analogous to the structure fac-
tor of randomly arranged nearest-neighbour singlets to-
gether with the magnetic form factor of Cu?* [44], which
results in seemingly higher intensities at smaller Q’s.

Previous Raman scattering has revealed high-energy
magnetic excitations that are suggested to come from
one-pair (1P) and two-pair (2P) spinon-antispinon ex-
citations [4I]. Here, we plot the intensity of our high-
energy spin excitations together with the 1P Raman sus-
ceptibility in the A4 channel in Fig. (a). Note that
we have combined the neutron data at different tem-
peratures since the high-energy spin excitations are es-
sentially temperature-independent for the temperature
range measured here (T' < 6 K). A broad peak is found
in neutron scattering data at about 14 meV at the K
point, similar to the peak in Raman 1P excitations, sug-
gesting their common origin. Note that the Raman scat-
tering technique detects spinon-antispinon pairs with a
total spin quantum number AS = 0, while INS mea-
sures two spinon excitations with AS = +1 [49]. The
probability of two excited spinons with the same and op-
posite spin quantum numbers could be same so that the
results of Raman and neutron scattering are consistent,
and there seems no reason why they might be different.
These excitations also exist at the M and K’ points, but
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FIG. 4. (a) Energy dependence of S(Q,w) above 4 meV. The
solid line represents Raman magnetic susceptibility for 1P
spinon-antispinon excitations in the A1y channel [4I]. The
inset shows kagome (solid lines) and extended (dashed lines)
Brillouin zones with high-symmetry points. (b) x'(Q) along
the [H,0] direction at several temperatures. The solid lines
are fitted results by the Lorentzian function. (c¢) Temperature
dependence of magnetic correlation length £ at Q@ = (2/3,0).
The dashed line is a guide to the eye. (d) Temperature de-
pendence of x'(Q) at @ = (2/3,0). The dashed blue line is
the Knight shift from the NMR measurements [35].

are significantly enhanced with decreasing energy com-
pared with Raman susceptibility. Note that Raman spec-
troscopy only detects signal at T' (@ =0), so its results
cannot be directly compared with the low-energy spin
excitations measured by the INS technique at finite @Q’s.

As shown previously, we can obtain the real part of
the dynamical susceptibility x'(@) from the Kramers-
Kronig relationship [36]. Figure [{b) shows x'(Q) along
the [H,0] direction at various temperatures. The peaks
at (2/3,0) and (4/3,0) become much broader and lower at
6 K compared to those at low temperatures. The mag-
netic correlation length ¢ at (2/3,0) can be calculated
as £ = 27 /w, where w is the full width at half maxi-
mum (FWHM) of the x'(Q) peak at (2/3,0) fitted by the
Lorentzian function. Figure c) shows the temperature
dependence of &, which increases with decreasing T" and
saturates below about 1 K. This seems to accord with
the loss of T2 dependence in the specific heat above 1 K
[31) 44]. Figure [4(d) shows the temperature dependence
of the peak intensity x'(Q) at (2/3,0), which also be-
comes saturated below about 1 K. Note that the Knight
shift 31 K,, obtained from the nuclear magnetic resonance
(NMR) spectroscopy shows similar behavior [35].

We start the discussions with two major arguments
against the existence of Dirac QSL in the YCus-Br sys-
tem. The first argument is that the magnetic suscep-
tibility and Knight shift do not decrease linearly with
decreasing temperature when T approaches zero or in-

crease linearly with increasing field at very low temper-
atures, which is expected for a Dirac QSL since they
are supposed to be proportional to the density of states
[31, 35 [39]. However, this assumption is true only when
the spin rotation symmetry is preserved. In our sample,
the observation of anisotropy between in-plane and out-
of-plane spin excitations suggest that the spin system
is not a pure Heisenberg one. Theoretical calculations
have shown that the dynamical spin structure factor of
quantum spin liquids becomes anisotropic in the pres-
ence of DM interaction [§, 50]. Experimental evidence
for the existence of out-of-plane DM interaction has been
found in a very similar material, YCuz(OH)gCls, with an
AFM order [51], which is consistent with our observation
Meay > M. [8]. Therefore, the anisotropic spin excita-
tions in our sample clearly demonstrate the existence of
c-axis DM interaction, which may have randomness due
to structural disorders in this system [30} 82} 36, [37]. The
magnetic susceptibility or Knight shift can no longer be
considered effective tools to probe the ground states, as
it has long been known that when the spin rotation sym-
metry is absent, the magnetic susceptibility tends to a
constant at zero temperature, irrespective of the nature
of low-energy excitations [I]. It is worth noting that the
existence of DM interaction might be crucial for gener-
ating gauge field in this system [52].

The second argument against the Dirac QSL is the ab-
sence of linear temperature dependence of thermal con-
ductivity under fields [33]. A gap value of 1.4 K (= 0.12
meV) has been suggested but is larger than the lowest
energy of spin excitations in this work (= 0.05 meV). As
pointed out in our previous work [36], to observe linear-T
thermal conductivity, x, the mean free path, [, should be
at least several tens of microns, according to k = Cvpl/3,
where C' is the specific heat and vp is the spinon veloc-
ity, in the order of 1 km/s. While it is obviously hard
to fulfill such a requirement in a system with disorders
[30, B2, [B6H38], we can estimate the mean free path using
our INS data. As shown above, we have observed a lin-
ear temperature dependence of the FWHM of low-energy
spin excitations. The broadening of spin excitations in
reciprocal space is typically due to the decrease of mag-
netic correlations. This seems to suggest a divergence
of correlation length [44], which contradicts the simple
fact that there is no indication of any magnetic order at
zero K and ¢ actually saturates below about 1 K [Fig.
c)] On the other hand, the spinon-spinon interaction
can naturally cause the broadening of spin excitations. It
is well known that the inverse inelastic quasiparticle life-
time 77! near the Dirac nodes in the intrinsic undoped
graphene is linear with both temperature and energy due
to electron-electron interaction [53]. We argue that the
same mechanism may also work for Dirac spinons, so the
energy width AFE of the Dirac dispersion is linear with
both temperature and energy, too, as AE ~ 771h/2. Be-
cause INS experiments detect two-spinon excitations, the



momentum width AQ at low energies is also linear with
temperature as AE ~ hvpAQ, where vg is the spinon
velocity. While this argument might be too simple and
the instrument resolution should be considered to fully
reproduce the experimental data, the estimated values
should be reasonable within an order or two. The mean
free path is thus in the order of tens of nanometers at
low temperatures, as [ = vp7, clearly much smaller than
the minimum requirement in thermal transport measure-
ments (tens of microns [36]).

Our results provide a rare example to directly com-
pare INS data with Raman and NMR results in QSL
candidates, as shown in Figs. [4a) and [f{d), respectively.
The consistency between the Knight shift and x/'[(Q =
(2/3,0)] confirms the dominant contribution of excita-
tions at (2/3,0) at very low energies. Compared to Ra-
man scattering, our INS data revealed ) dependence of
the high-energy spin excitations, which seems to emerge
from the K positions in the extended Brillouin zone. The
low-energy spin excitations cannot be described by the
conventional kagome AFM model and their locations are
consistent with the so-called Q=(1/3,1/3) magnetic or-
der [54, 55]. On the other hand, the spin waves in the
latter also merge into the zone center of the kagome Bril-
louin, i.e., @ = (1,0), at about 8 meV, but no damped
magnons should exist above it, further supporting the
origin of the spin excitations above 8 meV as pairs of
spinons. The high-energy spin excitations are consistent
with theoretical calculations based on the kagome AFM
model [8, 50} [56], where the intensity at K is higher than
that at M when the energy is much larger than J. Note
that these calculations have uncertainties in one way or
another so more theoretical studies are needed.

In conclusion, our results provide further evidence for
the Dirac QSL in YCus-Br. The linear temperature
dependence of the low-energy spin excitations suggests
the existence of spinon-spinon interactions, analogous to
those of Dirac electrons in graphene. Polarized INS re-
veals anisotropic low-energy spin excitations due to the
existence of DM interactions. High-energy excitations
provide evidence for the existence of spinon pairs that
are consistent with kagome AFM model, although the
low-energy spin excitations seem not. These results pro-
vide a harmonious picture across different experimental
techniques and call for further theoretical studies.
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