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NMR evidence of spinon localization in the kagome antiferromagnet YCu3(OH)6Br2[Br1−x(OH)x]
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We performed nuclear magnetic resonance studies on a kagome antiferromagnet
YCu3(OH)6Br2[Br1−x (OH)x]. No significant NMR spectral broadening is found in the Br center peak
from 1 K down to 0.05 K, indicating absence of static antiferromagnetic ordering. In contrast to signatures
of dominant 2D kagome antiferromagnetic fluctuations at temperature above 30 K, both the Knight shift Kn

and the spin-lattice relaxation rate 1/T1 increase when the sample is cooled from 30 K to 8 K, which can be
attributed to the scattering of spin excitations by strong nonmagnetic impurities. Unusually, a hump is observed
in Kn and 1/T2 close to 2 K (far below the exchange energy), which indicates the existence of excitations with a
large density of states close to zero energy. These phenomena are reproduced by a mean-field simulation of the
Heisenberg model with bond-dependent exchange interactions, where the sign fluctuations in the spinon kinetic
terms caused by impurities result in localization of spinons and an almost flat band close to the Fermi energy.
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I. INTRODUCTION

Quantum spin liquids (QSLs) are an exotic phase of
matter characterized by long-range quantum entanglement
of spins with absence of long-range magnetic order [1–3].
Generally a QSL does not break any symmetry of the spin
Hamiltonian and hosts fractional spinon excitations [4–6]. It
was proposed that geometrical frustration in antiferromagnets
can effectively enhance quantum fluctuations and suppress
magnetic order. Therefore, QSL candidates have been ex-
tensively studied in antiferromagnets with triangular [7–10],
kagome [11–15], and pyrochlore [16,17] lattices. Especially,
the strongly frustrated spin-1/2 kagome Heisenberg antiferro-
magnet (KHAF) is considered as an ideal model to stabilize
QSL ground states [13]. Theoretical works reveal that KHAF
can exhibit no magnetic order even at zero temperature, but
whether the ground state is gapped [18,19] or gapless [20–24]
remains controversial.

However, most of the magnetic materials in nature exhibit
long-range magnetic ordering at low temperatures, which
makes it challenging to study QSL phases. On the experi-
mental side, the mineral herbertsmithite ZnCu3(OH)6Cl2 was
thought to realize the ideal spin-1/2 KHAF model [11,13,25–
29], in which Cu2+ ions with spin-1/2 moments arrange in
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structurally perfect kagome layers and nonmagnetic Zn2+

ions separate lattice planes to avoid 3D long-range antifer-
romagnetic (AFM) order. Accordingly, experiments on these
materials are expected to provide a platform for determining
spin excitations [11,13]. However, antisite randomness, that
about 15% Cu2+ impurities occupy the nonmagnetic Zn2+

sites within the interlayers outside the kagome planes and 1%
Zn2+ defects occupy the Cu2+ sites within the kagome planes,
strongly affects the low-energy probes [11,13,27–32]. Bulk
susceptibility χ is strongly enhanced by interlayer magnetic
defects, preventing accurate measurements of intrinsic prop-
erties of the kagome layers [27,28]. It was further proposed
that antisite randomness could disrupt QSL ground states [33].
Recent studies show that a certain fraction of Cu2+ spins
forms robust QSL-like spin singlets with spatially varying
gaps [29,33,34]. However, the fraction of spin singlets does
not exceed 60% at T ∼ 0.01J and other Cu2+ spins remain
paramagnetic [29]. Alternatively, the random singlet was also
proposed as a candidate state in the 2D KHAF due to antisite
randomness [35,36].

To avoid magnetic antisite disorder, Y-kapellasites
YCu3(OH)6+xCl3−x with x = 0, 1/3 have been synthesized.
For x = 0, the compound exhibits AFM order at
TN ≈ 15 K [37–40], which is partly attributed to a strong
Dzyaloshinskii-Moriya (DM) interaction [41,42]. For
x = 1/3, namely Y3Cu9(OH)19Cl8, with a distorted kagome
lattice of Cu2+ which yields three different nearest-neighbor
interactions, has a TN ≈ 2.2 K [40,42,43].

Recently, YCu3(OH)6Br2 [Br1−x(OH)x] (YCu3-Br) was
also synthesized and reported as a QSL candidate with no
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magnetic ordering down to 2 K [44]. The material has perfect
Cu2+ kagome planes with nearest exchange couplings J ≈
79 K [44–48]. However, nonmagnetic antisite randomness
among interlayer Br− and OH− exists because of their similar
sizes [44–48]. In fact, recent studies indicate that substitution
of OH− for Br− results in a nonsymmetrical Cu2+ hexagon
in the kagome lattices, which leads to local distortions in
the Cu-O-Cu exchange paths and therefore bond-dependent,
nonuniform exchange couplings [47]. The impact of this type
of antisite disorder to the ground state needs to be studied.

In this paper, we report 79Br and 81Br nuclear magnetic
resonance (NMR) measurements on assembled high-quality
single crystals of YCu3-Br (x = 0.67). We found that the
full width at half maximum (FWHM) of the NMR spectra
barely changes with temperature from 1 K down to 50 mK.
Combined with absence of magnetic ordering at higher tem-
peratures by other studies, no static magnetic ordering in the
system is concluded. Upon cooling to 30 K, the system is
dominated by 2D KHAF physics as revealed by moderate
increasing of the Knight shift Kn toward a peaked behavior.
Below 30 K, Knight shift Kn, spin-lattice relaxation rate 1/T1,
and spin-spin relaxation rate 1/T2 all increase upon cooling
but with additive anisotropic and isotropic components, which
suggests enhanced low-energy spin fluctuations from both
interlayer couplings and disorder effects. A peak shows up
below 2 K in both Kn and 1/T2, indicating that the spinons are
scattered by nonmagnetic impurities and form a large amount
of magnetic excitations with small but nonzero energy.

II. MATERIAL AND TECHNIQUES

Single crystals of YCu3-Br (x = 0.67) were grown by the
hydrothermal method as reported previously [46]. The lattice
structure of YCu3-Br is shown in Figs. 1(a) and 1(b), where
Cu2+ ions form 2D kagome planes separated by Br− layers.
There are two inequivalent Br− sites in the lattice, labeled as
Br(1) and Br(2). The nonsymmetric distribution of OH−/Br−

pushes 70% of Y3+ away from the ideal position, resulting in
Y3+ occupancy probability of 35%, 30%, and 35%, from top
to bottom.

For our NMR measurements, several crystals were aligned
to a total size of 5 × 6 × 1.2 mm3, in order to improve
the signal-to-noise ratio (see Sec. S6 in the Supplemental
Material (SM) [49]). The samples were cooled in a variable-
temperature insert for temperature above 2 K and a dilution
refrigerator for temperature below 2 K. Spectra of 79Br and
81Br isotopes, having nuclear spin I = 3/2, Zeeman fac-
tor of 79γ = 10.667 MHz/T and 81γ = 11.499 MHz/T, and
quadrupole moment of 79Q = 0.33 × 10−28 m2 and 81Q =
0.28 × 10−28 m2, respectively, were collected with the stan-
dard spin-echo sequences π/2-τ -π where time length of the
π/2 pulse is about 2 µs. The full NMR spectra are obtained
by integrating spin-echo spectra with field sweeping at fixed
frequencies.

We primarily study the spin fluctuations on the Br(1)
site, because the spectral weight of Br(2) is expected to be
1/6 of that of Br(1), following their occupancy ratios in
the lattice. The Knight shift Kn is calculated by the form
Kn = ( f − fν )/γ H − 1, where f is peak frequency in the
spectrum, fν is the frequency correction due to quadrupole

FIG. 1. Crystal structure and presentative spectra of YCu3-Br.
(a) Side view of the crystal structure, in which hydrogens are not
shown. (b) Top view of the kagome plane. Cu2+ atoms are sur-
rounded by O atoms and Br atoms. Two inequivalent Br sites are
shown, with Br(1) above and below the center of Cu2+ triangles and
Br(2) located at the interlayer which is partly occupied by OH−.
Y atoms reside on three positions (cyan) with the occupancy ratio
of 35%, 30%, and 35%, respectively. (c) Br spectra measured with
H ||c at a fixed frequency 76 MHz. 81Br(1) and 81Br(2) spectra partly
overlap with 63Cu spectra (gray) from the NMR coil. (d) Br spectra
measured with H ||ab at a fixed frequency 69.5 MHz, also partially
overlapping with environmental 63Cu spectra as labeled.

moment contributions, and H is external field. The spin-lattice
relaxation rate 1/T1 was measured by inversion-recovery
method, by fitting nuclear magnetization to the standard
recovery function for spin-3/2 isotopes, M(t ) = M0[1 −
0.1e−(t/T1 )β − 0.9e−(6t/T1 )β ], where β is the stretching factor.
The spin-spin relaxation rate 1/T2 was obtained by fitting the
transverse spin recovery with Lorentz form, that is, M(t ) =
M0[0.1e−(t/T2 )β + 0.9e−(6t/T2 )β ]. The detailed spin recovery
curves and the fittings are presented in Sec. S6 of the SM [49].

III. NMR SPECTRA

We performed 79Br and 81Br NMR measurements at dif-
ferent frequencies. Typical spectra are partly demonstrated in
Figs. 1(c)–1(d) and Fig. 2(a), and full spectra in Fig. 3(a),
with different field orientations and field ranges. In principle,
twelve NMR lines are expected in each full spectrum, con-
sidering two inequivalent sites and two types of spin-3/2 Br
isotopes. Each type of isotope produces one center transition
and two satellite transition lines in the spectrum at a constant
field, due to hyperfine field from Cu2+, and coupling among
the nuclear quadrupole moments and the local electric field
gradient (EFG).

Due to antisite disorder, the change of O2− position in
Cu-O-Cu bond results in the variation in both the EFG and
the hyperfine field on the Br sites, which broadens the Br
NMR spectra by both a quadrupolar and a magnetic effect as
observed in this study.
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FIG. 2. Br spectra at 5 K with H ||c. (a) Br NMR spectra mea-
sured with fixed frequencies as functions of fields. Vertical offsets
are applied for clarity. The downward arrows mark the locations
of the Br(1) central peaks, and the upward arrows mark the Br(1)
satellite peaks. The vertical solid lines represent the satellites of
Br(2). (b) Peak frequencies of the spectra as functions of fields. The
solid lines are fit to the resonance frequencies, from contributions of
different nuclear sites and isotopes as labeled (see text). Correspond-
ing assignments of spectra to isotopes are also labeled in panel (a).

The frequencies of observed resonance peaks are then plot-
ted in Fig. 2(b) as functions of fields, which can be assigned to
different sites and isotopes, following three conditions. First,
the relative spectral weight of Br(2) and Br(1) should follow
a ratio of 1:6 as described in Sec. II. Second, the hyperfine
shift of Br(2) should be smaller compared to that of Br(1),
because of its larger distance to magnetic Cu2+ ions. Third,
79Br has a smaller Zeeman factor and a larger quadrupole
moment compared to 81Br, which results in a smaller reso-
nance frequency for 79Br center peaks but a larger quadrupole
correction for satellite peaks. By reading the frequency at the
spectral of NMR and NQR spectra, the peak frequencies of the
spectrum can be fitted with parameters 79νQ(1) = 24.3 MHz,
81νQ(1) = 21.5 MHz, 79νQ(2) = 30.3 MHz, and 81νQ(2) =
25.09 MHz, which are demonstrated by the fit curves of reso-
nance frequencies in Fig. 2(b). The detailed fitting procedure
is included in the SM [49]. The fit curves of the solid and
dotted lines are in good consistency with the experimental
data. Then all the resonance peaks are assigned to different Br
sites and isotopes as labeled in Figs. 1(c)–1(d) and Fig. 2(a).

Figure 3(a) presents full Br spectra from 5 K to 50 mK.
To reduce spectral overlaps among different transition lines,

different parts of the Br(1) spectra are then measured with
selected frequencies at three temperature ranges, that is, from
5 K to 170 K on center transitions [Fig. 3(b)], from 1.5 K to
15 K on satellites [Fig. 3(c)], and from 50 mK to 1 K on center
transitions [Fig. 3(d)]. The FWHM of the 79Br(1) spectra
[Fig. 3(d)] is obtained by Lorentz fitting and shown in Fig. 4.

Upon cooling, the NMR spectra show a progressive broad-
ening with temperatures from 8 K to 1.5 K. However, no
further line broadening is observed with temperatures from
1 K down to 50 mK, and the NMR linewidth tends to saturate
below 1 K (Fig. 4). In a previous report, the neutron scattering
data exhibit no long-range magnetic order down to 0.3 K [50].
Combining these two pieces of information, our data provide
evidence for absence of static antiferromagnetic ordering in
YCu3-Br with temperature down to 50 mK.

IV. NMR KNIGHT SHIFT

To reveal spin fluctuations of the system, the Knight shift
Kn, deduced from the Br(1) spectra shown in Figs. 3(b)–3(d),
is plotted as functions of temperatures in Fig. 5(a). Note that
Kn is determined by the frequency at the peak position of the
spectra, and the error bar is calculated by � f /γ H , where
� f is the frequency difference between the actual peak and
the fitted peak (data not shown) in the spectra. Upon cooling
below 200 K, Kn first exhibits a slow increase with a shoulder
behavior between 30 K and 15 K, then undergoes a rapid
raise from 8 K to 0.8 K, and finally decreases after reaching
a peak at about 0.5 K. The temperature dependence of Kn(T )
is consistent with the bulk susceptibility χ (T ) (adapted data
from Ref. [46]) down to 0.5 K, as shown in Fig. 5(b). Together
with the extremely low temperature data, Kn reveals important
information of the spin excitations at different energy scales
[13,27,29].

Generally, Kn = Ks + Korb, where Korb is the orbital con-
tribution to Knight shift which does not change with
temperature, and Ks(T ) is the spin contribution. Note that
Ks(T ) = Ahfχ (T )/NAμB, where χ (T ) is the bulk spin suscep-
tibility, Ahf is the magnetic hyperfine coupling constant, and
NA is Avogadro’s number. The high-temperature Kn(T ) is then
plotted against χ (T ) as shown in the inset of Fig. 5(a), where
it follows a straight line and gives the hyperfine coupling
Ahf = −4.74 ± 0.14 kOe/μB. Korb of −0.0448% is deter-
mined by the intercept with the y axis at χ = 0.

It was proposed theoretically that χ (T ) in the 2D KHAF
yields a peak at temperature on the order of T ∼ 0.15J [24].
The shoulder behavior in both Kn(T ) and χ (T ) between 15 K
and 30 K indicates that the low-energy spin dynamics above
30 K in this system is dominated by the intrinsic behavior of
the 2D KHAF, given that J ≈ 79 K [45,46].

Below 15 K, however, the absence of the rapid drop in
Kn(T ) and χ (T ) indicates that another mechanism exists.
Indeed, Kn shows a remarkable upturn with decreasing tem-
perature and reaches a peak at around 0.5 K. At first glance,
the peak at 0.5 K may be caused by a criticality toward 3D
ordering owing to 3D interlayer coupling. However, with such
a high onset temperature of upturn, a very strong interlayer
coupling has to be considered, which is contradictory with
the absence of 3D long-range ordering as reported in Sec. III.
An alternative interpretation for the peak is that there exists
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FIG. 3. Br Spectra at different temperatures with H ||c. (a) Presentative full spectra acquired as functions of fields, with center and satellite
transition lines of Br(1) and Br(2) specified. 1H, 19F, and 63Cu note the environmental NMR signals. (b)–(d) 81Br(1) lines at high, intermediate,
and low temperatures, respectively. Vertical lines mark the peak positions.

a large density of low-energy magnetic excitations caused by
nonmagnetic impurities as discussed below.

We preformed theoretical simulations of the 2D kagome
Heisenberg model with bond-dependent interactions using
fermionic spinon mean-field theory. Considering that the
ground state has no magnetic order, the spinon representa-
tion, with an unbroken rotational symmetry, is convenient
to describe the magnetic disorder ground state in the
mean-field approach. Under a local constraint

∑
σ f †

iσ fiσ =
1, the exchange interaction is rewritten as Ji jSi · S j =
− Ji j

2

∑
αβ f †

iα f jα f †
jβ fiβ . Under the mean-field approximation,

the spin-spin interactions are decoupled into the noninter-
acting trial Hamiltonian HMF = ∑

i j,σ ηi j (ti j + δi j ) f +
iσ f jσ +

H.c. + λ
∑

i f †
iσ fiσ , where f↑ and f↓ are fermionic spinon

FIG. 4. Low-temperature FWHM of the spectra. The FWHM
with temperature from 1 K to 50 mK, with H ||c, obtained from
Fig. 3(d).

operators, σ is the spin index, ti j is the averaged hopping
amplitude (the kinetic term) for the spinons, δi j is amplitude
fluctuations in the hopping, ηi j represents phase random-
ness in the hopping, and λ is the Lagrangian multiplier for
the constraint

∑
σ f †

iσ fiσ = 1. We emphasize that nonuniform
exchange interactions Ji j are the physical origin of phase
fluctuations ηi j and amplitude fluctuations δi j in the spinon
kinetic energy term.

In the simulations, we first assume that the amplitude
fluctuations δi j obey Gaussian distribution. However, the am-
plitude fluctuations only moderately change the ground state

FIG. 5. Experimental Knight shift, and theoretical bulk suscepti-
bility by a mean-field calculation. (a) Kn as functions of temperatures
measured with different fields. Inset: 81Kn vs χ with temperatures
from 50 K to 190 K. (b) Kn (left) and χ (right) adapted from Ref. [46]
of the crystals in a semilog scale. (c) χ as a function of temperatures,
calculated based on QSL state with spinon Fermi surface and bond
disorder p = 24.5% (see text). Inset: Density of states as a function
of energy. (d) Semilog plot of χ as a function of temperatures.
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(see SM [49]). Then we turn on the phase fluctuations ηi j

and simply consider them as random sign distributions due
to the unbroken time reversal symmetry, namely, ηi j = ±1
with probability P(−1) = p and P(1) = 1 − p. It turns out
that sign fluctuations strongly affect the nature of the ground
state. No matter what the initial state is, a Dirac cone state or
a spinon Fermi surface state, as the probability of sign flips
reaches a threshold p = 17%, an almost flat band with large
density of states appears at energy around zero, as shown
in the inset of Fig. 5(c). The original flat band(s) of the
unperturbed kagome lattice locating at the top of the spinon
band structure disappear due to impurities. Furthermore, with
such probability of sign flips, the motion of spinons will be
suppressed due to the destructive interference effect. As a
result, all the spinon eigenstates are localized in the lattice
space [49]. Since the spinons are quasiparticles in strongly
interacting systems, the suppression of spinon motion is es-
sentially many-body localization. A similar mechanism also
occurs in the charge localization in doped Mott insulators
[51,52]. Within this theoretical scenario, the bulk magnetic
susceptibility χ is then calculated and shown in Figs. 5(c)
and 5(d). The low-energy (nearly) flat band resulting from the
phase randomness gives rise to a prominent upturn in χ at
T � 0.101J and a peak at about T = 0.0063J , followed by a
drop at even lower temperatures.

The above theoretical results of χ are in good consistency
with the experimental data of Kn in respect to their overall
shape and their characteristic temperatures. Taking J ≈ 79 K
[46], then the shoulder appears at around 0.51J ∼ 40 K and
the upturn starts at around 0.101J ∼ 8 K, which is in perfect
agreement with the Knight shift data in Fig. 5(b). At the
extremely low temperature region, a peak shows up at 0.5 K,
which is slightly lower than that of Kn. The appearance of the
peak is due to the large density of states of the almost flat band
with very low but nonzero energy [see the inset of Fig. 5(c)].
We calculated the fraction of the integrated weight of spinons
in the flat band, and found that 6.3% spinons are sufficient
to account for the observed upturn in the calculated χ . The
peaked behavior, observed in Kn, shown at temperatures below
1.5 K, is consistent with the flat band picture. This is in
contrast to a Curie-Weiss behavior as expected for magnetic
impurity effect.

Therefore, the large resemblance in the temperature depen-
dence of the experimental data [Fig. 5(a)] and the theoretical
results [Fig. 5(c)], in a rather large temperature range, sup-
ports that our measured Kn is strongly affected by disordered
fermionic excitations rather than 3D couplings. Besides, the
shouldered behavior in the specific heat data, calculated from
the flat band around the Fermi surface [49], also agrees well
with experiment [46].

V. SPIN-LATTICE RELAXATION RATE

The spin-lattice relaxation rate 1/T1 is a sensitive probe
of low-energy fluctuations. In Fig. 6(a), 1/T1 for 81Br(1) is
shown as a function of temperature. 1/T1 increases with tem-
perature from 40 K to 200 K, which should be a signature
of AFM fluctuations. Data at typical field below 3 K are not
presented, where the stretching factor β � 0.6 and therefore
1/T1 data are not reliable. Below 1.5 K, the longitudinal spin

FIG. 6. Spin-lattice relaxation rate. (a) 1/T1 as functions of tem-
peratures, measured on the center and satellite lines of 81Br(1) at
different fields. (b) Ratios of 1/T1 on two types of isotopes, measured
at 6.65 T. The horizontal lines mark the values of (79Q/81Q)2 and
(79γ /81γ )2, respectively. (c) Stretch factors β for fitting the spin-
recovery curve.

recovery (data not shown) exhibits a two-exponent behavior
for unclear reasons, which prevents us from making further
studies on 1/T1 at lower temperature.

For nuclei with quadruple moments, 1/T1 is contributed
by both magnetic fluctuations and lattice fluctuations through
couplings to the local hyperfine fields and EFGs, respec-
tively. Thanks to different Zeeman factors and quadrupole
moments of 79Br and 81Br, these two contributions can be
identified, as the spin fluctuation part is proportional to γ 2

n
and the lattice fluctuation part is proportional to Q2. For
example, the spin contribution to 1/T1 is written as 1/T1 =
γ 2

n kBT/μ2
B

∑
q A2

hf (q)Im χ (q,ω)
ω

, where χ (q, ω) is the dynami-
cal susceptibility, ω is the Larmor frequency of the nuclei, and
Ahf is the hyperfine coupling constant.

In Fig. 6(b), the ratio of 1/79T1 and 1/81T1 is plotted as a
function of temperature. Two horizontal lines, with constant
values of (79γ / 81γ )2 = 0.861 and (79Q/81Q)2 = 1.389, are
added as references which set the limit for pure magnetic and
pure structural fluctuation cases, respectively. For tempera-
tures from 8 K to 70 K, 79T −1

1 /81T −1
1 falls close to the lower

line, which indicates that magnetic fluctuations dominate in
1/T1 at temperatures below 70 K, whereas no structural fluc-
tuations are found. Therefore, we can conclude that there is
no structural instability from 70 K down to 5 K.

With temperatures below 30 K, 1/T1 shows a prominent
upturn upon cooling, which suggests the development of low-
energy spin fluctuations. Furthermore, 1/T1 does not change
with field values and orientations until below 15 K, which
suggests that the spin fluctuations at temperatures between
15 K and 30 K are very isotropic. The large onset temperature
of the spin fluctuations and its isotropic behavior may not be
described by the 3D AFM fluctuations induced by interlayer
couplings, for the following two reasons. First, the 3D AFM
fluctuations in the lattice are usually anisotropic. Second,
the energy scale of the interlayer coupling is about 2.4 K
[44,45], which is too small to account for such a high onset
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FIG. 7. Spin-spin relaxation rate. 1/T2 as functions of tempera-
tures measured with different fields. Inset: log-log plot of 1/T2. The
solid line represents a linear fit of a + bT to the low-temperature
data.

temperature of upturn. In particular, the antisite disorder
on the Br(2) sites, which sets in between the Cu2+ layers,
may further reduce the 3D couplings. On the contrary, non-
magnetic impurities, as described in Sec. IV, may lead to
such enhancement of isotropic spin fluctuation at T�J/2,
as observed by the temperature dependence of Kn and χ

[Figs. 5(a)–5(d)].
Below 8 K, however, 1/T1 exhibits an upturn with H ||ab,

but a downtown with H ||c, and 1/T1 is also reduced with field
in both orientations below 1.8 K. The dramatic anisotropic and
the field-suppression effects in 1/T1 may result from the de-
velopment of anisotropic AFM fluctuations due to interlayer
couplings and spin-orbit coupling such as the Dzyaloshinskii-
Moriya (DM) interactions, with the easy axis along the c axis.
1/T1 increases when cooled from 5 K to 1.8 K with an upturn
at low temperature, which in principle should indicate gapless
excitations which will be further discussed with the 1/T2 data.
In fact, the linewidth of Br(1) spectra, as shown in Fig. 3(c),
also increases dramatically below 8 K, which is consistent
with the development of short-range correlations, though the
ordering tendency is suppressed by the inherent antisite disor-
der in the system. In this temperature range, disorder-induced
spin fluctuations, though prominent as shown in χ [Fig. 5(b)],
may overlap with the 3D anisotropic fluctuations as discussed
above. The 1/T2, on the other hand, reveals dominant isotropic
spin fluctuations as shown in the following section.

VI. SPIN-SPIN RELAXATION RATE

To further study the low-energy spin dynamics, the spin-
spin relaxation rate 1/T2 was measured. The detailed data with
different field values and orientations are shown in Fig. 7(a).
Compared to the 1/T1 data, the overall trend of 1/T2 with
temperature seems to be similar, where a dip forms at about
30 K, followed by an upturn upon cooling. However, there are
also distinctive behaviors in the 1/T2.

First, the stretching factor β remains as one in the whole
temperature range, by fitting transverse spin recovery to ob-
tain T2, as described in Sec. II. Therefore, 1/T2 reveals
intrinsic behavior of the compound.

Second, from 30 K to 2 K, no kinked behavior is found in
the log-log plot of 1/T2(T ) (Fig. 7 inset). In particular, at tem-
peratures below 8 K, the changes of 1/T2 with field orienta-
tions and field amplitudes are very small, which suggests that
1/T2 is dominated by isotropic spin fluctuations in the whole
temperature range, compared to the anisotropic fluctuations
in 1/T1 below 8 K. This suggests that dominant fluctuation
revealed by 1/T2 should be affected by another mechanism
rather than 3D coupling effects. In fact, the scattered spinons,
as discussed in Sec. IV, can account for such upturn in a large
temperature range below T � J/2, by enhanced low-energy
spin fluctuations from the flat band, from the spinon Hamilto-
nian with phase randomness discussed in Sec. IV.

Lastly, a remarkable peak develops in 1/T2 at about 1.5 K,
below which 1/T2 decreases dramatically. In this aspect, 1/T2

behaves very similarly to Kn by showing a peaked behavior,
albeit at a slightly higher temperature. These observations are
all aligned with the flat band of scattered spinons at a finite
energy of 0.0063J (Sec. IV). The different peak temperatures
in Kn and 1/T2 may be related to a shorter timescale for
measurements of 1/T2.

We attempted to fit 1/T2 by the form 1/T2 = a + bT , at
temperatures between 50 mK and 400 mK. As shown by the
solid line in the inset of Fig. 7, the success of the fitting
suggests additive contributions to 1/T2: a constant term and a
linear-T term. In principle the linear-T term presents gapless
excitations with a Fermi surface, which may be caused by a
Fermi-surface-like behavior at high temperatures, by picking
up the peaked spectra at finite energies as shown in Fig. 5(c)
(inset).

VII. DISCUSSION

In YCu3-Br, the behavior of Kn, 1/T1, and 1/T2 at all
temperatures can be accounted for by antisite randomness, 3D
spin fluctuations (resulting from interlayer coupling), and DM
interactions. Note that only 1/T1 shows anisotropic spin fluc-
tuations which should be caused by the interlayer couplings
and DM interactions. We also note that the external field
suppresses the anisotropic short-ranged AFM correlations as
revealed by 1/T1, which may help to stabilize a QSL ground
state as revealed by a recent work [53], and deserves further
study.

Our study suggests that nonmagnetic antisite random-
ness seems to be crucial in 2D KHAF. On one hand, DM
interactions, which give rise to AFM long-range order in
YCu3(OH)6Cl3 [38,54,55], are suppressed by strong disorder
in YCu3-Br. On the other hand, the antisite disorder between
Br(2) and OH− and Y atom displacement may cause bond
randomness, namely, fluctuating exchange couplings in the
Cu-O-Cu path [45] within a finite energy range around J . In
our mean-field model, this fluctuation in exchange couplings
may change the ground state of this system.

At the mean-field level, the randomness in the bond in-
teractions can cause both amplitude fluctuations and phase
fluctuations of the spinon kinetic terms. If the phase
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randomness p reaches 17%, on top of a Fermi-surface-like
density of states, the spinon dispersion has an almost flat
band close to the Fermi energy. The physical responses of the
low-energy flat band agree well with the experimental data,
including the linear temperature dependence in 1/T2 and the
sharp peak in Kn at 0.5 K. The nearly flat energy band corre-
sponds to low-energy spinons excitations which are spatially
localized. The existence of large density of states close to zero
energy is quite different from the picture of random singlet
states [35,36].

Interestingly, besides the spinons in the nearly flat band, al-
most all of the spinon eigenstates are localized in lattice space,
as shown in the SM [49]. Since the spinons are collective
excitations resulting from strong interactions, the localization
of spinons is essentially many-body localization caused by the
randomness in the interaction strength. The localized spinons
contribute to both specific heat and susceptibility, but not to
the thermal transport. As a by-product, our work indicates
that the thermal conductance of YCu3-Br contributed by the
spinons is very small [48]. Localized magnons are not consid-
ered since there is no evidence of long-range magnetic order
in the system.

It is enlightening to compare the localized spinons with
isolated magnetic impurities despite that our sample is of high
quality. Here we list several essential differences. First, the
density of impurities is generally very small, but the localized
spinons have a flat band at low energy which has a very large
density of states. Second, the localization of spinons results
from strong spin-spin interactions, and as a result the localized
spinons interact with each other via internal gauge fields (and
hence have stronger quantum fluctuations). On the other hand,
the isolated magnetic impurities weakly interact with each
other. Third, the localized spinons obey fractional (fermionic)
statistics while the energy of isolated impurities obeys the
Bose distribution (or approximately Boltzmann distribution
since the density is very low). Consequently, the magnetic

susceptibility (and Knight shift) of the latter obey the Curie
law but that of the former deviates from the Curie law due
to the fermionic statistics. For simplicity, we did not include
possible DM interactions in the theoretical simulations.

VIII. SUMMARY

In summary, our study provides spectroscopic evidence for
the absence of AFM ordering in YCu3-Br with temperatures
down to 50 mK. The Kn, 1/T1, and 1/T2 data at temperatures
above 30 K reveal intrinsic behavior of the 2D KHAF, unaf-
fected by disorder. The effect of the site-randomness disorder
leads to enhanced low-energy spin fluctuations below 30 K,
consistent with our mean-field calculation of magnetic sus-
ceptibility, by considering amplitude and sign randomness in
the spinon kinetic term which give rise to a Fermi-surface-like
band structure. In particular, both Kn and 1/T2 are peaked at
very low temperatures, which are consistent with the peak
in the spinon density of states contributed from the nearly
flat band close to zero energy. Our results suggest that non-
magnetic site disorder has a significant impact on the spinon
dispersion in the S = 1/2 KHAF system and may cause many-
body localization.
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