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Possible Dirac quantum spin liquid in the kagome quantum antiferromagnet
YCu3(OH)6Br2[Brx(OH)1−x]
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We studied the magnetic properties of YCu3(OH)6Br2[Br1−x (OH)x] (x = 0.33), where Cu2+ ions form two-
dimensional kagome layers. There is no magnetic order down to 50 mK, while the Curie-Weiss temperature
is on the order of −100 K. At zero magnetic field, the low-temperature specific heat shows a T 2 dependence.
Above 2 T, a linear temperature dependence term in specific heat emerges, and the value of γ = C/T increases
linearly with the field. Furthermore, the magnetic susceptibility tends to a constant value at T = 0. Our results
suggest that the magnetic ground state of YCu3(OH)6Br2[Br1−x (OH)x] is consistent with a Dirac quantum-spin-
liquid state with a linearly dispersing spinon strongly coupled to an emergent gauge field, which has long been
theoretically proposed as a candidate ground state in the two-dimensional kagome Heisenberg antiferromagnetic
system.

DOI: 10.1103/PhysRevB.105.L121109

The two-dimensional (2D) kagome Heisenberg antiferro-
magnet (KHA) has stimulated great research interest and
activities [1–8]. This is because the Lieb-Schultz-Mattis-
Oshikawa-Hastings theorems [9–11] forbid KHA systems
from having a trivially gapped ground state and therefore
increase the possibilities of realizing exotic states such as
quantum spin liquids (QSLs) and valence bond solids [7,12–
16]. If we consider only the homogeneous nearest-neighbor
exchange, the leading candidates for the ground states are
gapped Z2 QSL [17–21] and gapless U(1) Dirac QSL [22–27].
Introducing second-neighbor and third-neighbor exchanges or
more generic interactions will result in even richer ground
states [28–34]. Given these varieties, it is generally expected
that a kagome magnetic material exhibiting no magnetic or-
dering at low temperatures is more likely to acquire a QSL
ground state.

Experimentally, the best candidate so far for a kagome QSL
is undoubtedly herbertsmithite [ZnCu3(OH)6Cl2] [35,36],
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which consists of perfect kagome planes formed by Cu2+

ions (S = 1/2). The central debate for this material, if the
ground state is indeed a QSL, is whether the spin system is
gapped or gapless [37–39]. While this is supposed to be easy
to observe experimentally, the existence of a few percent of
magnetic Cu2+ ions on the nonmagnetic Zn2+ sites makes the
low-energy spectrum and low-temperature thermodynamical
properties dominated by these impurity spins [40–42]. Similar
issues have also been found for many other KHAs [43–48].
To avoid site disorder, YCu3(OH)6Cl3 was synthesized with
perfect Cu2+ kagome planes but no site mixing because of
the very different ionic sizes of Y3+ and Cu2+ [49,50]. How-
ever, it was later found that this compound may exhibit an
antiferromagnetic (AFM) order at low temperatures [51–53].
Moreover, the samples are found to always contain clinoat-
acamite [Cu2(OH)3Cl] impurities, which may give rise to
contradictory results [49–52]. Recently, a new compound,
YCu3(OH)6Br2[Brx(OH)1−x] (x ≈ 0.51), was reported which
shows no magnetic ordering down to 2 K and seems to be a
better QSL candidate [54].

In this work, we synthesize high-quality single crystals
of YCu3(OH)6Br2[Brx(OH)1−x] (x = 0.33). Few magnetic
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FIG. 1. (a) The crystal structure of YCu3(OH)6[Br0.33(OH)0.67]
in which hydrogens are not shown. The solid lines represent the unit
cell. (b) The kagome plane of Cu2+ ions viewed along the c axis. The
other atoms are shown in only one unit cell. (c) The temperature de-
pendence of the inverse of the magnetic susceptibility χ−1. The solid
line is a linear fit for the high-temperature data. (d) The temperature
dependence of the specific heat C in the log-log scale. The arrow
indicates the shoulder of the low-temperature specific heat. The inset
shows a photo of several samples on the platform of the specific-heat
puck.

impurities are found, and their effects on the thermodynam-
ical properties are negligible. The system shows no magnetic
ordering down to 50 mK despite the large Curie-Weiss tem-
perature (∼ − 79 K). The low-temperature specific heat C
is proportional to T 2 below 0.7 K, while the field-induced
T -linear component of C is proportional to the magnetic field.
These results are consistent with the theoretical expectation of
a Dirac QSL [22].

Single crystals of YCu3(OH)6Br2[Brx(OH)1−x] (YCu3-H)
were grown using the hydrothermal method reported previ-
ously [54]. The crystals are hexagonal plates with an in-plane
diameter of 0.5 to 1 mm and a thickness of 0.1 to 0.3 mm. All
the crystals were ultrasonically cleaned in water before mea-
surements were taken to remove possible impurities attached
to the surfaces of the crystals. The deuterated single crystals
(YCu3-D) were synthesized using the same method with the
corresponding deuterated starting materials and heavy water.
All the results are for YCu3-H if not otherwise mentioned.
The crystal structure and chemical formula were determined
by single-crystal x-ray diffraction (SCXRD). Specific-heat
and magnetic-susceptibility measurements were measured on
physical property measurement systems (Quantum Design)
and magnetic property measurement systems (Quantum De-
sign), respectively. To obtain a good enough signal, we
typically used either c-axis-aligned or randomly oriented crys-
tals in these measurements.

Figure 1(a) shows the crystal structure of YCu3-H (x =
0.33), with detailed information given in Table I, which was
obtained from SCXRD. As reported previously for the x =
0.51 sample [54], the Cu2+ ions form 2D kagome layers
[Fig. 1(b)]. Compared to the x = 0.51 sample, the occu-
pancy of Y11 increases from 10% to 30%, while that of Br2

TABLE I. Fractional atomic coordinates and equivalent isotropic
displacement parameters of YCu3(OH)6[Br0.33(OH)0.67] with space
group P3̄m1 (No. 164): a = b = 6.6784(2) Å, c = 5.9901(3) Å, α =
β = 90◦, γ = 120◦.

Atom x y z Occupancy Ueq (Å2)

Y11 0.0000 0.0000 0.5000 0.301(2) 0.0107(4)
Y12 0.0000 0.0000 0.6222(3) 0.3493(12) 0.0107(4)
Cu 0.5000 0.5000 0.5000 1 0.0127(3)
Br1 0.666667 0.333333 0.85645(10) 1 0.0179(3)
O1 0.1888(3) 0.8112(3) 0.6288(7) 1 0.0298(8)
Br2 0.0000 0.0000 0.0000 0.326(6) 0.0207(8)
O2 0.0000 0.0000 0.0000 0.674(6) 0.0207(8)

decreases from 51% to 33%. Moreover, the in-plane and
c-axis lattice constants become slightly larger and smaller, re-
spectively, and the Cu-O1-Cu angle for our sample (115.81◦)
is larger than that for the x = 0.51 sample (114.08◦). For
YCu3-D (x = 0.32), the results are almost the same, as shown
in Table II. We note that the molecular formula for our sample
may be roughly written as Y3Cu9(OH)20Br7, but no super-
structure as reported in Refs. [50,53,55] has been found here.

Figure 1(c) shows the inverse magnetic susceptibility
χ−1 = H/M of YCu3-H as a function of the temperature
for the field parallel to the ab plane. A linear fit to the data
above 150 K gives the Curie-Weiss temperature θCW and ef-
fective moment μeff as about −79 K and 1.94μB, respectively,
which are similar to those for the x = 0.51 sample [54]. It
should be noted that these values will change when adding a
temperature-independent background as a fitting parameter in
the Curie-Weiss function, but θCW is always on the order of
−100 K, suggesting large AFM interactions.

Figure 1(d) shows the temperature dependence of the spe-
cific heat, where no magnetic ordering is found down to
50 mK. A shoulder appears at about 2 K, which is typical
for a KHA from numerical calculations [56]. One of the key
questions now is whether the spin system is gapped or not.
To see this more clearly, we plot C/T below 2 K at zero
field in Fig. 2(a). The sharp upturn below about 0.2 K is
from the nuclear Schottky anomaly and can be described by
AT −3, where A is the fitting parameter. We find that no gap
function can describe the data. Rather, the data below 0.7 K
can be well fitted by AT −3 + αT n, with n = 1 ± 0.02. Same

TABLE II. Fractional atomic coordinates and equivalent
isotropic displacement parameters of YCu3(OD)6[Br0.32(OH)0.68]
with space group P3̄m1 (No. 164): a = b = 6.6779(3) Å, c =
5.9874(4) Å, α = β = 90◦, γ = 120◦.

Atom x y z Occupancy Ueq (Å2)

Y11 0.0000 0.0000 0.5000 0.314(2) 0.0076(4)
Y12 0.0000 0.0000 0.6227(3) 0.3428(12) 0.0076(4)
Cu 0.5000 0.5000 0.5000 1 0.0099(3)
Br1 0.666667 0.333333 0.85614(10) 1 0.048(3)
O1 0.1890(7) 0.8110(3) 0.6298(7) 1 0.0267(8)
Br2 0.0000 0.0000 0.0000 0.317(8) 0.0152(10)
O2 0.0000 0.0000 0.0000 0.683(8) 0.0152(10)
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FIG. 2. (a) The temperature dependence of C/T below 2 K at
0 T. The solid line is the fitted result as described in the main text.
(b) and (c) The temperature dependence of C/T at different fields for
YCu3-H and YCu3-D, respectively. (d) The field dependence of γ .
The solid lines are fitted results with the linear function.

measurements were done on several batches of samples, and
the value of n is always close to 1. These results clearly
show that the specific heat (after subtraction of the Schottky
anomaly [55]) is proportional to T 2 when T goes to zero. For
a Dirac QSL with a linearly dispersing spinon spectrum, such
T 2 specific heat at zero field is expected [22]; this is our first
experimental evidence to show that the ground state of YCu3

may be a Dirac QSL.
Figure 2(b) shows C/T at different fields, where the

contribution from the nuclear Schottky anomaly has been
removed [55]. The hump at 1.5 K is gradually suppressed
by the field, while the specific heat below 1 K slightly
increases with increasing field. This behavior rules out the ex-
istence of weakly correlated impurity spins that are typically
found in herbertsmithite and many other kagome com-
pounds [40–45,47,48], whose contribution would be shifted
to higher temperature under magnetic field [40]. Below about
0.7 K, C/T shows a linear temperature dependence at all fields
with little change in the slope.

Figure 2(c) further shows the results for the YCu3-D
sample, where the nuclear Schottky anomaly becomes less
significant. The linear temperature dependence of C/T can
thus be directly seen without the need to remove the Schot-
tky contribution, therefore avoiding the uncertainties at large
fields. Interestingly, the slope clearly decreases with increas-
ing field, which is different from that of YCu3-H. But for
both the YCu3-H and YCu3-D samples, we can fit the C/T
data with a generic linear function, i.e., C/T = γ + αT , and
we show the obtained field dependence of γ in Fig. 2(d).
We see that above 2 T, γ for both samples increases linearly
with the field, showing a linear temperature dependence of
the specific heat at high fields. This is the second experimen-
tal evidence that the material exhibits consistent behavior of
a Dirac QSL under magnetic field at low temperature, i.e.,
kBT � μBB [22].

FIG. 3. (a) and (b) The M-H loops for YCu3-H at different
temperatures for H//c and H//ab, respectively. (c) The temperature
dependence of M at 1000 Oe. The samples were randomly oriented
to put more samples in the capsule to gain a better signal. (d) The
temperature dependence of M at 1000 Oe for the unwashed YCu3-H
samples. The backgrounds in the measurements are different for
different field directions.

Figure 3(a) shows the M-H loop for H//c, where no hys-
teresis is found at all temperatures. At 2 K, the slope dM/dH
decreases with increasing field and becomes almost field inde-
pendent above about 5 T. At 15 K, M linearly depends on H
for the whole field range. Similar behaviors are also observed
for H//ab, as shown in Fig. 3(b). The anisotropy Mc/Mab

between H//c and H//ab at high fields is about 1.07 at 2 K
and slightly increases with increasing temperature (∼1.13 at
15 K).

To further investigate the magnetic susceptibility at lower
temperatures, we studied the temperature dependence of the
magnetization below 2 K, as shown in Fig. 3(c). No divergent
behavior is found, suggesting the absence of free or weakly
correlated spins. A slight difference between the zero-field-
cooling (ZFC) and field-cooling (FC) processes appears below
about 0.8 K. The ratio between this difference �M and the
mean value of M is less than 0.6%, suggesting it may not
come from the intrinsic properties of the samples. In fact,
the measurements of the unwashed YCu3-H samples reveal
similar behaviors with �M/M > 6%, strongly demonstrating
that the difference between ZFC and FC comes from the ex-
ternal magnetic impurities, most of which were attached to the
crystal surfaces. Overall, the intrinsic magnetic susceptibility
of our samples should tend to a constant when T goes to zero.

The above results demonstrate that the
YCu3(OH)6Br2[Brx(OH)1−x] system indeed has few magnetic
impurities, as expected [54]. As shown in the Supplemental
Material [55], the magnetic impurities in our samples are
mostly attached to the sample surfaces and can be removed
by ultrasonic washing in water. For the washed samples, the
existence of a very small amount of impurities has negligible
effects on determining the thermodynamical properties, as
shown by both the specific-heat and magnetic-susceptibility
results. This is different from herbertsmithite and many
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other KHAs [40–45,47,48], for which the effect of magnetic
impurities is very hard to separate from the bulk properties.

We thus conclude that YCu3(OH)6Br2[Brx(OH)1−x] is a
strong candidate for realizing the Dirac QSL state, where the
low-energy spinons form Dirac cones and their interactions
are mediated by the emergent gauge fields [22,23,57,58].
The most promising evidence comes from the specific-heat
results. First, the specific heat shows a T 2 dependence at
zero field, which has been predicted for a U(1) Dirac QSL
because of the Dirac nodes [22]. Second, the linear tem-
perature dependence of the specific heat is found at high
fields, suggesting the appearance of the spinon Fermi sur-
face, which has also been predicted theoretically [22]. It
is interesting to note that this linear component shows
up only above 2 T, which is again consistent with the
condition for the above theoretical argument, i.e., kBT �
μBB. Moreover, the linear-field-dependence and quadratic-
temperature-dependence coefficients for YCu3-H are 0.01
J/mol T K2 and 0.33 J/mol K3, respectively, which give
a ratio that is just about 1/7 of the theoretical predicted
value (∼0.21 T−1) [22]. For YCu3-D, the ratio is similar.
These results may give a hint of the detailed structure of
the Dirac nodes and low-energy spinon excitations and could
even imply some kind of gauge fluctuation. It is particularly
interesting to point out that the low-temperature specific heats
behave differently for the YCu3-H and YCu3-D samples,
which suggests that the fine structures of Dirac cones may
be tuned. It is also worth noting that although the magnetic
susceptibility χ is expected to show a linear temperature de-
pendence, it tends to a large constant when T goes to zero for
our sample. Theoretically, it has been shown that a nonzero
χ at 0 K is indeed possible for a gapless QSL [59–63].
Our observations therefore provide a promising experimental
signature of the material realization of the highly nontrivial
phase with emergent matter fields (Dirac spinon) coupled with
gauge fields [22,23,57,58,64,65], which has been pursued by
broad communities ranging from quantum material to high
energy.

It is interesting that a Dirac QSL may be realized in our
sample but not in YCu3(OH)6Cl3, which exhibits an AFM
order at low temperatures [51–53]. This order is shown to be
caused by the large Dzyaloshinskii-Moriya (DM) interaction,

which also gives rise to a hump in C/T at 16 K [66]. In
our case, the hump is at about 1.5 K, which means that the
DM interaction is either an order smaller or even absent since
the hump could also come from the low-energy excitations
for a KHA [56]. This is also consistent with the negligible
magnetic anisotropy shown by the M-H loops. The small DM
interaction may be associated with the random distributions
of Y and Br2 atoms. We note that the YCu3(OH)6Cl3−x (x
= 1/3) system has been suggested to show no magnetic
order [53], which may be connected to our samples with
partial occupancy of Br2 and two sites for Y, as shown in
Tables I and II. However, no distortion for Cu is found for
YCu3(OH)6Br2[Brx(OH)1−x].

In conclusion, we have shown that the magnetic ground
state of the YCu3(OH)6Br2[Brx(OH)1−x] system may be a
Dirac QSL on a 2D kagome lattice using low-temperature
specific-heat measurements. The very small number of
magnetic impurities make it possible to directly compare
theoretical and experimental results, helping us realize KHA
models in a real material. Moreover, the fine structure of Dirac
nodes may be tuned by site disorders, which needs to be
further studied.

Note added. Recently, we noted that studies on single-
crystal YCu3[OH(D)]6.5Br2.5 have also been reported
[67].
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