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The emergence of a quantum spin liquid (QSL), a state of matter that can result when electron spins are
highly correlated but do not become ordered, has been the subject of a considerable body of research in
condensed matter physics [1,2]. Spin liquid states have been proposed as hosts for high-temperature
superconductivity [3] and can host topological properties with potential applications in quantum
information science [4]. The excitations of most quantum spin liquids are not conventional spin waves
but rather quasiparticles known as spinons, whose existence is well established experimentally only in one-
dimensional systems; the unambiguous experimental realization of QSL behavior in higher dimensions
remains challenging. Here, we investigate the novel compound YbZn2GaO5, which hosts an ideal
triangular lattice of effective spin-1=2 moments with no detectable inherent chemical disorder. Thermo-
dynamic and inelastic neutron scattering measurements performed on high-quality single crystal samples of
YbZn2GaO5 exclude the possibility of long-range magnetic ordering down to 0.06 K, demonstrate a
quadratic power law for the specific heat and reveal a continuum of magnetic excitations in parts of the
Brillouin zone. Both low-temperature thermodynamics and inelastic neutron scattering spectra suggest that
YbZn2GaO5 is a Uð1Þ Dirac QSL with spinon excitations concentrated at certain points in the Brillouin
zone. We advanced these results by performing additional specific heat measurements under finite fields,
further confirming the theoretical expectations for a Dirac QSL on the triangular lattice of YbZn2GaO5.

DOI: 10.1103/PhysRevLett.133.266703

Introduction—Anderson’s proposal in1973 ignited a surge
of both experimental and theoretical efforts to identify the
origins and properties of quantumspin liquid (QSL) states [5].
QSLs are exotic states of matter that remain disordered due to
strong quantum fluctuations even at ultralow temperatures
[1,2,6]. Despite significant experimental efforts, the unam-
biguous realization of a QSL state in the real world remains a
challenge. In recent years, two-dimensional triangular lattice
systems with rare-earth ions carrying effective spin-1=2
moments have presented promising opportunities in realizing
QSL states, given the presence of spin-orbit coupling, crystal
electric fields, and strong quantum fluctuations. Among these
systems, the Yb-based YbMgGaO4 has been intensively
studied due to the absence of magnetic ordering and the
observed continuumlike inelastic neutron scattering (INS)
spectra, making it a promising candidate for QSL [7–13].
However, the presence of chemical disorder in YbMgGaO4,

caused by the inherently mixed occupancies of magnesium
andgalliumatomson the samecrystallographic site, hasmade
the interpretation of the results challenging [12–14].
Specifically, a theoretical study suggests that the chemical
disorder may imitate the continuous INS spectra [12]. Further
studies on a sister compound, YbZnGaO4, have proposed the
presence of a spin-glass ground state attributed to the
coexistence of chemical disorder and quantum fluctuation
[15]. Therefore, eliminating or suppressing chemical disorder
and accessing the intrinsic physics of an ideal triangular lattice
of effective spin-1=2 moments is highly desired. As such, a
potential candidate for hosting a QSL state is another class of
Yb-based triangular lattice rocksalt-type compounds that do
not have significant intrinsic chemical disorder: AYbX2

(A ¼ Li, Na, K, Rb, Cs, and X ¼ O, S, Se) [16–26].
Nevertheless, the task of obtaining high-quality single-crystal
samples for this particular family has posed significant
challenges. As a result, most of the reported results have
been derived from powder samples or small single crystals,
rendering the interpretation of data quite challenging.*Contact author: sara.haravifard@duke.edu
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Furthermore, it is worth noting that in this compound family,
the interlayer Yb-Yb distance is relatively shorter, which
introduces a more three-dimensional magnetic structure.
Therefore, the key to unlocking the mystery of the QSL state
in these systems hinges on creating and synthesizing single-
crystal samples for a new category of Yb-based triangular
lattice compounds. These compounds should lack significant
intrinsic chemical disorder and showcase a more two-
dimensional magnetic structure.
To that end, we present a new Yb-based compound,

YbZn2GaO5, that features an ideal triangular lattice of
effective spin-1=2 moments without detectable intrinsic
chemical disorder. Experiments aimed at elucidating the
nature of the possible triangular lattice QSL in YbZn2GaO5

are of great importance. Thus, we grew a large and high-
quality single crystal of YbZn2GaO5 (see Fig. S1 [27])
using the optical floating-zone technique to facilitate
such experiments (see Appendix A). Our specific heat
measurements indicate that at ultralow temperatures
(see Appendix D), the specific heat displays a ∼T2 depen-
dence, indicating a Uð1Þ Dirac QSL behavior [28,29].
Additionally, we show that the field-induced T-linear
component of the specific heat is proportional to the
applied magnetic field, further confirming that the ground
state of YbZn2GaO5 is best described withUð1ÞDirac QSL
[28]. In addition to the specific heat measurements, we
conducted INS investigation on YbZn2GaO5 which reveals
gapless, continuumlike spectra at the high-symmetry M
and K points, but not throughout the Brillouin zone, and in
particular not at the Γ point. This particular pattern of low-
energy spinon excitations is expected for the Uð1Þ Dirac
QSL phase [30,31] and not for a spinon Fermi surface state.
Hence the specific heat scaling and INS spectra independ-
ently are best explained by low-energy spinon excitations
with a Dirac-like spectrum.
Results and discussion—Before discussing the results

further, we would like to review briefly the key signatures
that differentiate a spinon Fermi surface state from a Uð1Þ
Dirac spin liquid. First, let us start with the spinon Fermi
surface state. In such a state, the low-temperature specific
heat is predicted to scale as ∼T [32] at the mean-field level,
possibly becoming T2=3 if emergent gauge fluctuations
dominate. As for the spectrum, mean-field theory predicts a
V-shaped spectrum near the Γ point and gapless excitations
throughout the entire Brillouin zone [6,10,33]. These
signatures have been observed in YbMgGaO4 [10,34]
and NaYbSe2 [21]. For the Uð1Þ Dirac spin liquid, the
specific heat is expected to scale as ∼T2 because of the
Dirac nodes [28,35]. The low-energy theory on the tri-
angular lattice is quantum electrodynamics (QED3) with
four Dirac fermions (Nf ¼ 4), which predicts gapless
excitations at both the M and K wave vectors [36]. The
main signature to distinguish this from a spinon Fermi
surface state is the presence of a gap away from these
points, such as near the Γ point, as observed in recent

simulations of the J1 − J2 Heisenberg model on the
triangular lattice [30,31,37].
Returning to the discussion of YbZn2GaO5, we demon-

strate in Fig. 1(a) the hexagonal crystal structure of
YbZn2GaO5, with the space group P63mmc. This is in
contrast to YbMgGaO4 and YbZnGaO4 which crystallize in
the R3̄m space group. Within the P63mmc space group of
YbZn2GaO5, distinctiveWyckoff positions are allocated for
gallium and zinc. Consequently, YbZn2GaO5 exhibits no
observable intrinsic chemical site mixing. The phase purity
of our sample is confirmed through a Rietveld refinement
analysis performed on the powder x-ray diffraction pattern
obtained from a crushed YbZn2GaO5 single crystal (see
Fig. S1 [27]). We further performed the single-crystal x-ray
diffraction measurement (see Appendix B) on YbZn2GaO5

crystal and observed no chemical disorder within the limit of
our experimental accuracy (see Table S1 [27]). In order to
further confirm this, we also performed high-resolution
neutron powder diffraction measurements on YbZn2GaO5

(see Appendix F). These results also show no signature of
detectable site mixing in this system. This is an important
observation since unlike their similar x-ray cross sections,
the neutron cross sections for Zn and Ga differ by a factor of
1.65 (see Fig. S2), making it easier to detect the possible
chemical site mixing. It is noteworthy to add that in
YbZn2GaO5, an additional nonmagnetic Zn-O layer is
introduced along the crystallographic c direction, which
increases the distance between magnetic Yb-O planes from
8.38 Å (YbZnGaO4) to 10.98 Å, enhancing the two-
dimensionality and quantum fluctuations in this compound
compared to previously reported Yb-based triangular lattice
QSLcandidates [11,15–17]. Thenearest neighborYb3þ ions
are arranged in a perfect triangular pattern with a distance of
3.37Åbetween them, as illustrated inFig. 1(b). This distance
is comparable to that in the previously reported Yb-based
triangular lattice compounds proposed to host QSL state
[7,8].
We illustrate in Fig. 1(c) the temperature-dependent mag-

netic susceptibility data collected on the single crystal of
YbZn2GaO5 along both directions parallel and perpendi-
cular to the crystallographic c axis, in the presence of an
applied magnetic field of 0.01 T (see Appendix E). The inset
of Fig. 1(c) highlights the low-temperature susceptibility
region down to 0.3 K, confirming the absence of magnetic
ordering down to this temperature. The inverse magnetic su-
sceptibility data are fitted to Curie-Weiss law: 1=χ¼
ðT−θCWÞ=C, (where θCW is the Curie-Weiss temperature,
and C is the Curie constant) at two different temperature
regimes. The obtained effective moment (μeff ≃ 4.36 μB) at a
high-temperature range agrees with the expected theoretical
value of free Yb3þ ion (≃4.54 μB). The Curie-Weiss temper-
atures obtained for YbZn2GaO5 in the low-temperature
range (5–15 K) are slightly higher (θCW;k¼−3.77K
and θCW;⊥ ¼ −5.22 K) than those of YbðMg;ZnÞGaO4

[7,8,10,15,38]. This observation suggests a stronger antifer-
romagnetic coupling betweenYb3þ ions inYbZn2GaO5. The
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collected isothermalmagnetization data along both directions
up to 14 T of the applied magnetic field provides anisotropic
Landé g factors of gk ≃ 3.44 and g⊥ ≃ 3.04 (see Fig. S1f).
As proposed in previous studies on YbðMg;ZnÞGaO4,

one plausible explanation for the absence of long-range
magnetic ordering could be that the ground state is a spin
glass [15]. In the spin-glass state, the spins are locked into a
static, short-range ordered state below the freezing temper-
ature (Tf) due to competing exchange interactions [39].
Detection of the spin-glass state typically involves ac-
susceptibility measurements. We conducted ac-susceptibility
measurements on YbZn2GaO5 single-crystal samples (see
Appendix C). In Fig. 1(d), the real part of the ac suscep-
tibility (χ0) at 80 Hz reveals a maximum at Tf ≈ 0.082 K, at
a slightly lower value compared to that observed in
YbðMg;ZnÞGaO4 [15]. The observed peak exhibits a small
frequency-dependent behavior, shifting slightly toward
higher temperatures for low frequency regime. We attribute
this behavior to the freezing of the orphan spins present in
the small impurity phase rather than the spin-glass nature of
the ground state for YbZn2GaO5. To further elaborate on
this, we show in the inset of Fig. 1(d) the interpolation of
lowest measured frequency (80 Hz) at the zero temperature

limit, suggesting that the susceptibility passes through origin
and is linear as a function of temperature in this regime. This
is in agreement with our expectation for a Dirac quantum
spin liquid state [28,35] and implies that YbZn2GaO5 is
unlikely to exhibit a spin-glass ground state. Furthermore,
the spin-glass scenario is ruled out by the Cole-Cole analysis
shown in Fig. 1(e), where χ00 versus χ0 is plotted as frequency
sweeps at fixed temperatures. The Cole-Cole plot illustrates
the distribution of relaxation times, characterized by the
fitting parameter α. A perfect semicircle corresponds to
α ¼ 0 and implies a single relaxation time, while a highly
flattened semicircle corresponds to α → 1, indicating a
broad distribution of relaxation times [40]. In a typical spin
glass, one would anticipate a broad spectrum of relaxation
times [39,41]. However, in YbZn2GaO5, the obtained α falls
within the range of 0.005 to 0.08, consistent with a single
relaxation time at temperatures both below and above the
peak position at Tf. Remarkably, even at the base temper-
ature of 0.02 K, which is significantly below Tf, the smallest
α value of 0.005 was obtained. These observations exclude
the possibility of the spin-glass scenario and suggest that
the ground state of YbZn2GaO5 remains dynamic down
to 0.02 K.

(a) (b)

(c) (e)

(d)

FIG. 1. Crystal structure and magnetic susceptibility. (a) Crystal structure of YbZn2GaO5; Yb-O planes are well separated by
nonmagnetic Zn-O, Ga-O, and Zn-O layers along crystallographic c direction. (b) The Yb3þ (blue sphere) forms a triangular lattice. The
nearest neighbor couplings J1 and next-nearest neighbor couplings J2 are shown by green solid lines. (c) The inverse magnetic
susceptibility, 1=χ (Hkc and H⊥c) data collected on single-crystal sample of YbZn2GaO5 from 2 to 300 K. The red solid lines are the
Curie-Weiss (CW) fit at the low-temperature range from 5–15 K and at high-temperature range from 200–300 K. The inset shows no
splitting between zero-field-cooling (ZFC) and field cooling (FC) magnetic susceptibility data of YbZn2GaO5 crystal down to 0.3 K.
The measurements were conducted under an applied magnetic field of 0.01 T parallel and perpendicular to crystallographic c direction.
(d) Temperature dependence of the real part of the ac susceptibility. The inset displays a linear fit of the data at 80 Hz, ranging from 0.055
to 0.08 K. Our linear fit extrapolates to the origin within the uncertainty range. (e) Cole-Cole plot (Argand diagram) at different
temperatures. The data were collected at a series of frequencies in the range of 10 to 3000 Hz. Data at each fixed temperature were
individually fitted to the Cole-Cole equation shown in the plot. Our fit yields Cole-Cole coefficient α of 0.005(2), 0.080(1), 0.041(3),
0.033(1), 0.032(2), and 0.030(2), for 20 mK, 72 mK, 100 mK, 0.35 K, 0.55 K, and 0.98 K, respectively.
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Theoretical models at the mean-field level predict Dirac
QSL behavior at low temperatures, specifically when
kBT ≪ χJ, with χ representing the magnitude of the
self-consistent mean-field parameter [28]. According to

this theory one expects specific heat ∝ T2 law due to the
Dirac nodes. We show in Fig. 2(a) zero-field specific heat
measurement performed on a YbZn2GaO5 single-crystal
sample down to 0.06 K, confirming the absence of any
long-range magnetic ordering. The contribution of phonons
is subtracted using the isostructural nonmagnetic sample of
LuZn2GaO5. In Fig. 2(b), we highlight the low-temperature
behavior of the specific heat data to comply with the
kBT ≪ χJ condition. The specific heat of YbZn2GaO5 at
this temperature range has multiple contributions denoted
by Ctot ¼ Clat þ Cnuc þ Cmag. Clat represents the lattice
(phononic) contribution that is negligible below 0.1 K.
Cnuc accounts for the nuclear Schottky contribution due to
the hyperfine splitting of the nuclear energy levels resulting
from the interaction between nuclear spins and electrons
[42]. The nuclear contribution (Cnuc ≃ AT−2) is subtracted
by fitting the specific heat data below 0.1 K and the fitting
coefficient value [A ¼ 6.72ð4Þ × 10−4 JKmol−1] is con-
sistent with that reported for other Yb-based compounds
[22]. Interestingly for YbZn2GaO5 the subtracted magnetic
specific heat data (Cmag) displays a ∝ T2 dependence [red
solid straight line in Fig. 2(b)] with a coefficient of B ¼
Cmag=T2 ¼ 18.6ð1Þ JK−3mol−1 below 0.1 K. As discussed
above, this is in agreement with the proposed Dirac QSL
behavior [28]. We also attempted to fit the magnetic
specific heat data with a linear dependence (Cmag ∝ T),
but this fitting approach did not provide a satisfactory result
(see Fig. S4). Therefore, the magnetic specific heat data
exhibiting a ∝ T2 dependence for T → 0 and the lack of
any long-range magnetic ordering down to the lowest
temperature of 0.06 K imply that the ground state of
YbZn2GaO5 is likely a Uð1Þ Dirac QSL [28,35].
Another hallmark of Dirac spinons is their behavior in a

Zeeman field, where the specific heat displays a linear
increase with the applied field strength. In other words, at
kBT ≪ μBH, Dirac spinons are theorized to form a Fermi
pocket where the magnetic field strength correlates directly
with the pocket’s radius. To explore this phenomena
further, we measured the specific heat of YbZn2GaO5

under various finite magnetic fields. To test this prediction,
we gathered specific heat data at magnetic field strengths of
0.01 T, 0.015 T, 0.025 T, and 0.05 T, incrementing the
temperature gradually. The results, illustrated in Fig. 2(e),
support the theoretical framework, showing a linear rise in
(Cmag=T) as the magnetic field strength increases. This
observed behavior stems from the splitting and vertical shift
of Dirac nodes, which leads to a finite density of states
directly proportional to the field strength. Detailed specific
heat results under different magnetic fields and a compari-
son between experimental fit parameters and theoretical
predictions are presented in Fig. S5 [27].
To provide further insight into the behavior of the

specific heat as function of field, we model the magnetic
contribution of the specific heat by Cmag ≃ BT2 þ γT. We
show in Fig. 2(f) the field dependence of the extracted B

(a) (c)

(b) (d)

(e) (f)

fit

fit

FIG. 2. Specific heat and crystal electric field levels. (a) Specific
heat data of YbZn2GaO5 single crystal and LuZn2GaO5 powder
sample collected under zero field and down to 0.06 K are shown.
The calculated magnetic entropy (right y axis) of YbZn2GaO5

saturates to Rln2, indicating the effective spin-1=2 ground state.
(b) Specific heat vs T2 plot: low-temperature total specific heat
(Ctot ¼ Clat þ Cnuc þ Cmag) shows an upturn below 0.1 K. Using
an isostructural nonmagnetic LuZn2GaO5 and a fitted Schottky
model (Cnuc ≃ AT−2), the lattice and nuclear contributions were
removed. The magnetic specific heat data (Cmag) after subtraction
is presented as open circles and fitted with a solid red straight line
that exhibits a quadratic T dependence (Cmag ≃ BT2). The quad-
ratic T-dependence fit yields an adjusted R-square value of 0.9583,
indicating noticeable agreement between the model and exper-
imental data. The T2 dependence of magnetic specific heat data for
T → 0 implies YbZn2GaO5 is a Uð1Þ Dirac QSL candidate.
(c) INS spectra of YbZn2GaO5 reveal three crystal electric field
(CEF) bands. The phononic contribution is subtracted using an
isostructural nonmagnetic sample LuZn2GaO5. (d) The single-ion
CEF fitting shows energy levels at 38, 61, and 94 meV. The vertical
error bars indicate statistical errors of 1 standard deviation. (e) The
magnetic specific heat (Cmag=T) under finite applied magnetic
field plotted and extrapolated (dashed line) down to 0 K suggesting
the Dirac QSL behavior, as Cmag=T is linearly going up with
magnetic field [28]. (f) The field dependence of B and γ fit
parameters along with the error bars, extracted from the magnetic
contribution of the specific heat modeled by Cmag ≃ BT2 þ γT.
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and γ parameters. The results obtained for B confirm the T2

behavior of the specific heat at zero field, while the values
extracted for γ demonstrate a linear increase in specific heat
as a function of magnetic field. The field-dependent ratio of
γ and B coefficients is also consistent with theoretical
expectations (see Supplemental Material [27]), further
confirming that the ground state of YbZn2GaO5 is best
described by Uð1Þ Dirac QSL.
To gain deeper insights into the dynamics of

YbZn2GaO5, we conducted an INS experiment using a
high-purity powder sample at 5 K, as depicted in Figs. 2(c)
and 2(d). The single-ion crystal electric field (CEF) fitting
results revealed three distinct crystal field excitations at 38,
61, and 94 meV, which agree with those observed in other
previously reported Yb-based triangular lattice systems
[14,17,21,43–45]. Based on our analysis of the CEF levels,
we have determined that the first excited state of
YbZn2GaO5 is separated from the ground state by a gap
of over 441 K (38 meV). This suggests a Kramer’s doublet
ground state for the Yb3þ ions with an effective spin-1=2.
Our CEF fitting scheme, which is consistent with the
specific heat data, supports this conclusion. In particular,
the calculated magnetic entropy of YbZn2GaO5 saturates at
Rln2, indicating an effective spin-1=2 ground state, as

shown in Fig. 2(a) (see Tables S2 and S3 for further details
on the CEF fitting scheme).
It is important to note the observed broadening of the

94 meV CEF excitation band. Previous studies have linked
broadening at 97 meV and the emergence of an additional
band at 138 meV in YbMgGaO4 to disorder [14]. However,
broadening in CEF levels can also stem from various
mechanisms in rare-earth-based compounds. For instance,
Gaudet et al. [46] describe a shoulderlike feature in one of
the CEF levels of Ho2Ti2O7, which results from the
hybridization of a nearby phonon mode with the CEF
mode, forming a vibronic mode. Consequently, the
shoulder observed at approximately 87.5 meV in our data
does not necessarily suggest disorder. In YbZn2GaO5,
phonon excitations up to approximately 90 meV were also
observed in the INS data collected on the isostructural
nonmagnetic compound LuZn2GaO5, which could poten-
tially lead to the formation of vibronic bonds. Thus, we
propose that the observed broadening may be attributed to
CEF-phonon coupling, underscoring the need for further
detailed investigation of this system using complementary
techniques such as Raman spectroscopy [23,47].
Furthermore, we conducted INS experiments on a high-

quality single crystal of YbZn2GaO5 (see Appendix G).

(a) (c)

(d)

(e)

(b)

FIG. 3. Inelastic neutron scattering data under zero applied magnetic field. (a) Energy dependence of the magnetic excitation spectrum
along high-symmetry points measured at 0.1 K. The background is subtracted using the high-temperature (45 K) spectrum (see
Appendix G for details). The contour path travels along the high-symmetry points K1-M1-K-Γ1=Γ2-K-M2-K2, which is illustrated by
the black solid curve in c. (b) Calculated spectrum using matrix product states for the J1 − J2 XXZ model on the triangular lattice, with
J2=J1 ¼ 0.12 and Δ ¼ 1.35 (see Appendix H for details). We use J1 ∼ 0.5 meV to adjust the scale of the y axis for better comparison of
the experimental data. (c). A schematic of the high symmetry path used in a,b. The dashed lines show the boundary of the Brillouin
zones. (d) Background-subtracted low energy slice of the magnetic excitation spectrum collected at 0.1 K. The energy integration range
is [0.1, 0.3] meV. (e) The calculated spectrum of the J1 − J2 XXZ model with the same parameters as in b. We integrate the spectrum in
the energy range [0.1, 0.3] meV for comparison with d.
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These experiments were designed to probe the low-energy
excitations of the material. An incident neutron energy of
3.32 meV was used and the excitation spectrum under zero
field was collected at a base temperature of 0.1 K. Scans
performed at a high temperature of 45 K were used for
background subtraction (see Fig. S3). We show in Fig. 3(a)
the scattering intensity as a function of energy transfer, with
a path taken through the high-symmetry points of
K1-M1-K-Γ1=Γ2-K-M2-K2, as illustrated in Fig. 3(c).
Additionally, a broad continuum extending over an

energy scale of approximately 1.4 meV was observed,
with the spectrum weight gradually decreasing at higher
energy. We observed a clear gap in the spectra of
YbZn2GaO5 near the Γ point, while the excitation appears
to be remained gapless betweenM and K points within the
instrumental energy resolution of approximately 0.06 meV,
as shown in Fig. 3(a). We present in Fig. 3(b) the out-
come of our theoretical calculation, which are based on the
J1 − J2 XXZ model and use large-scale matrix product
state simulations (see Appendix H section for details) [30].
These results demonstrate promising agreement with our
experimental data, with J2=J1 ∼ 0.12 and an anisotropy
value of Δ ∼ 1.35 [see Fig. S6(b)].
Even though the energy of the neutrons is higher than

that needed to access the Dirac behavior directly, they do
observe a spectrum that is consistent with the J1 − J2
model in the regime in which the Dirac QSL is most likely
the ground state. It is worth noting that on the triangular
lattice, the energy scale of the spinons in J1 − J2 model is
not the largest magnetic energy scale J1, which is the
nearest-neighbor interaction, because on the triangular
lattice, the J1 coupling alone would lead to long-ranged
three-sublattice order. The second largest coupling seems to
be a second neighbor J2, based on linear-spin-wave fits at
high magnetic fields for similar Yb-based triangular lattice
compounds [21,30], and the spinon energy scale is then
expected to depend on the dimensionless parameter J2=J1.
From numerical calculations, there is a window of J2=J1
between long-ranged ordered phases and where the QSL
state is predicted to emerge; reasonable values are J2=J1
between 0.06 and 0.12 [30,52]. Therefore, the energy scale
of the zone-boundary spinon is expected to be much less
than J1, which is consistent with a significant contribution
to the specific heat at low temperatures and also with the
violations of T2 behavior at above ∼0.1 Kelvin.
In contrast to YbZn2GaO5, other reported Yb-based tri-

angular systems, such as the delafossite material NaYbSe2,
display a continuum spectrum without a gap at all Q. This
observation is consistent with a spinon Fermi surface state
[21,33]. However, in YbZn2GaO5, the observed energy gap
near Γ along with the continuum spectra observed at Q ¼ K
and M are indicative of a Uð1Þ Dirac QSL state [30]. The
thermodynamic measurements are consistent with this pic-
ture, as the magnetic specific heat data (Cmag) exhibits a∝ T2

dependence for T → 0 as well as∝ T behavior as function of
magnetic field,which are also indicative of aUð1ÞDiracQSL.

In Fig. 3(d), we demonstrate the experimental dispersion
of the neutron scattering intensities through constant energy
slice integrated from 0.1 to 0.3 meV. We observe that at low
energy, spectral weights are localized at the edge of the
Brillouin zone, with higher intensities at the M points than
at the K points [see Fig. S6(a) for linear cut [27]]. As the
energy increases, the difference in intensities between M
and K points becomes less prominent, and the intensities
disperse throughout the Brillouin zone, as shown in Fig. S7.
Moreover, the theoretical calculations in Fig. 3(e) agree
with our experimental observations in similar energy
ranges. The agreement between theory and experiment
suggests that INS spectra of YbZn2GaO5 are sufficiently
well described by the J1 − J2 XXZ model without addi-
tional couplings. The presence of what appears to be
gapless modes at K and M while having a gap near Γ
strongly favors aUð1ÞDirac QSL ground state over either a
spinon Fermi surface or the effects of disorder.
Conclusions—In conclusion, we have successfully syn-

thesized and characterized high-quality single crystals of
YbZn2GaO5, a Yb-based triangular lattice system that dis-
plays no observable intrinsic chemical disorder. Our ac-
susceptibility measurements rule out the possibility of a
spin-glass ground state. Furthermore, our specific heat
measurements reveal a quadratic temperature dependence
of the magnetic component at ultralow temperatures, as well
as linear-T dependence as function of magnetic field, provid-
ing strong experimental evidence for the presence of a Uð1Þ
Dirac QSL state on a triangular lattice in YbZn2GaO5.
Additionally, our INS investigation of YbZn2GaO5 shows
gapless, continuumlike spectra at the high-symmetryM and
K points, but not at the Γ point, confirming the potential
existence of a Uð1Þ Dirac QSL ground state in this material,
and these experimental findings align well with theoretical
interpretations. Consequently, we firmly believe that
YbZn2GaO5 represents a highly promising candidate for
the elusive Uð1Þ Dirac QSL, and we advocate for further
exploration using a diverse range of theoretical and exper-
imental techniques. Furthermore,wehave recently uncovered
a substantial correlation between the predicted Dirac spin
liquid spectrum for the superconducting cuprate pseudo-
gap [48] and the physical properties observed in our com-
pound. This discovery shines a spotlight on the potential
realization of a Dirac QSL in YbZn2GaO5, underscoring its
significance within the field.
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End Matter

Appendix A: Sample preparation and single-crystal
growth—The polycrystalline sample of YbZn2GaO5 was
synthesized using a solid-state reaction route. The high-
purity precursors of Yb2O3 (99.9%), Ga2O3 (99.9%), and
ZnO (99.9%) with 5% excess ZnO were used and mixed
thoroughly and then pressed into a pellet. The pellets were
sintered at 1275 °C for 36 h with intermediate grinding to
obtain a pure phase of YbZn2GaO5. The phase purity is
confirmed using powder x-ray diffraction (see Fig. S1).
The pure powder sample and around 10% excess of ZnO
were mixed and pressed into a cylindrical rod using a
hydrostatic pressure of 700 bar. Single crystals of
YbZn2GaO5 were grown using the optical floating-zone
technique in the presence of a 10-bar oxygen atmosphere.
A transparent single-grain crystal was successfully
obtained, with a cleaved facet plane along [001] which was
confirmed from Laue x-ray diffraction (see Fig. S1).

Appendix B: Single-crystal X-ray diffraction—The
single-crystal x-ray diffraction is performed on YbZn2GaO5

single-crystal sample at the Department of Chemistry,
University of North Carolina. A colorless transparent
crystal piece (approximate dimensions 0.020 × 0.010×
0.010 mm3) was harvested by an x-ray transparent loop
made by MiTeGen and mounted on a Bruker D8
VENTURE diffractometer and measured at 150 K. The
data collection was carried out using Mo-Kα radiation
(graphite monochromator) with a frame time of 0.4 s and a
detector distance of 4 cm.

Appendix C: AC susceptibility—The ac susceptibility
experiments were carried out using two setups. The ac
susceptibility χ0 is measured in a dilution refrigerator
attached to a Quantum Design Physical Property
Measurement System (PPMS) Dynacool and the Cole-
Cole plot (Argand diagram) is measured in the SCM1 at
the National High Magnetic Field Laboratory. For the first
experiment carried out in a PPMS, a piece of high-quality
single crystal with a mass of 14 mg was used. The
temperature-dependent χ0 measurements were conducted
from 1 to 0.055 K. For the National High Magnetic Field
Laboratory measurements, four pieces of high-quality
single-crystal samples, with a total mass of 25 mg, were
coaligned and stacked together to enhance the signal. The
samples were then placed inside a Kapton tube and
secured with a small amount of super glue. The single
crystals were carefully polished with sandpaper to achieve
a close-to-1 filling factor within the tube, which can help
achieve the optimal resolution. For the Cole-Cole analysis,
a sequence of frequencies from 40 to 3000 Hz was used at
different fixed temperatures.

Appendix D: Specific heat measurements—Specific
heat measurements were carried out on single-crystal
samples of YbZn2GaO5 and LuZn2GaO5 using a
Helium-4 (1.8 K ≤ T ≤ 300 K) and dilution refrigerator
(0.05 K ≤ T ≤ 2 K) setup attached to Quantum Design
PPMS Dynacool. A representative single-crystal sample
of YbZn2GaO5 mounted on a specific heat measurement
platform is shown in the Supplemental Material
(see Fig. S4).
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Appendix E: Magnetic measurements—Temperature-
dependent magnetic susceptibility was measured using a
7 Tesla Cryogenic Ltd superconducting quantum inter-
ference device magnetometer with a Helium-3 probe from
0.3 to 2 K and with a Helium-4 probe from 2 to 300 K.
For the Helium-3 measurements, a small crystalline
YbZn2GaO5 sample of 1.04 mg was mounted on a silver
sample holder and for the Helium-4 measurement,
11.90 mg of YbZn2GaO5 single crystal was used. The
crystals were oriented using the Laue diffraction method
and the regular shape of the single crystals was obtained
using a wire saw. The magnetic measurements were
performed under an applied magnetic field parallel (Hk c)
and perpendicular (H⊥ c) to the crystallographic c
directions of YbZn2GaO5. The isothermal magnetization
measurements along both directions of YbZn2GaO5

single-crystal sample were performed using a vibration
sample magnetometer in PPMS up to 14 Tesla of the
applied magnetic field (see Fig. S1).

Appendix F: Neutron powder diffraction—Neutron
powder diffraction measurement of YbZn2GaO5 was
collected using the General Materials Diffractometer at the
ISIS Neutron and Muon Source (Rutherford Appleton
Laboratory, United Kingdom) [49]. The sample was
loaded into an 8 mm diameter vanadium sample holder,
and the neutron powder diffraction pattern was collected at
room temperature, with a 15=40 mm (horizontal/vertical)
beam size.

Appendix G: Inelastic neutron scattering—The inela-
stic neutron scattering experiments were performed on the
Fine-Resolution Fermi Chopper Spectrometer [50] and the
Cold Neutron Chopper Spectrometer [51] at the Spallation
Neutron Source, Oak Ridge National Laboratory. For the
Fine-Resolution Fermi Chopper Spectrometer experiment,
6.5 g of pure powder samples of YbZn2GaO5 and
LuZn2GaO5 were used with incident neutron energies of
Ei ¼ 80 and 120 meV at temperatures of T ¼ 5 and
100 K. The phonon contributions in the YbZn2GaO5

spectrum were subtracted using isostructural nonmagnetic
LuZn2GaO5. For the Cold Neutron Chopper Spectrometer
experiment, ten pieces of high-quality single-crystal
samples of YbZn2GaO5 with a total mass of ∼1.8 g were
coaligned within 1.5° using a Laue x-ray backscattering
diffractometer and mounted along ðhk0Þ scattering plane
on an oxygen-free copper sample holder (see Fig. S1). The
measurements were carried out in a dilution refrigerator
with a base temperature of 0.1 K. A neutron-absorbing Cd
foil was placed at the bottom of the holder to reduce the
background from the sample holder. The measurements
were conducted at the base temperature and 45 K under
zero field with an incident neutron energy of
Ei ¼ 3.32 meV. The sample was rotated with an
increment of 1°, with a range of −180° to 180°. The data
were analyzed using the HORACE software and were folded
three times along the high-symmetry axis ½0H0�, ½H̄H0�,
and ½H00� into a 60° sector in the reciprocal space to
improve statistics. For the constant energy slice, the folded

data were cut, duplicated, and recombined to restore 360°
coverage for the purpose of presentation. To better extract
the magnetic signal of interest, a comparative analysis was
conducted between the 0.1 and 45 K spectra. The 45 K
spectrum was normalized to 0.1 K data and used as
background, which then was subtracted from the 0.1 K
spectrum.

Appendix H: Theoretical calculations—We performed
dynamical tensor network simulations of the J1 − J2
XXZ model on the triangular lattice, given by

H ¼ J1
X
hi;ji

ðΔSziSzj þ Sxi S
x
j þ Syi S

y
jÞ ðH1Þ

þ J2
X
⟪i;j⟫

ðΔSziSzj þ Sxi S
x
j þ Syi S

y
jÞ; ðH2Þ

where Sαi are spin-1=2 operators, and hi; ji and ⟪i; j⟫
denote nearest- and next-nearest neighbor pairs,
respectively. In this Letter, we only look at the value of
J2=J1 ¼ 0.12, which was chosen based on the similarity
between the experimental spectra and the calculated
spectra at this value reported in [30]. This value is
believed to be deep in the QSL phase of the isotropic
model [52]. To reflect some of the lowered symmetry in
YbZn2GaO5, we add one anisotropy parameter Δ and
study the Δ dependence; in principle, J1 and J2 could
have different anisotropy parameters, and one could
incorporate higher-order couplings as well, but the
computational effort required to map the Brillouin zone
for each choice of parameters means that we leave such
further explorations for future work.
The quantity of interest is the dynamical structure factor,

given by

Sðq;ωÞ ¼ 1

N

X
x

Z
∞

0

dt
2π

eiðωt−q·xÞGðx; tÞ; ðH3Þ

with N the number of lattice sites. The quantity Gðx; tÞ is
the two-point spin-spin correlation function defined as

Gðx; tÞ ¼ hΩjSxðtÞ · Scð0ÞjΩi; ðH4Þ
where c denotes the center site of the lattice taken to be the
origin, x is the distance of site x from the origin, and jΩi is
the ground state of H with energy E0. To calculate this
quantity, we split the calculation into three parts by writing

Sx · Sc ¼ SzxSzc þ
1

2
½Sþx S−c þ S−x Sþc �: ðH5Þ

To calculate Sðq;ωÞ, we use the same method described in
Ref. [30], but we will provide a summary of the tech-
nique here.
First, we curl the triangular lattice into a cylinder with a

circumference C ¼ 6, and a length L ¼ 36, such that
N ¼ LC, using the XC boundary conditions [53]. Then,
working with matrix product states, we calculate the ground
state using the density matrix renormalization group [54,55].
The time evolution for Gðx; tÞ is calculated using the
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time-dependent variational principle [56–60], with a time
step of 0.1, and maximum time Tmax ¼ 30. We use a
maximum bond dimension χ ¼ 512 for the simulations.
To smooth the data in frequency space, we rescale

Gðx; tÞ by a Gaussian. In particular

Gðx; tÞ ⟶ e−ηt
2

Gðx; tÞ; ðH6Þ
and we use η ¼ 0.02 here. Since our system is inversion
symmetric, we rewrite the Fourier transform in Eq. (H3) as

Sðq;ωÞ ¼ 1

πN

Z
∞

0

dt
X
x

cosðq · xÞ

×
�
cosðωtÞReGðx; tÞ − sinðωtÞImGðx; tÞ

�
;

ðH7Þ
yielding the results displayed here.

Lastly, due to a small circumference of the cylinder
used during the simulations, this restricts the allowed
wave vectors q to a subset of the full Brillouin zone.
Since the infinite system has a full C6 rotational
symmetry, this means that the dynamical structure
factor should have the same symmetry. In particular,
in the thermodynamic limit, for any rotation R∈C6, we
have

SðRq;ωÞ ¼ Sðq;ωÞ: ðH8Þ

We use this factor to generate the values SðRq;ωÞ from
the initial data Sðq;ωÞ. For more details on the simu-
lations, we point the reader to Ref. [30].
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