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Disorder is important in the study of quantum spin liquids, but its role on the spin dynamics
remains elusive. Here, we explore the disorder effect by investigating the magnetic-field dependence
of the low-energy magnetic excitations in a triangular-lattice frustrated magnet YbZnGaO4 with
inelastic neutron scattering. With an intermediate field of 2.5 T applied along the c-axis, the broad
continuum at zero field becomes more smeared both in energy and momentum. With a field up to
10 T, which fully polarizes the magnetic moments, we observe clear spin-wave excitations with a
gap of ∼1.4 meV comparable to the bandwidth. However, the spectra are significantly broadened.
The excitation spectra both at zero and high fields can be reproduced by performing classical
Monte Carlo simulations which take into account the disorder effect arising from the random site
mixing of nonmagnetic Zn2+ and Ga3+ ions. These results elucidate the critical role of disorder
in broadening the magnetic excitation spectra and mimicking the spin-liquid features in frustrated
quantum magnets.

I. INTRODUCTION

Quantum spin liquids (QSLs) represent a nontrivial s-
tate of matter in which spins are highly correlated but
fluctuate quantum mechanically and thus do not form a
long-range magnetic order even in the zero-temperature
limit1–4. Achieving such a state has been a long-sought
goal as they are believed to host fractional excitations
and emergent gauge structures that can find application-
s in quantum computation5–7. Magnetic frustration is
an important ingredient for a QSL. Besides the exchange
frustration on a single site resulting from anisotropic in-
teractions such as the bond-dependent Kitaev interac-
tions defined on the honeycomb lattice8–13, another pro-
totypical type is the geometrical frustration which de-
scribes the situation that magnetic exchange interactions
cannot be satisfied simultaneously among different lat-
tice sites due to the geometrical constraint1,2,14. By in-
troducing geometrical frustration into a low-spin (such
as S = 1/2) system to enhance quantum fluctuations,
a static magnetic order is avoided1,2,14. Consequently,
materials with effective spin-1/2 on two-dimensional tri-
angular or kagome lattice with strong geometrical frus-
tration are regarded as compelling platforms to host a
QSL state15–32. A QSL phase has also been proposed on
a square lattice where strongly competing interactions
along different exchange paths are present33–37.

Along this line, a triangular-lattice compound
YbMgGaO4 has attracted tremendous attention due to

the possible realization of a gapless QSL state38–45. Var-
ious experimental techniques such as heat capacity38,
electron spin resonance42, and muon spin relaxation
(µSR)42,46, show neither signature of long-range mag-
netic order nor symmetry breaking down to several tens
of millikelvin. In particular, a broad continuum of mag-
netic excitation spectra observed by inelastic neutron s-
cattering (INS) provides strong evidence for a QSL s-
tate with fractionalized spinon excitations40,41,47. How-
ever, thermal conductivity (κ) study shows that the gap-
less magnetic excitations do not contribute to κ, chal-
lenging the idea of U(1) gapless QSL with itinerant
spinons in this material48. In a previous study49, we
replaced the nonmagnetic Mg with Zn, and by overcom-
ing the volatile problem caused by ZnO, we successfully
grew large-size high-quality single crystals for an isostruc-
tural triangular-lattice compound YbZnGaO4. With
comprehensive measurements including dc susceptibility,
ultralow-temperature specific heat, and INS, we found
that the features were consistent with a gapless QSL. On
the other hand, our further ultralow-temperature ther-
mal conductivity measurements revealed that there was
no linear term contributed by fermions such as spinons.
Subsequent ultralow-temperature ac susceptibility mea-
surements captured a broad peak with frequency depen-
dence both in YbMgGaO4 and YbZnGaO4

49,50. Consid-
ering the possible disordered exchange couplings caused
by the random charge environment as a result of the
free mixing of Mg2+/Zn2+ and Ga3+ ions and the smal-
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l exchange coupling41,44, these results were interpreted
as originating from a disorder-induced spin-glass ground
state49. Theoretical proposals to describe the ground
state for these materials are also divergent, including
U(1) gapless QSL with a large spinon Fermi surface51,52,
stripe-ordered phase53–57, and random-singlet state58–60.
By now, there has been no consensus on the exact ground
state of YbMgGaO4 and YbZnGaO4. The central issue
of this debate is whether the system is susceptible to
disorder due to the random distribution of the nonmag-
netic ions4,12. Although many efforts have been made
to elucidate this point41,46–48,50,53,55–59,61–68, the role of
disorder on the spin dynamics is still controversial. E-
specially, because of the limit on the sample availabili-
ty for YbZnGaO4, research on this compound is rather
scarce49,68.

In this work, we carry out INS measurements on single
crystals of YbZnGaO4 under a c-axis magnetic field to
examine the field evolution of the magnetic excitations.
The magnetization process with magnetic field parallel
to the crystalline c-axis is shown in Fig. 1. The mag-
netization curve increases progressively with field below
around 3 T, followed by a smooth transition to a nearly
saturated regime above 8 T. As a consequence, a moder-
ate field of 2.5 T redistributes the spectral weight of the
broad continuum at zero field in a more uniform fashion
in the energy-momentum space. With a field of 10 T,
which drives the system into a fully polarized state, we
observe clear spin-wave excitations. The excitation spec-
tra are, however, broadened substantially in contrast to
well-defined spin waves arising from the clean ferromag-
netic state. These features can be simulated by classical
Monte Carlo calculations by including the disorder effec-
t resulting from the random mixing of Zn2+ and Ga3+

ions. These results indicate the presence of significant
disorder in YbZnGaO4, which plays an important role in
the mimicry of the spin-liquid characteristics in frustrat-
ed quantum magnetic systems.

II. EXPERIMENTAL DETAILS

High-quality single crystals of YbZnGaO4 were grown
by optical floating-zone technique under high pressure49.
Crystals with a typical size of 10×3×1.5 mm3 for a piece
are shown in the inset of Fig. 1. The magnetization
was measured on a 29.4-mg single crystal with a mag-
netic field applied along the c-axis in a Quantum Design
physical property measurement system (PPMS). INS ex-
periments on the single-crystal sample were carried out
on ThALES, a cold triple-axis spectrometer at Institut
Laue-Langevin (ILL) at Grenoble, France. In the mea-
surements, we used 9 pieces of single crystals weighed
2.3 g in total, coaligned with a neutron Laue diffractome-
ter NLaue located at Heinz Maier-Leibnitz Zentrum (M-
LZ) at Garching, Germany. The crystals were mounted
onto a copper sample holder with the c-axis perpendic-
ular to the horizontal plane and glued tightly with CY-
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FIG. 1. Magnetization data for a YbZnGaO4 single
crystal. Magnetic-field dependence of the magnetization for
a YbZnGaO4 single crystal at T = 2 K with a field applied
parallel to the c-axis up to 14 T. The dashed line represents
a linear fit to the data for µ0H ≥ 8 T. The inset shows a
photograph of co-aligned 9 pieces of single crystals glued on
a copper plate.

TOP, so that the (H, K, 0) plane is the scattering plane
(see the inset of Fig. 1). The half width at half max-
imum (HWHM) of the rocking scan through the (2, 0,
0) peak with the incident neutron energy of 16.28 meV
was 0.41◦, indicating a good coalignment of the single
crystals. A dilution refrigerator was equipped, so that it
could cool down the sample to 50 mK. We used a fixed-
final-energy (Ef) mode with Ef = 3.5 meV. A Be filter
was placed after the sample to reduce high-order neu-
tron contaminations. A double-focusing mode without
additional collimators was used for both the monochro-
mator and analyzer. Under such conditions, the energy
resolution was about 0.08 meV (HWHM). The wave vec-
tor Q was expressed as (H, K, L) reciprocal lattice unit

(r.l.u.) of (a∗, b∗, c∗) = (4π/
√

3a, 4π/
√

3b, 2π/c), with
a = 3.414(2) Å, and c = 25.140(2) Å.

III. RESULTS

A. Magnetic-field dependence of the magnetic
excitation spectra

We have examined the magnetic-field evolution of the
spin excitations and the spectra at 0, 2.5, and 10-T fields
with field applied along the c-axis are shown in Fig. 2.
Figure 2(a) displays the dispersions at 0 T along two
high-symmetry directions of M1-K-Γ1, and Γ1-M2-Γ2 as
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FIG. 2. Magnetic excitation spectra obtained by INS experiment under different magnetic field strengths at
50 mK. Magnetic dispersions along high-symmetry directions of M1-K-Γ1 and Γ1-M2-Γ2 as illustrated by the arrows in (b)
at 0-T (a), 2.5-T (d), and 10-T (g) fields. The dispersions are obtained by plotting together a series of constant-energy scans
displayed in (c), (f), and (i), with an energy interval of 0.1 meV. Dashed lines in (a), (d), and (g) indicate constant-energy
scans of 0.6, 0.6, and 2.4 meV, respectively. Solid lines in (c), (f), and (i) are guides to the eye. Contour plots of the INS
spectra at E = 0.6 meV at 0 T (b), 2.5 T (e), and at E = 2.4 meV at 10 T (h). The contour maps are obtained by plotting
together a series of constant-energy scans along the [H, 0, 0] direction with a step of 0.1 r.l.u. and an interval of 0.1 r.l.u.
along the [0, K, 0] direction. Black solid lines represent the Brillouin zone boundaries. Errors represent one standard deviation
throughout the paper.

illustrated in Fig. 2(b). We observe continuous mag-
netic excitations in contrast to well-defined spin-wave
excitations11,69. In Fig. 2(b), we present a contour map
with E = 0.6 meV at 0 T. Broad diffusive scattering
signals along edges of the Brillouin zones are captured.
This feature is also completely different from conven-
tional spin-wave excitations whose intensity is mainly
concentrated on some specific positions in the recipro-
cal space11,69. Figure 2(c) shows two constant-energy
scans at E = 0.6 and 1.5 meV along the same two high-
symmetry paths as in Fig. 2(a). At E = 0.6 meV, the
scattering intensity is distributed along the edges and
the intensity at the high-symmetry M and K points is
almost identical, but drops steeply at the Γ points. As
for the case of E = 1.5 meV, magnetic excitations vanish
as can be seen in Fig. 2(c), which represents the upper

boundary of magnetic spectra. The broad continuum
over the whole energy range measured by INS is consis-
tent with our previous report53. However, its origin in
YbZnGaO4, and similarly in YbMgGaO4, is still hotly
debated40,41,49,53–56,58,67,68.

To further understand the magnetic spectra at 0 T and
reveal the ground state of YbZnGaO4, we performed INS
investigations at finite fields. Figure 2(d) shows the mag-
netic dispersions at an intermediate field of 2.5 T that
places the sample in the partially-polarized regime. At
the first glance the overall continuous excitations cap-
tured at 0 T still remains, but some spectral weight
around the high-symmetry M and K points shifts to Γ
points between 0.4 and 0.7 meV. In Fig. 2(e), we present
a contour map at E = 0.6 meV, and the spectral weight
spreads almost uniformly over the Brillouin zone. This
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phenomenon is more clearly exhibited with two Q scans
in Fig. 2(f). In our measured paths, the spin excita-
tion intensity is nearly constant everywhere. Compared
with the broad continuous spectra at 0 T, a moderate
field of 2.5 T makes the spectral weight distribute more
uniformly in the energy-momentum space. The results
at the intermediate field are similar to earlier results in
YbZnGaO4 (Ref. 68).

From the magnetization data displayed in Fig. 1, we
see the compound enters the fully polarized state at 8 T.
Therefore, we are able to obtain the magnetic excitation
spectra for the ferromagnetic state when performing INS
measurements at a field up to 10 T. Magnetic disper-
sions along the same high-symmetry directions as those
at zero and 2.5-T fields are shown in Fig. 2(g). Clear
dispersive spin waves are observed, in contrast to the
continuua shown in Fig. 2(a) and (d). Along M1-K-Γ1,
the dispersion is nearly flat from M1 to K, and then turn-
s upwards and reaches its maximum at about 2.5 meV.
For the direction Γ1-M2-Γ2, the spectra disperse upwards
from M2 and reach the band top at 2.5 meV. A spin gap
of ∼1.4 meV is also clearly observed. Its value is compa-
rable to that of 1.2 meV in YbMgGaO4 at a 9.5-T field47.
We also plot a contour map in the fully polarized state at
E = 2.4 meV in Fig. 2(h). It is nearly approaching the
band top of the spin-wave excitations. Compared with
the case at zero and 2.5-T fields, the scattering pattern-
s are quite different. Now the spectral weight entirely
concentrates around the center of the Brillouin zones, so
that the intensity at the Γ points is much larger than
that at the M and K points. It is depicted more clear-
ly in Fig. 2(i). From Fig. 2(g)-(i), we can also observe
significant broadening of the spin-wave excitation spec-
tra, which is almost comparable to the total bandwidth
and well beyond the instrument resolution of 0.08 meV.
Similar observations have also been documented in Ref-
s. 41, 47, and 68. Such broadening is unexpected for
a clean ferromagnetic state. We believe disorder effect
should be mainly responsible for this unusual feature as
we discuss below.

B. Monte Carlo simulations

In Ref. 32, we have demonstrated that disorder can
induce spin-liquid behaviors in frustrated kagome-lattice
compounds Tm3Sb3Zn2O14 and Tm3Sb3Mg2O14. Par-
ticularly, in our previous work on YbZnGaO4 (Ref. 49),
using the linear spin-wave theory, we have pointed out
that the spin-liquid-like broad continuous spectra in the
material can be well described by an anisotropic spin
model with the nearest-neighbor (NN) and next-nearest-
neighbor (NNN) exchange interactions after introducing
the disorder effect arising from the random mixing of
Zn2+ and Ga3+ into a stripe-ordered phase. Now we
also begin with this model and try to reproduce the sig-
nificantly broadened magnetic excitation spectra at 10-T
field which already fully polarizes the moments. We real-
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FIG. 3. Results of Monte Carlo simulations. Calculated
magnetic dispersions along two high-symmetry routes of M1-
K-Γ1 and Γ1-M2-Γ2 as illustrated by the arrows in (b) at
0-T (a) and 10-T (c) fields. Contour maps of the calculated
spectra at E = 0.6 meV at 0-T field (b), and E = 2.4 meV
at 10-T field (d).

ize that the exact ground state for this material is under
debate. Therefore, in order not to be biased by select-
ing the ground state, we use the Monte Carlo method
which can calculate the magnetic state self-consistently
with disorder and magnetic field to simulate the magnetic
excitation spectra70,71, rather than using the linear spin-
wave theory. We consider the spin Hamiltonian proposed
in our previous paper49:

H =
∑
〈ij〉

[JzzS
z
i S

z
j + J±(S+

i S
−
j + S−i S

+
j )

+J±±(γijS
+
i S

+
j + γ∗ijS

−
i S
−
j )

+
iJz±

2
(γ∗ijS

+
i S

z
j − γijS−i S

z
j + 〈i←→ j〉)]

+
∑
〈〈ij〉〉

[J2zS
z
i S

z
j + J2±(S+

i S
−
j + S−i S

+
j )]

−
∑
i

[g⊥(HxSxi +HySyi ) + g‖H
zSzi ], (1)

where the phase factor γij is 1, ei2π/3, and e−i2π/3 for
each of the three directions of the triangular lattice. 〈ij〉
and 〈〈ij〉〉 indicate the NN and NNN bonds, respectively.
Since the external field we applied is parallel to the c-
axis, both values of Hx and Hy are equal to zero. To
reproduce the experimental observations, the parame-
ters of the Hamiltonian are set to be, J± = 0.66Jzz,
Jz± = 2J±± = 0.13Jzz, J2z = 0.1Jzz, J2± = 0.066Jzz,
and Jzz = 0.14 meV. For the Landé g factors, we use
g⊥ = 3.17(4) and g‖ = 3.82(2) (Ref. 49). As we discuss
above, the disorder resulting from the random mixing of
the Zn2+ and Ga3+ is significant in YbZnGaO4. Thus
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we introduce Gaussian-distributed disorder into the ex-
change interactions and g factors, with Jij = J(1 + ∆ij)
and g‖i = g‖(1 + ∆i), where ∆ij and ∆i satisfy Gaussian
distributions with the variance of 0.5 and 0.28, respec-
tively.

To account for the effects of classical fluctuation of dis-
order, we calculate the ground states by classical Monte
Carlo simulations with a standard Metropolis sampling
algorithm72. Then the dynamical structure factor

S−+(Q, ω) =
1

N

∑
ij

eiQ(ri−rj)

∫ ∞
−∞

〈
S−i S

+
j (t)

〉
e−iωtdt,

(2)
is calculated by Landau-Lifshitz-Gilbert spin
dynamics73. The disorder is introduced into the
dynamics as Langevin equations,

Ṡi = Si × (Fi + F∆
i ), Fi = −∂H0

∂Si
, F∆

i = −∂H∆

∂Si
, (3)

where H0 is the Hamiltonian without disorder while H∆

is the disorder term of the Hamiltonian.
The dynamical structure factors are calculated by av-

eraging over 1024 configuration samples on a 32 × 32-
point lattice at 50 mK, and representative results are
shown in Fig. 3. To assure the validity of the Monte Car-
lo simulations, we first calculate the zero-field magnetic
excitation spectra and the results are shown in Fig. 3(a)
and (b). It is clear that the broad continuous excitation
spectra observed experimentally at zero field as shown in
Fig. 2(a) and (b) can be well reproduced by the Monte
Carlo simulations. Moreover, the simulations are consis-
tent with our previous calculated results using the linear
spin-wave theory by introducing disorder into the stripe
order phase49, which further strengthens the conclusion
that in YbZnGaO4 disorder plays a significant role in
melting the magnetic order. In fact, in our Monte Carlo
calculations, before adding disorder, the ground state is
also calculated to be a stripe order state, consistent with
previous results49,53,54.

With this as the starting point, we perform Monte Car-
lo calculations at a 10-T field, and the resulted magnetic
excitation spectra are shown in Fig. 3(c) and (d). Af-
ter introducing disorder and a 10-T field into the Hamil-
tonian, the system evolves self-consistently into a ferro-
magnetic state. As a consequence, the calculations show
clear spin-wave excitations as expected from a magnetic-
filed-driven ferromagnetic state. The main features of
the spectra, including the gap, band bottom, band top,
and the shape of the dispersion are all consistent with
the experimental data shown in Fig. 2(g). The contour
map near the band top shows that the spectra weight
is concentrated around the Γ points, which is also fully
consistent with the experimental data shown in Fig. 2(h).
Most importantly, the noticeable broadenings both in the
energy and momentum axes in the experimental data,
which are unexpected for a ferromagnetic state, can al-
so be nicely reproduced by the calculations. Obviously,
the disorder in the exchange interactions and g factors

as discussed above are responsible for this feature, thus
emphasizing the important role of disorder even in the
fully polarized state in this material.

IV. DISCUSSIONS

Similar to YbMgGaO4, YbZnGaO4 as a highly frus-
trated triangular-lattice compound exhibits many fea-
tures mimicking those of a QSL49. Especially, the broad
continuous excitation spectra such as those shown in
Fig. 2(a) and (b) have been taken as a smoking gun for
QSLs29,40,41,74. However, as we demonstrate above by
Monte Carlo calculations and in our previous work by
the linear spin-wave theory49, such “continua” can be
well reproduced by introducing disorder into the stripe
order ground state. More importantly, if there were no
disorder, the spin waves in the fully polarized state will
be resolution-limited sharp and well defined41. These
results indicate disorder is critical in understanding the
magnetic excitation spectra both at zero and high fields,
similar to YbMgGaO4 (Refs. 41 and 43). Given the ab-
sence of magnetic thermal conductivity and presence of
frequency-dependent ac susceptibility49, and the critical
role of disorder plays in the underlying physics, we be-
lieve YbZnGaO4 possesses a disorder-induced spin-glass
ground state. Such a state can explain all the obser-
vations in this material so far, including the absence of
static magnetic order, broad continuous magnetic exci-
tation spectra, zero magnetic thermal conductivity, and
especially the frequency-dependent freezing peaks in the
ac susceptibility49.

Taking into account the disorder effect, there are some
alternative ground states for YbZnGaO4 and YbMgGaO4

as well. For instance, the random-singlet state is a
promising candidate58–60. In such a state, two short-
range antiparallel spins couple into a singlet. Without
disorder, it is a valence-bond solid which breaks the ro-
tational symmetry2. By introducing the quenched bond
disorder, the valence-bond-solid state is destroyed, and
a random-singlet phase with nucleation of topological
defects carrying spin-1/2 moments emerges. This pro-
posal has many interesting consequences that are con-
sistent with experimental observations. First, with the
presence of disorder, the system does not approach mag-
netic phase transition down to ultralow temperatures.
Second, when simulating the dynamical structure factor,
the continuum-like spectra along edges of the Brillouin
zones observed in INS experiments are also reproduced58.
Third, besides the INS results, this proposal also prop-
erly interprets the power-law behavior of the specific
heat58. Finally, the system can freeze into a spin glass as
well in some cases, consistent with the ac susceptibility
measurements49,50.

For the sake of completeness, we wish to discuss several
unusual features especially in YbMgGaO4 that may be at
odds with aforementioned scenarios. First is the observa-
tion of persistent spin dynamics and absence of spin freez-
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ing in the µSR experiments on YbMgGaO4 (Refs. 42 and
46), which contradicts with the ac susceptibility on both
YbMgGaO4 and YbZnGaO4 (Refs. 49 and 50). One pos-
sible explanation will be that these two techniques probe
different time windows of the spin dynamics, and the
former and latter are sensitive to fast and slow spin fluc-
tuations, respectively12. Second, ultralow-temperature
dc susceptibility measured with a Faraday force magne-
tometer does not reveal a bifurcation between the zero-
field-cooling and filed-cooling curves at the freezing tem-
perature as expected for a spin glass, although there is a
clear kink around the freezing temperature45,49. Third,
and probably most interestingly, is a very recent thermal
conductivity measurement on YbMgGaO4 (Ref. 50). It
shows zero residual term for κ measured along the c-axis,
consistent with previous conclusions on YbMgGaO4 and
YbZnGaO4 (Refs. 48–50). On the other hand, κa/T (κa
is the thermal conductivity along the a-axis) shows a fi-
nite linear term of κa0/T = 0.0058 or 0.0016 W m−1 K2

depending on the fitting range, indicative of the survival
of magnetic excitations with mean-free path a few times
of the spin-spin distance, even in the presence of disorder
in this material50. This is in contrast to earlier report-
s where the in-plane κ0/T is essentially zero for both
materials48,49. While the discrepancy between these ex-
periments is unclear at this time and remains to be re-
solved, disorder is considered to be responsible for sup-
pressing the magnetic thermal conductivity in Ref. 50 as
well. These results indicate that the spin-glass ground
state in these materials is rather unusual and complex,
and should deserve further investigations both from the-
ory and experiment. The bottom line for these discus-
sions, is perhaps that disorder is an important ingredient
in the underlying physics and any proposed ground state
should take it into account.

V. SUMMARY

To summarize, we have performed INS measurements
on high-quality YbZnGaO4 single crystals under a c-axis

magnetic field to examine the field evolution of the mag-
netic excitations. A moderate filed of 2.5 T redistributes
the spectral weight of the broad continuum at zero field
in a more uniform fashion in the energy-momentum s-
pace. When applying a field up to 10 T which drives
the system into a ferromagnetic state, we observe clear
spin-wave excitations with a gap of ∼1.4 meV. Howev-
er, different from the sharp and well-defined spin waves
expected for the ferromagnetic state, the spectra exhibit
strong broadening in energy and momentum. By consid-
ering the disorder effect, our classical Monte Carlo simu-
lations can reproduce not only the continuous spectra at
zero field, but also the broad ferromagnetic spin waves
at 10-T field. These results demonstrate that disorder
is an important parameter in shaping the spin dynamic-
s as well as in governing the ground state in frustrated
quantum magnetic systems.
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61 Sándor Tóth, Katharina Rolfs, Andrew R. Wildes,
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