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Possible gapless quantum spin liquid behavior in the triangular-lattice Ising
antiferromagnet PrMgAl,;;09
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Quantum spin liquids (QSLs) represent a novel state where spins are highly entangled but do not
order even at zero temperature due to strong quantum fluctuations. Such a state is mostly studied in
Heisenberg models defined on geometrically frustrated lattices. Here, we turn to a new triangular-
lattice antiferromagnet PrMgAl;1019, in which the interactions are believed to be of Ising type.
Magnetic susceptibility measured with an external field along the ¢ axis is two orders of magnitude
larger than that with a field in the ab plane, displaying an ideal easy-axis behavior. Meanwhile,
there is no magnetic phase transition or spin freezing observed down to 1.8 K. Ultralow-temperature
specific heat measured down to 50 mK does not capture any phase transition either, but a hump at
4.5 K, below which the magnetic specific heat exhibits a quasi-quadratic temperature dependence
that is consistent with a Dirac QSL state. Inelastic neutron scattering technique is also employed to
elucidate the nature of its ground state. In the magnetic excitation spectra, there is a gapless broad
continuum at the base temperature 55 mK;, in favor of the realization of a gapless QSL. Our results
provide a scarce example for the QSL behaviors observed in an Ising-type magnet, which can serve

as a promising platform for future research on QSL physics based on an Ising model.

I. INTRODUCTION

Quantum spin liquids (QSLs) represent a unique quan-
tum disordered state of matter, which can host fractional
elementary excitations and emergent gauge structures .
They have attracted enormous research interest due to
the relevance to the understanding of high-temperature
superconductivity and promising applications in quan-
tum computation??. To unveil the nature of QSLs, it is
of considerable significance to seek and investigate real
QSL materials. One route to this goal is to introduce
strong quantum fluctuations in a magnetic system®,
which can be reached via a variety of manners®?, such
as geometrical frustration, spin anisotropy, competition
between different paths of magnetic interactions, low di-
mensionality of magnetic correlations, etc. In this con-
text, quite a few QSL candidate materials have been pro-
posed in recent years3-.,

Among the currently existing QSL candidates,
triangular-lattice rare-earth compounds are a represen-
tative branch. In rare-earth magnets, the magnetic cor-
relation is generally strong and 4f electrons are quite
localized. The spin-orbit-entangled nature of the lo-

cal moments often brings highly anisotropic magnetic
couplings’®12 The combination of geometrical frustra-
tion and spin anisotropic greatly improves the possibility
to realize a QSL staté® ™12 As such, the triangular-
lattice ytterbium-based compound YbMgGaO,4 has be-
come a canonical examplé!® 20 In particular, the avail-
ability of large single crystals makes it easy to perform
various experimental investigation@. Earlier measure-
ments including specific heat!?, inelastic neutron scatter-
ing (INS)‘EMEI, muon spin relaxation (MSR)@', etc, indeed
show positive evidences for a QSL. However, subsequent
results of thermal conductivity and ac magnetic suscep-
tibility experiments are at odds with the scenari

The controversial point lies in the structural disorder that
nonmagnetic Mg?* and Ga3* are randomly distributed
in the same Wyckoff position, which results in compli-
cated effect on the ground stat Some people
think disorder is detrimental to the formation of QSL
states and mimics a QSI#22282627 while others instead
believe it is able to enhance quantum fluctuationg 82851
It has been open to question until now. Anyway, seeking
new QSL candidates eliminating the influence from dis-
order is an imperative way. As a result, the disorder-free
AYbChy (A = alkali metal and Ch = O, S, Se) com-



pounds are proposed and considered as a perfect investi-
gated regimel?. Nevertheless, given that alkali metal ele-
ments are inherently susceptible to site deficiency as well
as challenge in growing high-quality single crystals3235,
enlarging the QSL candidate family is highly desirable.
More recently, it reports that rare-earth based hexaa-
luminates ReM Al11019, where Re denotes lanthanides
and M is Zn or Mg, as a new family of perfect triangular-
lattice compounds were synthesized®32, Due to the sig-
nificant difference in radii of the constituent ions, there is
little structural disorder in this series of compounds=6:7,
Moreover, the larger distance of magnetic layers makes it
closer to an ideal two-dimensional structure when com-
pared with YbMgGaO,4. Among them, PrZnAl;1;019 has
firstly caught the attention. It hosts a non-Kramers dou-
blet ground state resulting from strong spin-orbit cou-
pling of 412 Pr3t ions and crystal-electric-field effect with
D3j, symmetry3938, The T2 behavior of low-temperature
specific heat and diffusive excitations of INS point to a
gapless QSL, while uSR experiments also evidence the
persistent spin dynamics down to 0.27 K38, Nonetheless,
all the current measurements are confined to its poly-
crystalline samples, which can only yield powder-average
results and thus would miss the crucial information re-
lated to crystalline directions, the detailed investigations
on its single crystals are still absent at the moment.
Considering the volatile nature upon heating of ZnO
in PrZnAl;; 01422, it is actually tough to obtain the sin-
gle crystals. In this work, we turn to its sister compound
PrMgAl;1019, of which the high-quality single crystals
have been successfully grown by us. We comprehensively
investigate its magnetic properties, specific heat as well
as low-energy magnetic excitations via INS at a much
lower temperature of several tens of milli-kelvin. It is
surprising that the magnetic susceptibility with a field in
the ab plane is negligible when compared with that along
the ¢ axis, suggesting an ideal Ising model. The fitting
to the inverse magnetic susceptibility data gives rise to a
Curie-Weiss (O¢cw) temperature of -8.1 K, reflecting the
dominant antiferromagnetic interactions in this system.
Moreover, the absence of bifurcation between zero-field-
cooling (ZFC) and field-cooling (FC) data excludes the
possibility of spin freezing. Specific heat measurements
down to as low as 50 mK reveal no sharp A-shaped peak
indicative of a phase transition, but a hump around 4.5 K,
below which the data fit well with a quasi-quadratic tem-
perature dependence. It is reminiscent of a gapless Dirac
QSL. INS experiments capture broad spin excitation con-
tinuum below 2.5 meV, evidencing the possible realiza-
tion of a gapless QSL state. Our work provides a promis-
ing platform to study QSL physics in a real Ising system.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of PrMgAl;; 019 were synthe-
sized by solid-state reaction method. The raw materi-
als PraO3 (99.9%), MgO (99.99%), and Al,O3 (99.99%)

were weighed with a stoichiometric ratio. Then the pre-
cursor powders were mixed and thoroughly ground in an
agate mortar. Finally, they were loaded into an alumina
crucible and sintered at 1550 °C for 60 hours with an
intermediate grinding. High-quality single crystals were
grown in air via a two-mirror optical floating-zone fur-
nace (MF-2400, Cyberstar Corp.). During the growth,
the seed and feed rods spun in an opposite direction with
a speed of 25 r/min, and meanwhile traveled downwards
with a speed of 9 mm/h. The obtained single crystals are
chartreuse with a size up to 7x3x1.0 mm? for a piece,
as shown in the inset of Fig. [[jc).

Powder x-ray diffraction data were collected at room
temperature in an x-ray diffractometer (X’TRA, ARL)
using the Cu-K, edge with a wavelength of 1.54 A. In
the measurements, the scan range of 26 is from 10° to
80° with a step of 0.02° and a rate of 10°/min, re-
spectively. Rietveld refinements on powder XRD data
were performed by GSAS software. X-ray backscatter-
ing Laue (Photonic Science) pattern was taken when the
beam was perpendicular to the cleavage plane (ab plane)
of the single crystal and the exposure time is 60 s. Dc
magnetic susceptibility was measured on a piece of single
crystal with the typical mass ~15.9 mg. This procedure
was performed within 1.8-300 K in a Quantum Design
physical property measurement system (PPMS, Dyna-
cool), equipped with a vibrating sample magnetometer
option. Specific heat was measured on a 4.3-mg single
crystal in a PPMS Dynacool equipped with a dilution
refrigerator, so that the lowest temperature can reach
50 mK. INS experiments were carried out on FOCUS, a
time-flight spectrometer located at Paul Scherrer Insti-
tute (PSI) at Villigen, Switzerland. About 5-g sample
was loaded into a pure copper can in a dilution refriger-
ator and it was able to cool down to a base temperature
of 55 mK. The incident neutron wavelength was fixed as
A\ ~ 4.7 A, corresponding an good energy resolution of
AE = 0.05 meV (half width at half maximum, HWHM).
For each temperature, we collect data for about 12 h.

III. RESULTS
A. Crystal structure and x-ray diffraction

Figures[[fa) and [I[b) show the schematics of the crys-
tal structure and a two-dimensional triangular layer of
PrMgAl;;Oq9, respectively. Magnetic Pr®* ions form
edge-shared triangular layers that are well separated by
several nonmagnetic layers consisting of AlOg octahedra,
AlO5 hexahedra, and Al/MgOy, tetrahedra, featuring an
ideal two-dimensional nature of magnetic couplings®®*37,
Along the ¢ axis, the magnetic triangular layers have an
ABAB stacking arrangement. It is emphasized that al-
though the nonmagnetic Al** ions located at the cen-
ter of tetrahedra suffer from 1/2 occupation mixed with
Mg?™ ions, we believe it should have little impact on the
magnetic ground state, since the antisite disorder only



exists inside Al/MgO, tetrahedra and the ratio of this
configuration of polyhedra is relatively less in the struc-
tural unit cells. Moreover, the nonmagnetic layers with
this disorder problem are not directly adjacent to the
magnetic layers, either. We will discuss it more in the
discussion part later.
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FIG. 1. (a) Schematic crystal structure of PrMgAli1019.
(b) Top view of the triangular layer consisting of magnetic
Pr3" ions. Dashed lines in (a) and (b) denote the crystalline
unit cell and the triangular unit, respectively. (c) X-ray Laue
pattern of the (001) plane of a single crystal. Inset shows
a photograph of chartreuse single crystals with several typ-
ical pieces. (d) Rietveld refinement results for the powder
XRD data collected at room temperature. Red circles and
black solid line indicate the measured data and calculated re-
sults upon Rietveld refinement, respectively. Green ticks de-
note Bragg peak positions of PrMgAl;;O19 with space group
P63/mmc. Blue solid line represents the difference between
the experiments and calculations for this compound.

In Fig. d), we present the powder XRD patterns as
well as the Rietveld refinement results of this compound.
It can be seen that the polycrystalline sample is a single-
phase material, with no additional impurity peaks ob-
served in the whole measured range. This is vital for
the further preparation of its single crystals. The refine-
ments were performed based on a hexagonal structure in
the space group P63/mmc357, Tt gives rise to the lat-
tice parameters a = b = 5.5846(3) A, ¢ = 21.8730(12) A,
and a = f = 90°, v = 120°. From this result, we
can further calculate that the separations of the near-
est intralayer and interlayer Pr3* ions are 5.5846 A and
11.9582 A, respectively. It means the strength of mag-

netic interplay within the magnetic triangular layers is
actually ~10 times larger than that outside the triangu-
lar layers when considering the dipolar energy goes as
1/r3 (Ref.[39). It justifies the two-dimensional nature of
this compound as told above. These parameters are also
in good agreement with the previous reports®. The final
refinement parameters are R, =~ 8.97%, Ry, ~ 7.14%,
and x? ~ 1.485, respectively, suggesting a high purity of
our synthesized samples. Upon these well-prepared poly-
crystalline samples, we have succeeded in growing the sin-
gle crystals of PrMgAl;1019. X-ray backscattering Laue
pattern was taken to characterize them when the incident
beam was perpendicular to the cleavage plane, as shown
in Fig. [I{c). We can clearly see the sharp diffraction
spots with a six-fold symmetry, reflecting the structural
characteristic of a triangular framework. The diffrac-
tion partten also shows some sporadic intensity near the
strong spots. It indicates that there is a small domain of
the single crystal with its crystallographic orientation in
the ab plane somewhat deviating from the main one. It
should have ignorable impact on the following measured
results, since such a phenomenon is very weak and almost
all the experimental investigations were performed along
the crystallographic ¢ axis or upon powder sample.

B. Magnetic susceptibility

We then characterize the magnetic properties of
PrMgAl;; 019 single crystals by measuring dc magnetic
susceptibility (x) at a small field of 0.1 T, and the re-
sults are shown in Fig. a). The susceptibility with
an external field along the ¢ axis is two orders of mag-
nitude larger than that with a field applied in the ab
plane. It signals that PrMgAl;; 049 is an experimental
realization of a triangular-lattice Ising model with the ¢
axis as its easy axis of magnetization. More intriguing,
there is no any magnetic transition or anomaly captured
in the whole measurement process, which indicates the
paramagnetic behavior persisting to the lowest temper-
ature of 1.8 K. We speculate that the low-temperature
paramagnetic state should be modulated by quantum
fluctuations, since the thermal fluctuations are propor-
tional to temperature and it should have little impact
on the ground state when down to as low as 1.8 K. Be-
sides that, no signature of splitting between ZFC and FC
data can be distinguished in both directions, ruling out
the possibility of spin freezing down to the lowest tem-
perature available. Such a behavior is also observed in
its polycrystalline sample as well as its sister compound
PrZnAl;; 0195958 In general, the Curie-Weiss fitting to
low-temperature data can reveal the intrinsic physics re-
lated to its ground state, while the electrons will be ther-
mally populated to excited crystal-electric-field (CEF)
levels at higher temperatures, and thus the inverse mag-
netic susceptibility deviates from the temperature-linear
behavior due to CEF effect®S. In the inset of Fig. a), we
present the inverse low-temperature susceptibility data



FIG. 2. (a) Temperature dependence of the magnetic sus-
ceptibility (x) for PrMgAl11019 single crystals with the ex-
ternal fields parallel and perpendicular to the ¢ axis, respec-
tively. The measurements were performed in both zero-field-
cooling (ZFC) and field-cooling (FC) conditions with a field
of 0.1 T down to 1.8 K. The inset shows the inverse magnetic
susceptibility data with the field along ¢ axis. The dashed line
is the fit with the Curie-Weiss law. (b) Magnetic-field depen-
dence of the magnetization for the single-crystal sample with
two different directions at 2 K and 15 K, respectively.

along the ¢ axis that can be well fitted by the Curie-
Weiss law. It yields a Curie-Weiss temperature Ocw ~ -
8.1 K within a typical fitting range of 1.8-50 K, indicating
the dominant antiferromagnetic nature of the exchange
interactions between the Pr3* local moments in this sys-
tem. This value is close to that of -6.4 K determined
upon powder data®®. It is also noteworthy that the in-
tralayer Pr3t-Pr3* distance is ~5.584 A from the above
structural characterization, which is larger than those
of the magnetic ions in other referenced compounds.
For instance, it is ~3.401 A for Yb3+t-Yb3T separation
in the heavily-studied YbMgGaQOy,, of which the Curie-
Weiss temperature is about -4 K for the powder sam-
plél3. However, the main path of the magnetic interac-
tions in PrMgAl;1O9 is a nearly straight “Pr3+-02%—-

4

Pr3t” bridge?®, whose length is ~5.590 A determined
by us, while it is a polygonal “Yb3+t-O2=-Yb3*+” one
with the length of ~4.456 A in the latter™13, That
means the effective distance of the superexchange paths
is actually comparable for these two compounds. On
the other hand, the relatively large effective moment of
Pr3t (~2.96 peg®%) compared with Yb3t (~ 2.6p.4%0)
at low temperatures would further strengthen the mag-
netic interactions in this regime. Thus, it is reasonable
to yield such a value of Curie-Weiss temperature even
though there is relatively large distance between the in-
tralayer magnetic ions in PrMgAl;1019. For the mag-
netic susceptibility data perpendicular the c¢ axis, it can-
not be fitted by the Curie-weiss law, since the spins in
this compound exhibit an ideal easy-axis behavior and
there is almost no component of spin moments along the
hard-axis direction, as shown in Fig. [2[a).

The isothermal field-dependent magnetization up to
9 T with two different directions is depicted in Fig. b).
The magnetization with the field perpendicular to the ¢
axis is insignificant compared with that along the ¢ axis,
which is in line with the Ising-type magnetic behavior de-
termined in magnetic susceptibility. For the case of field
along the c axis at 2 K, the magnetization curve progres-
sively increases in a small-field range. Then it turns to
deviate from the linear response regime around 1.5 T,
which corresponds to the relatively low energy scale of
the spin interactions in the ground state. Subsequently, it
enters into a smooth transition regime and hardly shows
the sign of saturation even though the external field in-
creases up to 9 T, where the maximum magnetization
value ~2.0 pp/Pr3t is far away from 3.2 pg/Pr3t ex-
pected for free Pré+ ions30. It means that higher external
field is needed to fully polarize the magnetic moments.
With increasing the temperature to 15 K, the magnetic
couplings between the Pr3* ions are gradually suppressed
and the excited crystal field states would be thermally ac-
tivated, which further keeps the magnetization from sat-
uration and thus makes the magnetization curve remains
mostly linear within the current field range.

C. Specific heat

Above magnetic susceptibility and magnetization char-
acterizations on the single crystals provide the basic in-
formation of the magnetic moments and the magnetic
interactions in PrMgAl;;O19. To reveal the properties of
low-energy magnetic excitations, we perform the specific
heat measurements down to an ultralow temperature of
50 mK. In Fig. a), we depict the specific heat results
of PrMgAly; 019 as well as a nonmagnetic reference com-
pound LaMgAl;1 019 for comparison. At zero field, there
is no sharp A-shaped peak indicative of a phase transi-
tion, but a hump around 4.5 K. Such a feature is com-
monly observed in quite a few QSL candidates, such as
triangular-lattice materials £-(BEDT-TTF)yCugy (CN)g#1
and YbMgGaO™, and the kagome-lattice compound
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FIG. 3. (a) Ultralow-temperature specific heat (Cp) results
of PrMgAl;1 019 at various magnetic fields. The specific heat
of a nonmagnetic reference compound LaMgAli1019 at zero
field is also shown for comparison, which can be nicely fitted
by a Debye model as C}, T3. The dashed line denotes such
a fitting. (b) Magnetic specific heat (Cr) of PrMgAl;1019
obtained by subtracting the lattice contribution using an
isostructural nonmagnetic sample LaMgAl;1019. The solid
lines denote the fit to the data with a power-law function
Cm/T x T~1. The inset shows the extracted exponent
values of a at different fields. The solid in the inset is the
guide to the eye. (c) Temperature dependence of magnetic
entropy (Sm) obtained by integrating Cr, /T data.

ZnCus(OH)Cly*2, ete. It may suggest an establishment

of short-range correlations while the Schottky anomaly
in a two-level system is also propose . Consid-
ering there has been no consensus on its exact physi-
cal origin so far, we cannot make a solid conclusion at
the moment. However, no matter which case it is, the
long-range magnetic transition can be excluded. When
an external field is applied on this regime, the hump is
gradually suppressed and it shifts towards higher temper-
atures, reflecting the continuous modulation of magnetic
ground state via the external fields. To reveal the pos-
sible novel excitations in the ground state, it is helpful
to perform the quantitative analysis on its magnetic spe-
cific heat (Cy,) data. In general, the total specific heat
of a crystallized system with gapless elementary excita-
tions can be represented as C, = T + BT° (Refs. 41
and [43]), where the first term can originate from itinerant
electrons, spinons or other quasiparticles with fractional
spin while the second one may result from phonon and/or
magnon excitations. As a result, the magnetic specific
heat of PrMgAl;10;9 can be obtained by subtracting the
total specific heat of an isostructural reference compound
LaMgAl;; 019 [also shown in the Fig. [3[a)], which can be
taken as the pure lattice part of the target compound3Z.

Figure b) shows the results of magnetic specific heat
of PrMgAl;;019 at various fields. There is indeed no
phase transition observed, confirming the absence of
long-range magnetic order down to at least 50 mK, two
orders of magnitude lower than its interaction energy
scale of |Ocw| ~ 8.1 K. More importantly, the low-
temperature data can be well fitted by a power-law func-
tion of Cy, /T = AT*~!, implying the promising nontriv-
ial excitations in the ground state. At zero field, it gives
rise to a « value of 1.98(2) within the fitting range be-
tween 0.05 and 1.5 K. The result of a approaching to 2 is
unusual for an insulator and it may evidence the gapless
Dirac QSL state with Dirac nodes®™5, In fact, such a
behavior has already been observed in a wider range of
QSL candidates, such as the diluted honeycomb-lattice
Kitaev regime Oé-RlloAglro‘QCl:;, kagome-lattice anti-
ferromagnet YCusz(OH)gBra[Br, (OH);_, 227 square-
kagome compound NasCu7BiO4(PO4)4|B7 as well as the
triangular-lattice compound YbZn,GaOs2%. Neverthe-
less, it is the first time to capture this feature in an Ising-
type QSL candidate. When a magnetic field is applied
along the c axis, the magnetic specific heat is quickly sup-
pressed, indicating the effective modulation of the mag-
netic ground state by the external field. We have also
extracted the exponent of o at other fields in this way,
and the result is shown in the inset of Fig. b). It can be
seen that « increases dramatically with the field below
around 3 T, followed by a saturation value close to 4 at
the moderate fields. As the field continues increasing up
to 9 T, it falls back to 3 to some extent. This nonmono-
tonic response of « to the increasing field is also observed
in its sister compound PrZnAl;; 09 and it was attributed
to the inhomogeneous effective magnetic field throughout
the polycrystalline sample when considering different ori-
entations of crystallographic axes for each grain inside



the polycrystal®®, However, current results are obtained
based on high-quality single crystals. Thus, the reason
of the polycrystalline sample itself can be excluded. It
should reflect more complex intrinsic physics. Consider-
ing the significant decrease of magnetic specific heat with
the applied magnetic field, the occurrence of field-induced
spin gap that annihilates partial low-energy magnetic ex-
citations may be responsible for the behavior. It deserves
more detailed investigations on the magnetic-field effect
in the future. Figure [B|(c) shows the temperature de-
pendence of magnetic entropy by integrating the C,/T
data presented in Fig. b). At zero field, the released
magnetic entropy from the lowest measured temperature
of 50 mK to 30 K is about RIn2, where R is the ideal
gas constant. It shows no sign of saturation within the
current temperature range, just like the case of its sister
compound PrZnAl;; 019 (Ref.[38). The calculated resid-
ual magnetic entropy at 50 mK is less than 0.0001% RIn2.
The near-zero value of residual magnetic entropy rules
out the possibility of magnetic transition at lower tem-
peratures. Thus, our low-temperature result can reveal
the magnetic properties related to the ground state. It is
consistent with the feature of a QSL. When applying a
magnetic field into this regime, the magnetic entropy is
continuously reduced, indicating the suppression of spin
fluctuations by the external field.

D. INS spectra

To further elucidate the nature of low-energy magnetic
excitations, INS experiments were performed at several
characteristic temperatures. In fact, we have observed
a low-lying CEF level around 1.5 meV (not shown),
which is the same as that measured in its sister com-
pound PrZnAl;;0,9%8. However, given that this low-
lying CEF level may mask the possible magnetic excita-
tion signals, just like the cases in some other rare-earth
QSL candidates with non-Kramers ions, such as ThInO3
and Tm3zSb3Mg,0142%90 the high-temperature data of
50 K were used for background subtraction. Although
at 50 K the CEF level of 1.5 meV would be occupied
by the thermally-populated electrons from the ground
state, what we concern most is if there are any under-
lying low-energy magnetic excitations below the strong
CEF excitations. One route to this goal is to subtract a
high-temperature constant data to pick it out. Thus, it
should be fine whether taking the data of 50 K or a lower
temperature, such as 10 K as the background, since they
both represent an invariant constant that needs to be
subtracted. The so-obtained results are shown in Fig. [4
Aside from the strong elastic scattering signals around
zero energy associated with crystal structure, there are
diffusive excitations captured below 2.5 meV, which are
in sharp contrast to the well-defined spin-wave excita-
tions expected in a magnetically ordered regime. There-
fore, INS results rule out the possibility of long-range
magnetic order at an ultralow temperature of 55 mK.
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FIG. 4. (a)-(d) Inelastic neutron scattering spectra of

PrMgAl11019 measured with an incident neutron energy
E; = 3.7 meV at several temperatures. To distinguish the pos-
sible low-energy magnetic excitations covered by the strong
signals from low-lying crystal electric field excitations, the
data at a higher temperature of 50 K were used for back-
ground subtraction.

The broad continuum of spin excitations has been also
observed in a few frustrated quantum magnets and it is
considered as a hallmark of QSLs3*. It should be true for
PrMgAl;;019 when taking into account the above result
of quasi-quadratic temperature dependence of magnetic
specific heat indicative of a Dirac QSL state. These diffu-
sive excitations weaken with the increasing temperatures
and nearly disappear at 25 K. The evident temperature
dependence of spectral intensities confirms its magnetic
nature. We also need to point out that the intenisity in
the elastic region is different at different temperatures,
just as shown in Fig. [d] It results from the small inten-
sity scale displayed in the figure. In fact, there is a huge
variation of intensity between the measured elastic and
inelastic signals. That means the statistical error of the
elastic signal may be even larger than the inelastic inten-
sity itself. Here, what we care about most is the inelastic
scattering region and the intensity scale is thus defined
to a small window. It would significantly affect the image
of the elastic region.

To investigate the low-energy excitations in detail,
we integrate the magnetic spectral weight with energy
ranging from 0.25 to 2.5 meV and plot the intensities
as a function of wave-vector Q, as shown in Fig. [ff(a).
It is clear that there are higher scattering intensities
centered around the intermediate @ range for the low-
temperature data, while the intensities at both small
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(a) Wave-vector @ dependence of the energy-integrated neutron scattering intensity in the range from 0.25 to 2.5 meV

at several temperatures. (b) Energy dependence of the integrated intensity in the Q range from 0 to 2.5 A~'. The solid lines
in (a) and (b) are guides to the eye. The dashed line in (b) denotes the instrumental resolution. (c) Elastic neutron scattering
data were obtained by integrating the intensity in an energy window of [-0.1, 0.1] meV. Errors of the neutron scattering data

represent one standard deviation.

and large momentum-transfer positions are relatively
low. This feature is different from the CEF excitations
where the excitation intensity has a monotonic Q depen-
denc , proving the origin of low-energy magnetic
excitations. When the temperature increases to 25 K,
the broad peak becomes indistinguishable, suggesting the
complete exhaustion of magnetic excitations due to the
predominant role of thermal fluctuations at this temper-
ature. We also integrate the spectral intensities all over
Q@ and obtain the energy F dependence of intensities at
various temperatures, as shown in Fig. b). The inten-
sities on the neutron-energy-loss (E > 0) side have the
same temperature dependence as that of Q, affirming the
magnetic nature of spectral weight. Moreover, the low-
energy magnetic excitations are very close to and diffi-
cult to be distinguished from the strong elastic line. In
other words, PrMgAl;; 019 may be a gapless spin system,
which is consistent with what we deduce from specific
heat measurements. To further clarify whether there is
a gap or not, INS experiment with higher energy reso-
lution is required. The magnetic excitations gradually
weaken and finally vanish above approximately 2.5 meV.
In contrast, the temperature dependence of intensities on
the energy-gain (E < 0) side are opposite due to detailed
balanceé??. Similar phenomena are also observed in other
QSL candidates, such as ZnzCu(OH)gCly*2, CeyZry 052,
and NaRuO453. Such a behavior of contrasting tempera-
ture dependence of excitation intensities emphasizes the
reliability of our experimental data. It should be noted
that the integrated intensity in Figs. [5fa) and [5[b) is
affected by the selected area of the INS spectra shown
in Fig. [ but the overall behaviors of Q and energy
dependence of intensity would not be changed. Based
on the original measured magnetic spectra (no back-
ground subtraction), the integrated intensities stemmed
from the elastic channels are as well extracted and shown
in Fig. pfc). The neutron diffraction data of 55 mK and

50 K are overlapped and there is no additional magnetic
Bragg peak observed, especially in the low-angle range
where magnetic peaks generally show up for a magnet-
ically ordered system. This result agrees well with the
absence of magnetic order determined in both magnetic
susceptibility and specific heat, pointing to a fascinating
QSL ground state in this Ising magnet.

E. CEF analysis

To further facilitate our understanding of its ground
state, especially to clarify the issue of singlet or dou-
blet in a low-symmetric CEF environment of the non-
Kramers ion Pr3*, we also perform a CEF analysis based
on the method of point-charge approximation. Pr3t has
an electron configuration of 42, in which the spin and
orbital angular momentums (S = 1, L = 5) are entangled
into a total angular momentum J = 4 due to the strong
spin-orbit coupling. The corresponding 9-fold degenerate
states are further split under the CEF effect. The effec-
tive CEF Hamiltonian is obtained by the point-charge
model according to the Dsj, point-group symmetry>,

Hepe =y ByOY, (1)

n,m

where O™ and B! are the Steven operators®® and
CEF parameters, respectively. It turns out that there
are two lowest singlets with an extremely small gap of
0.00011 meV, which would compose a nearly degener-
ate non-Kramers doublet ground state, as shown in Ta-
ble[Il These two singlet levels are |[+) = —0.3458] — 3) +
0.6168| — 1) — 0.6168|1) 4 0.3458|3) and |—) = 0.0177| —
4) — 0.4098| — 2) + 0.8145|0) — 0.4098|2) + 0.0177|4), re-
spectively.

Unlike Kramers doublets, for this non-Kramers dou-
blet, the longitudinal spin component behaves as the



TABLE I. Calculated CEF energy levels obtained by the point-charge approximation.

Eigenvalues Ey By Es Ey

E5 EG E7 ES E9

Value (meV) 0.00000  0.00011 29.31636

30.63402

30.63419 40.66725 40.66754  41.25604 49.15044

magnetic dipole moment, while the transverse spin com-
ponent behaves as the magnetic quadrupole moment.
This anisotropy of the magnetic moments implies a pos-
sible Ising-type magnetic behavior. While the current
CEF results merely depending on symmetry analysis can-
not match up the excited CEF levels, such as the en-
ergy level of 1.5 meV captured by INS, it is able to
qualitatively identify the low-lying ground state, since
the non-Kramers doublet is mainly determined by the
point-group symmetry2?©7, Thus, it is sufficient to sim-
ply do the symmetry analysis despite the lack of exper-
imental CEF data to optimize the parameters for the
effective CEF Hamiltonian. It is also worth noting that
such a tiny gap of 0.00011 meV between the quasidou-
blet ground state is only a rough value rather than a quite
accurate one due to the accuracy lamination of the point-
charge calculations®®. Further fitting upon full CEF lev-
els measured by both low and high-energy INS experi-
ments would give rise to more accurate CEF parameters.
Nevertheless, the components of the non-Kramers dou-
blet would not change significantly. In fact, the case that
non-Kramers ions in a low-symmetric CEF environment
create a quasidoublet ground state is commonly observed
in other non-Kramers compounds, such as PrTiNbOg2,
PI‘3BW0960, Tngb3Mg2014 and H03Sbgl\/[g2014:587 etc.
It is thus reasonable to identify the ground state as a
quasidoublet state in PrMgAly;Oqg.

IV. DISCUSSIONS

Currently, the relationship between structural dis-
order and the QSL state has become a hotly de-
bated issued#i23i236l The prototypical examples in-
clude a kagome-lattice material ZnzCu(OH)gCly and a
triangular-lattice compound YbMgGaQO,. Strong dis-
order effect hinders the direct insight into the intrinsic
ground states of these candidate materials. However,
unlike the case in ZnzCu(OH)gCly where antisite dis-
order directly occurs between magnetic Cu?* and non-
magnetic Zn?t ions%, there is no such mixed occupa-
tion in PrMgAl;1019, but only weak disorder between
the nonmagnetic AlI** and Mg?" ions38. Although this
problem is quite analogous to the case of YbMgGaOy,
where nonmagnetic Ga?t and Mg?*t ions are randomly
distributed at the same Wyckoff position!318, we should
stress that the disorder content in this material is much
less than that in YbMgGaQy, since there is no struc-
tural disorder in AlOg and AlOj5 polyhedra and site mix-
ing only exists in Al/MgQOy tetrahedra which are in mi-
nority in the structure of PrMgAl;;0:92%38,  On the
other hand, the nonmagnetic layers with structural dis-

order in YbMgGaQ, are directly adjacent to the mag-
netic Yb3* layers, which has a significant influence on
the ground state42i22i2027  Tp contrast, there is an in-
termediate nonmagnetic layer consisting of disorder-free
AlOg octahedra between the magnetic Pr3t layer and
the antisite-disorder Al/MgQOy4 layer that can effectively
block their correlations. Thus, we argue that weak disor-
der effect in PrMgAl;; 019 should have ignorable impact
on the ground state and all our measured results can
reflect the intrinsic physics. Additionally, while the ob-
served CEF level of 1.5 meV is close to the quasidoublet
ground state, as presented by the above CEF analysis, we
believe the low-temperature behavior of quasi-quadratic
temperature dependence of magnetic specific heat can ef-
fectively reveal the magnetic properties associated with
its ground state, since it is measured below 1 K (~0.09
meV) that is far away from the contaminations from this
CEF level. To quantitatively study the influence of the
CEF effect on milli-kelvin specific heat, one can introduce
nonmagnetic ions of La3* into PrMgAl;; O to dilute its
magnetism, so that the single-ion magnetism related to
the CEF splitting would be separated out when the con-
tent of La3t reaches a very high level, since the ingre-
dient of cooperative magnetism resulting from the inter-
site magnetic couplings is excluded at this time, like the
cases of Tm;_,Lu,MgGa0,%! and Pr;_,La, TiNbOg>.
The low-lying CEF levels will also affect the low-energy
magnetic excitations related to the ground state, which
is commonly observed in other compounds with non-
Kramers ions, such as ThInO3z*" and Tm3SbzMg,01427.
It is thus highly desirable to perform a systematical CEF
analysis based on full excited levels measured by low and
high-energy INS in the future. In this case, the informa-
tion of CEF splitting can be accurately learnt, which will
help thoroughly unveil the intrinsic magnetic properties
of the ground state. Given these, we believe the present
results have well fulfilled our goal to propose a scarce ex-
ample of an Ising magnet that exhibits QSL behaviors in
a perfect triangular-lattice compound PrMgAl;;Oqg.

In fact, there is a relevant research on its sister com-
pound PrZnAl{1019, which shows similar behaviors to
PrMgAl;; 01928, Given that the experimental results are
quite similar for these two isostrutural compounds, we
speculate that they should share the same QSL ground
state. In other words, PrZnAl;;10;9 may be another
Ising system that hosts a QSL state. In the meanwhile,
we also notice that there have already been a few other
works suggesting possible QSL states in an Ising model,
such as the triangular-lattice compounds NdTa;O19 and
ErMgGa0,**¢%. However, the single-crystal sample of
the former is still lacking for now while the latter suffers
from the same disorder problem as YbMgGaO,%%, Com-



pared with them, PrMgAl;;019 may serve as an ideal
platform to explore the QSL physics in an Ising mag-
net. Especially, the availability of large-size and high-
quality single crystals of this material will make it more
favorable. Besides the experimental investigations, there
is a more recent numerical calculation work that also
supports the possible realization of a QSL state in a
triangular-lattice Ising regime%”. The growing research
interests in theory and experiment both advance the QSL
investigations from a conventional Heisenberg model to
a promising Ising one.

V. SUMMARY

In summary, we have succeeded in growing single crys-
tals for a perfect triangular-lattice magnet PrMgAl;; Oqg.
The magnetic susceptibility characterizations reveal an
ideal Ising system with the ¢ axis as its easy axis of mag-
netization. Meanwhile, there is no long-range magnetic
order nor spin freezing observed down to 1.8 K. Spe-
cific heat measurements confirm the absence of magnetic
order at a much too low temperature of 50 mK. More
importantly, the behavior of a quasi-quadratic temper-

ature dependence of magnetic specific points to a Dirac
QSL state, which can be further modulated by the exter-
nal field. Moreover, the broad continuum of low-energy
magnetic excitation spectra is captured by INS experi-
ments, which is also consistent with a gapless QSL state.
Our work provides a rare example of a real Ising system
that exhibits QSL behaviors, which serves as a fertile
ground to explore the nontrivial quantum states in an
Ising system.
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