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We report the magnetic properties of the new layered antiferromagnet Nip.7Al2Ss.7. This com-
pound is isostructural to NiGazS4, the unique low spin (S = 1) two-dimensional (2D) antifer-
romagnet on the exact triangular lattice. No magnetic long-range order (LRO) was observed in
Nig.7Al2S3.7 down to 0.4 K, as in NiGazSs. Instead, a clear spin freezing is observed at T ~ 4
K, which is one order magnitude smaller than the Weiss temperature |6w| ~ 55 K. In contrast
with the field independent frustrated magnetism of the pure NiGazS4, both the susceptibility and
specific heat are found to be strongly field dependent, indicating disorder effects due to vacancies
at the Ni and S sites. Under a field of 9 T, however, Nig.7Al2S3.7 shows a T2-dependent magnetic
specific heat that scales with |fw|, similarly to NiGazS4. This implies an emergence of a 2D linearly
dispersive mode without a magnetic LRO. Electron spin resonance (ESR) measurements reveal a
systematic broadening of the resonance spectra on cooling with 725, suggesting that Ni spins
develop 2D antiferromagnetic correlation with decreasing T' toward T' = 0. Moreover, Nig.7Al2S3.7
exhibits crossover from a high temperature isotropic to a low temperature easy-plane anisotropic
state across Ta ~ 70 K. This scale T4 is higher than |#w|, and is too large to be attributed either to
antiferromagnetic correlation or to single ion anisotropy of Ni2t that is found less than 0.1 K from
the ESR experiment. We discuss that ferronematic correlation is a possible origin of the magnetic

anisotropy.

PACS numbers: 75.30.Gw, 75.40.Cx, 75.50.Ee

I. INTRODUCTION

Geometrically frustrated magnets have attracted great
interest due to the possible emergence of novel spin-
disordered states by suppressing conventional magnetic
order. In two dimensions (2D), the triangular lattice is
one of the simplest forms of a geometrically frustrated
lattice with a single magnetic ion in a unit cell, and
has been extensively studied to search for spin-disordered
states. Although a number of bulk systems with triangu-
lar lattice have been studied!, most have a rather strong
interlayer coupling, which leads to a magnetic long-range
order.

To date, spin-disordered states have been found only
in a few triangular lattice antiferromagnets (AFMs) such
as the organic materials k-(BEDT-TTF)3Cua(CN)5 (S =
1/2)2, EtMezSb[Pd(dmit)s]s (S = 1/2)3, and inorganic
material NiGagSy (S = 1)%°. NiGagS, is the first exam-
ple of a low spin (S = 1) AFM on the exact triangular
lattice. With a layered structure separated by a van der
Waals gap, NiGasS, exhibits essentially 2D magnetism,
as revealed by the neutron measurements*S.

Despite the large energy scale of the Weiss tempera-
ture fw ~ —80 K, this material does not form LRO at
least down to 7" = 0.08 K”. Instead, microscopic res-
onance experiments have clarified unusual bulk critical
slowing down across T* = 8.5 K with a highly extended
critical regime down to a characteristic freezing temper-
ature of Ty ~ 2 K™®. In this intermediate temperature
regime between T* and Tj, spins retain slow dynamics

with microsecond order time scale, forming a viscous spin
liquid®?. Below Ty where the spins become quasi-static,
the temperature dependence of the nuclear relaxation
rates and the specific heat have strikingly revealed a lin-
early dispersive mode in two-dimensions in the absence of
magnetic LRO. In the same temperature range, the spe-
cific heat shows no field dependence, signaling that the
gapless excitations are insensitive to magnetic field*>.

Interestingly, spin dependent impurity effects found
in the specific heat of Ni;_,M,GasSy (M?*+ = Mn?*,
Fe?*, Co?*, and Zn?") indicate that the integer size
of the Heisenberg spins is essential to stabilize the 2D
linearly dispersive mode'®. This parity dependence sug-
gests quantum magnetism due to biquadratic form of spin
exchange interactions, namely, the quadrupolar/spin ne-
matic correlations.

In particular, a study of nonmagnetic impurity effect
on NiGagSy found that only 1 % substitution strongly
suppresses the coherent behavior. However, the suppres-
sion is not perfect and the robust feature of the T2 de-
pendent specific heat and its scaling behavior with the
Weiss temperature is found up to 30 % substitution of Zn
for Ni. This clarifies the existence of a coherent Nambu-
Goldstone mode!!, whose velocity is one order magnitude
slower than the one for 2D antiferromagnetic spin-wave-
like excitations revealed by the neutron measurements®.

Moreover, recent angle resolved photoemission spec-
troscopy at 100 K has found that low energy hole dynam-
ics is characterized by a different wave vector from the
one for a low temperature antiferromagnetic short-range
correlation®, indicating that the high temperature state



above T™* is not governed simply by an antiferromagnetic
spin excitations'?. The coherent behavior without LRO
and the high temperature unusual critical slowing down
toward T in NiGasS, has been discussed in terms of spin
nematic correlation'® 7, the topological phase transition
due to vector spin chirality'®19, and C5 bond-order phase
transition!”2°, However, the origin is still open as an im-
portant issue.

In order to deepen our understanding of the ground
state of NiGasS,, we have searched for compounds
isostructural to NiGasS, and have succeeded in synthe-
sizing a new material Nig 7AlsS3 7 (S = 1) by displacing
Al for Ga ions. Here, we report crystal structure, mag-
netic and thermal properties of Nig 7Al>S3 7.

II. EXPERIMENTAL

As starting materials for single crystal growth, poly-
crystalline samples of Nig7AlySs7; were synthesized by
annealing of Ni, Al, and S with reaction ratio of (1:2:4)
in evacuated quartz ampoules for a few days at 900 °C.
Single crystals of Nig 7 AloS3 7 were prepared by chemical
vapor transport method in evacuated quartz ampoules.
The transport reactions were carried out in a tempera-
ture gradient 850-950 °C for a few weeks using iodine as
transport agent with a concentration of 3 mg/cm?.

Synchrotron crystallographic data were collected on
single crystals at the Advanced Light Source (ALS) syn-
chrotron facility in Berkley California at the small-crystal
crystallography beam-line 11.3.1 (Lawrence Berkley Na-
tional Laboratory). The data were collected using
the program APEX2 and processed using the program
SAINT routine within APEX22!. The data were cor-
rected for absorption and beam corrections based on the
multi-scan technique as implemented in SADABS?2. Di-
rect methods were used to solve the structures. The
model of the structure was refined with SHELX9723.

Magnetic susceptibility was measured between 2 and
400 K up to 7 T with a commercial SQUID magnetome-
ter, Magnetic Properties Measurement System (MPMS-
XL, Quantum Design). Specific heat Cp was measured
by a thermal relaxation method between 0.4 and 200 K
up to 9 T with a commercial calorimeter, Physical Prop-
erties Measurement System (PPMS, Quantum Design).

ESR measurement in pulsed magnetic fields up to
about 53 T was carried out at temperatures between
1.3 and about 75 K using pulsed field ESR appara-
tus equipped with a non-destructive pulse magnet at
KYOKUGEN in Osaka University. Submillimeter waves
at a frequency from about 500 GHz to about 1.4 THz are
generated with a FIR laser and those at the frequency
below 500 GHz are obtained by using backward wave os-
cillator (BWO). ESR signals are detected with an InSb
hot-electron bolometer.

III. RESULTS
A. Crystal structure

Crystallographic data are shown in TABLE L
Nig.7Al5S3.7 crystallizes in trigonal space group P-3ml
(R1 = 6.16 %) and is isostructural to NiGagSy as
shown in Fig.1(a). Lattice parameters of Nig7AlxSs.7
at room temperature are a = 3.6060(13) A and ¢ =
11.98500(12) A. The large aspect ratio indicates the high
two-dimensionality of Nig7AlsS37. Atomic positional
and displacement parameters of Nig7AlyS3 7 are listed
in TABLE II. This material has a 30 % deficiency at
the Ni site of the octahedra. The refined composition
is consistent with that determined by SEM-EDX anal-
ysis. Thus, given the charge neutrality, Ni ions should
be divalent with ¢§,e2 (S = 1) configuration. Consis-
tent results were obtained in recent X-ray photoemission
spectroscopy measurements, indicating that Ni ions have
2+ valence?*. Moreover, the effective moment obtained
from the analysis of the susceptibility is consistent with
the theoretical value for S = 1, as mentioned later. As
a result, Ni%* ions form a partially filled triangular lat-
tice as illustrated in Fig. 1(b) and (c¢). Since the lat-
tice parameters of Nig7Al3S3 7 are smaller than those of
NiGaoSy, the study on Nig.7Al>S3 7 may reveal effects of
the chemical pressure and/or the site vacancy on the 2D
frustrated magnetism of NiGagSy.

The edge-sharing octahedra consist of Ni?t are sur-
rounded by six equidistant S~ (2.430(2) A) and are
compressed along the (111) direction with two in-plane
angles of 95.81(11)° and 84.19(11)°. The partially oc-
cupied, Ni?T-centered octahedra are consistent with the
short S2~-S2~ contacts in the octahedra (3.2570(5) A)
when compared to NiGagSy (S7-S>7: 3.625(1) A). The
corner-sharing tetrahedra are comprised of AI’* sur-
rounded by S?~ compressed along the c-direction with
the apical AI>*-S2~ bond (2.2339(4) A) slightly shorter
than the remaining three A1>*-S%~ bonds (2.2615(7) A).
When comparing NiGasS, and Nip.7AlsS3.7, the partial
occupancies of Ni?t and S2~ coincide with a smaller
unit cell than expected upon substitution of Al** and
Ga3t (without occupational disorder) and has been re-
ported for various NiS-containing compounds, includ-
ing NiSl_m25’26, NiISy”, N12.5MOSG,728, Nio,45ZI'8229,
N10'325Nb8230, and Nio,95Nb38631 phases.

Recent neutron diffraction measurements of NiGagSy
have revealed a 2D incommensurate short-range order,
which can be attributed to a dominant third nearest
neighbor interaction J3/kp ~ 32(7) K and weak ferro-
magnetic nearest neighbor coupling Ji/kp ~ 4(1) K°.
This dominant J3 is also inferred from the photoemis-
sion spectroscopy measurement2. The “NiS,” plane of
Nig.7Al>S3.7 has the same structure as that of NiGasSy,
and should consist of the in-plane superexchange cou-
pling similar to those of NiGayS4. Therefore, the dom-
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FIG. 1: (color online) (a) Crystal structure of Nig.7AlzSs.7.
(b) NiSs layer in Nig.7Al2S3.7 viewed along the c-axis, which
consists of edge-sharing NiS¢ octahedra. Empty Ni sites and
the associated NiSg octahedra are shown by black circle and
by broken line, respectively. (c) Schematic network formed by
the third nearest interaction J3 (pink, blue, green, and yellow
lines) on a triangular Ni lattice of Nig.7Al2S3.7.

space group| P-3ml
a (A) 3.6060(13)
c(A) ]11.9850(12)
V (A3) | 134.96(7)
Z 1
‘R 0.0616
“Ri =3 ([[Fol - [Fe|)/> 2 Fol

TABLE I: Crystallographic data of Nip.7Al2S3.7 at room tem-
perature.

inant in-plane superexchange coupling in Nig 7Al3S3 7
should be the third nearest neighbor interaction Js and
antiferromagnetic. In addition, the nearest neighbor cou-
pling is most likely ferromagnetic as in NiGasS4, be-
cause the smaller bond angle (95.8°) of the Ni-S-Ni path
in Nig 7AlpS3 7 than that (96.9°) for NiGagS, stabilizes
more ferromagnetic coupling. Figure 1(c) presents a
schematic configuration of magnetic Ni ions on a NiSg
layer of Nig.7Al2S3.7. Ni ions are part of a local triangle
made of the third nearest neighbor interaction Js (pink,
blue, green, and yellow lines), and under the influence
of the geometrical frustration. However, the deficiency
of the Ni ions causes missing bonds and induces weakly
coupled spins. This type of spins is known as “orphan”
spins®3, and has relatively low energy magnetic coupling
scale and can be easily polarized by application of the
field, as we will discuss later. Although the Ni?* spins are
diluted by 30 %, the classification of spins into “bulk” and
“orphan” spins is useful based on our systematic study of
the nonmagnetic impurity effects in Ni;_,Zn,GagSs'".

Atom Site =z y z Occupancy “Ue.q(A%)
Ni 16 0 0  1/2 0.66(3) 0.0136(15)
Al 2d 1/32/302090(4) 1.0  0.0151(16)
S1  2d 1/3 2/3 0.8648(4) 1.0  0.0174(15)
S2  2d 1/3 2/3 0.3955(3) 0.89(3)  0.0104(14)

TABLE II: Refined atomic positional and displacement pa-
rameters of Nig.7Al2S3.7 at room temperature. “Ueq is defined
as one third of the trace of the orthogonalized Us;; tensor.
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FIG. 2: (color online) (a) Temperature dependence of the
susceptibility x = M /B of Nig.7Al2S3.7 under 0.01 T and 7
T for B || ab and B || ¢. There is a hysteresis between FC
and ZFC measurement below 4 K at 0.01 T. (b) Temperature
dependence of the inverse susceptibility Xfl of Nig.7Al2S3.7
at 7 T for B || ab (red circle) and B || ¢ (blue square). Solid
lines indicate the fit to the Curie-Weiss law. (c) Tempera-
ture dependence of the anisotropy ratio xub/X. obtained for
Nig.7Al2S5. 7 under 0.01 T and 7 T and NiGasSs under 7 T%*.
Inset: Xab/Xc vs. T in logarithmic scale. A clear enhance-
ment of xab»/Xc below 70 K, as indicated by a black arrow, is
observed in Nig.7Al>Ss3.7.

B. Susceptibility

The temperature dependence of the susceptibility x(T)
= M(T)/B at B=0.01 and 7 T is presented in Fig. 2(a).
Hysteresis between the field-cooled (FC) and zero-field-
cooled (ZFC) data under 0.01 T is seen below a freezing
temperature Ty = 4 K. This spin glass behavior can be
attributed to both the magnetic frustration based on the



triangular lattice symmetry and the randomness due to
the deficiency of Ni ions. No sharp magnetic anomaly or
hysteresis between the FC and ZFC data was observed
down to 2 K under 7 T. The susceptibility data above
200 K follows the Curie-Weiss law, x(T) = C/(T — 6w),
as shown in Fig. 2(b). Here, C' and 6w are Curie con-
stant and Weiss temperature, respectively. Effective mo-
ments are estimated to be ~ 3.05(7)up/Ni for B || ab
and ~ 2.92(5)ug/Ni for B || ¢. These are typical val-
ues known for Ni?* ions and are slightly larger than the
theoretical estimate 2.83up for S = 1, indicating the
contribution from spin-orbit coupling. The Weiss tem-
peratures, Oy = —55(1) K for B || ab and —56(1) K for
B || ¢, indicate the dominant interaction between Ni ions
are antiferromagnetic. The ratio |Ow|/Tr = 14 is large
due to the combination of geometrical frustration, low
dimensionality and disorder.

Figure 2(c) shows the ratio of the in-plane susceptibil-
ity xap» and inter-plane susceptibility x. as a function of
T under 0.01 and 7 T. x4/ X is enhanced below 70 K, in-
dicating the onset of easy-plane anisotropy at T' < 70 K.
A similar increase in x5/ X is also seen for NiGasSy be-
low T ~ 30 K34. Although rapid enhancement of Xab/ X
in the low-temperature region of 7' < 20 K under 0.01
T could be attributed to the orphan spins, the appear-
ance of magnetic anisotropy in a high temperature region
should be intrinsic to the bulk spins of Nig7Al2S3 7.

According to the high temperature expansion analyses
on a Heisenberg model with a single ion anisotropy??,
H = JZ(Z',J)SZ' -S;+DY . (S7)*—g>,H-S;, the in-
plane and out-of-plane susceptibilities, x. and x., are
given by

2 g°
a ~ — 5 1
Xeb ™ 3T 44— D M
2 '
VY-S S— 2
X" 3Trar+ 2 ®

Here, g, J, and D are the g-value, the effective superex-
change coupling scale, and the single-ion anisotropy con-
stant, respectively. Therefore, the relation between O
and D is given by,

D

Ow(c) — Ow(ab) ~ 5 (3)

D is roughly estimated to be 1(1) K, the same order
as D/kg ~ 0.8 K of NiGaySs estimated by the ESR
measurement.3%37 As we will discuss, the ESR measure-
ment has clarified D/kp S 0.1 K, which is consistent with
the above estimate within the error bar.

C. Specific heat

Figure 3(a) indicates the temperature dependence of
the specific heat Cp. Cp shows no sharp anomaly down
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FIG. 3: (color online) Temperature dependence of (a) the
total specific heat Cp/T at 0 T (red circle) and 9 T (green
triangle), and (b) the magnetic specific heat Cyvi/T (left axis)
at 0 T (red open circle) and 9 T (green open triangle), and
the magnetic entropy Sm at 0 T (red solid circle) and 9 T
(green solid triangle) for B || ¢. The horizontal line indicates
the theoretical total entropy for S = 1, S; = Rln 3.

to 0.4 K, indicating absence of LRO for both B = 0
and 9 T. In order to estimate the lattice contribution
to the specific heat Cp, of Nig 7Al3S3.7, we measured Cp
of the nonmagnetic, isostructural analogue Znln,Sy, and
followed the same conversion procedure using the Debye
equation as described in Ref. 5. The T dependence of
the magnetic specific heat Cyi was estimated by subtract-
ing C, from Cp (Fig. 3(b)). Cm/T has a broad peak
at around 5 K for B = 0 T, which can be attributed
to the evolution of a short-range correlation between Ni
spins. Magnetic entropy, Sum, as shown in Fig. 3(b), has
a plateau around 25 K at ~ 1/4 of Sy = R1n 3, the the-
oretical total entropy for S = 1 spin. This reveals that
the low temperature state is highly degenerate, similar
to NiGagS4°.

A prominent behavior at low temperatures in NiGagSy
is the T?-dependence of Cy; that emerges without mag-
netic LRO. Similarly in NigyAlyS3.7, Cy shows a T2
dependence below 1 K at 0 T and below 4 K at 9 T (Fig.
4(a)). This behavior is different from a canonical spin
glass system that exhibits a T-linear dependence of Cy
due to local nature of spin fluctuations. Instead, it most
likely arises from coherent propagation of a 2D linearly
dispersive mode, as observed in NiGasS,. The field de-
pendence of Cyr, which is absent in NiGagSy, is observed
for Nig.7Al3S3.7 and is possibly due to the orphan spins
induced by disorder in Niy7AlyS3.7. The orphan spins
are much more weakly coupled than the bulk spins and
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FIG. 4: (color online) (a) Temperature dependence of the
magnetic specific heat under 0 T (red circle) and 9 T (green
triangle) below 30 K. (b) Cwm |#w|/T as a function of T'/|0w|
in Nig.7Al2S3.7 at 0 T (red circle) and 9 T (green triangle),
NiGazS4 at 0 T (purple diamond) and Nig.7Zng.3Ga2S4 at 0
T (orange square) under B || ¢

can be oriented in a relatively small applied field and thus
under ~ 9 T. The low temperature specific heat due to
the orphan spins may be suppressed due to their Zeeman
gap, and the intrinsic 72 dependence of the specific heat
of the bulk spins should become prominent by applying
field.

Figure 4(b) provides Cwm|Ow]|/T vs. T/|0w]| for
NiGaQS4, Nio,7A1283.7, and Nio,7ZDQ,3GaQS4. The T2—
dependent part of the low temperature magnetic specific
heat Cy in NiGasS4 and Nig7Zng 3GasSs can be nor-
malized by the single scale of |fw| and its coefficient
is proportional to |fw|~2.1134 This is also the case for
Nip.7Al>S3.7 under 9 T, but the data under 0 T do not
exhibit the scaling behavior. This suggests that the data
taken at 9 T is intrinsic to the bulk spins since the effects
of the orphan spins is suppressed due to the Zeeman gap.
The peak of Cy|Ow|/T at T/|0w| ~ 0.14 is much weaker
and broader than that in NiGagSy because of the Ni de-
ficiency in Nig 7AlsS3 7 as observed in Nig.7Zng 3GasSy.

D. Electron spin resonance

Figure 5 shows the temperature dependence of the ESR,
absorption spectra at 584.8 GHz for H|c. We observed
extremely broad resonance signals, which require more
than 10 T field range to observe the whole resonance
spectra. Thus, we present the spectra at relatively high

frequency 584.8 GHz. The resonance field does not shift
upon cooling. The g-value along the c-axis is evaluated
to be g. = 2.07 from the paramagnetic resonance field
well above the Weiss temperature |fw| ~ 55 K. The in-
set of Fig. 5 indicates the temperature dependence of
the absorption linewidth (full width at half maximum,
FWHM), which increases as the temperature is lowered
from the nearly absolute value of the Weiss temperature.
In the antiferromagnetic critical region where the antifer-
romagnetic short-range ordering develops, the tempera-
ture dependence of the linewidth is expressed by the fol-
lowing equation,

AHl/Q X (T — sz)ip7 (4)

where Tx is the antiferromagnetic long-range ordering
temperature and p is a critical exponent which is known
to be 2.5 in a 2D Heisenberg AFM.?® Since no LRO
down to 0.4 K was observed, we assume that Ty approx-
imates zero. Then, we fit the experimental linewidths
to Eq. (4) with p = 2.5 and Ty = 0 as shown by the
solid line in the inset of Fig. 5. The agreement between
them is satisfactory. The difference between experiment
and calculation can be attributed to the broadness of
linewidth with the large error bars of about £5 % of the
FWHM values. The frequency dependence of the ESR
absorption spectra at 1.3 K for H||c is demonstrated in
Fig. 6(a). The resonance fields are indicated by large ar-
rows. The small signals denoted by small arrows at each
frequency arise from an ESR standard sample of DPPH,
which is a common abbreviation for an organic chemical
compound 2,2-diphenyl-1-picrylhydrazyl, for correction
of the magnetic field. The resonance fields are plotted in
the frequency-field plane as shown in Fig. 6(b). We com-
pare the resonance mode of this compound with that of
NiGagS,4, which is well fitted to one of the ESR resonance
modes calculated based on the 57° spiral spin structure
with easy-plane anisotropy.?” The spin Hamiltonian in
this case is written as

HZlesi'5j+J3ZSl'Sm+DZ(Sf)2
(1,5) (l,m) @
—gZH-Si, (5)

where J; and J3 represent the first- and the third-
neighbor exchange interactions, respectively, (ij) and
(Im) indicate all the nearest-neighbor and the third-
neighbor pairs, respectively, D is an anisotropy constant
of the easy-plane type, and the z-axis corresponds to the
c-axis. In the case of NiGasS,, good agreement between
experiment and calculation is obtained with the follow-
ing parameter values: Ji/kg = —4.56 K, J3/kp = 22.8
K, and D/kg = 0.8 K, as shown by the dotted line in
Fig. 6(b). Since Nig 7Al3S;5 7 is isostructural to NiGagSy,
we expect the same type of magnetic interactions and
anisotropy in both compounds. In addition, considering
the 30 % deficiency of Ni at Ni sites in Nig 7AlS3.7, the
average nearest-neighbor exchange interactions evaluated



from the Weiss temperature |fw| ~ 55 K, which is about
70 % of |0w| ~ 80 K of NiGasS4, must be close to those
of NiGagS,4. Accordingly, we assume that these two com-
pounds have the same exchange interaction constants J
and J3. In that case, the zero-field energy gap of the ESR
mode corresponding to the spin-wave excitation energy
at k = 0, where k is a wave vector, is proportional to
V/D. The observed resonance mode is close to a straight
line from zero frequency, which corresponds to D = 0,
indicated by the broken line in Fig. 6(b). The solid line
is drawn as the ESR mode on the assumption of D/kp
= 0.1 K, and we thus insist that the magnitude of the
anisotropy constant D/kp is less than 0.1 K. However,
it is hard to evaluate the D value precisely due to the
lack of the resonance field data at low frequencies below
about 300 GHz.
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FIG. 5: (Color online) Temperature dependence of the ESR
absorption spectra of Nig 7Al2Ss.7 at 584.8 GHz for H||c. The
arrows indicate the resonance fields. The sharp small signals
come from the ESR standard sample of DPPH for correction
of the magnetic field. The inset shows the temperature de-
pendence of the full width at half maximum (FWHM) of the
ESR spectra. The error bars with about 5 % of the FWHM
values are put on the data. The solid line represents the result
of a fit of the experimental data to Eq. (4).

IV. DISCUSSION

Let us discuss the origin of the easy-plane anisotropy
seen below 70 K. When a magnet has single ion
anisotropy, D, the anisotropy should appear below a
characteristic temperature scale,

Ta~D- (§>2. (6)

a

Here, a and € are the distance between the nearest neigh-
bor magnetic ions and the magnetic correlation length at
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FIG. 6: (Color online) (a) Frequency dependence of the ESR
absorption spectra of Nig.7Al2S3.7 at 1.3 K for H||c. The large
and small arrows indicate the resonance fields of Nig.7Al2S3.7
and the ESR standard DPPH, respectively. (b) Frequency-
field plot of the resonance fields at 1.3 K for H|lc. The open
and closed circles denote the resonance fields of NiGazS4 and
Nig.7Al2S3.7, respectively. The dotted, solid, and broken lines
represent calculated ESR modes with different values of easy-
plane anisotropy D/kg = 0.8 K, 0.1 K, and 0 K, respectively.

Ta, respectively. Given Ta ~ 70 K and D/kg S 0.1 K of
Nig.7Al>S3.7, the correlation length of an antiferromag-
netic short-range order should be of the order of 10a.
This is unexpectedly large at this high temperature and
comparable to £ ~ 7a at 1.5 K for NiGagS, obtained by
the neutron diffraction measurement®. In order to form
a short-range order with such a long correlation length
at 70 K, the dominant exchange interaction J; must be
much larger than J3/kg ~ 30 K of NiGayS,. However,
the Weiss temperature of Nip7AlyS5.7, |Ow| ~ 55 K, is
actually smaller than |fyw]| ~ 80 K of NiGagSy, and thus
this scenario is highly unlikely.

Another possible origin of the easy-plane anisotropy is
a ferronematic ordering'* ', that is, a spontaneous uni-
form order of a magnetic quadrupole at each site with-
out freezing of spin dipoles. In the purely Heisenberg
spin case, the magnetic anisotropy appears at the fer-



ronematic transition as the direct consequence of spon-
taneous spatial symmetry breaking of spin fluctuations.
However, in the presence of the easy-plane anisotropy
as in the present case, only a crossover may occur as
a function of temperature. Thus, the easy-plane mag-
netic anisotropy could be understood due to the crossover
in the anisotropy of the spin fluctuations that have the
preferential axis within the plane below T ~ Tx (= 70
K), otherwise being isotropic at high temperatures. This
type of ferronematic state has been discussed in the con-
text of several theories developed to explain the low tem-
perature spin-disordered state of NiGaS4'4 7. Among
them, the model proposed by E. M. Stoudenmire et al.'”
is the most realistic because it is the only theory that
accounts not only for the biquadratic coupling, but for
both the ferromagnetic J; and antiferromagnetic J3 in-
teractions.

Nig 7Al5S3.7 possesses the following properties that
meet the conditions for the theoretical model discussed
by E. M. Stoudenmire et al.'”. First, the high two-
dimensionality of Nig 7Al>S3 7 is due to the van der Waals
gap which significantly weakens the interlayer couplings,
the same as in NiGasS,. Consequently, no magnetic
and/or quadrupolar transitions are observed down to 0.4
K* 6. Secondly, spins must be of the Heisenberg type
isotropy. Due to the closed-shell configuration of the
Ni* ions, the single-ion anisotropy of Nig.7AlySs. 7 is in-
deed small with D/kg S 0.1 K. The third criterion is
the structure of the NiSs plane that is made of the edge-
sharing NiS¢ octahedra. The angle ~ 100° of the Ni-
S-Ni bond suppresses the nearest neighbor coupling J;
and makes the third nearest neighbor coupling J3 domi-
nant, as found in NiGasS4. This weak nearest neighbor
coupling would instead allow the biquadratic coupling K
to be relatively large. Indeed, K may be enhanced in
this particular structure, which has nearly rectangular
Ni-S-Ni bond, leading to the weak ferromagnetic near-
est neighbor coupling. This nearest neighbor coupling is
very sensitive to the bond angle, and thus virtual fluc-
tuations of the lattice that change the bond angle may
affect the effective spin Hamiltonian by enhancing the
ferro-type biquadratic coupling K, and may stabilize the
ferronematic state.

Finally, the T2-dependent specific heat as well as the
spin freezing behavior found in the susceptibility at low
temperatures might be associated with the C3 bond-
order phase transition, as has been discussed in E. M.
Stoudenmire et al.'”. However, other scenarios including
Zy vortex biding transition!'®!? are still possible, and the
origin is open for the future investigation.

V. CONCLUSION

We synthesized and investigated the magnetic proper-
ties of Nig.7AlsS3.7, the new 2D triangular lattice antifer-
romagnet with easy-plane anisotropy. While Nig 7AlSs 7
has 30 % deficiency of the Ni ion, this compound ex-

hibits a spin-disordered ground state with a clear spin
freezing at Ty ~ 4 K, one order magnitude smaller tem-
perature than the Weiss temperature 6w ~ —55 K.
Several interesting phenomena feature the magnetism of
Nig.7Al5Ss.7. One is the T2-dependence of the magnetic
specific heat and its scaling behavior with |fw]|, sug-
gesting the emergence of a 2D Nambu-Goldstone mode
without a magnetic LRO, as seen in NiGasS4. Secondly,
ESR measurements show a systematic broadening of the
resonance spectra on cooling, suggesting 2D antiferro-
magnetism with critical slowing down as 7' — 0. Fi-
nally, Nig.7Al>S3 7 exhibits an easy-plane anisotropy that
emerges below 70 K despite its small single ion anisotropy
scale D/kp < 0.1 K found by the ESR measurements.
While the effect of orphan spins due to the deficiency of
Ni should be carefully considered, one likely origin to un-
derstand the anisotropy is the ferronematic correlation.
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