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’ INTRODUCTION

Primary interest in two-dimensional (2-d) triangular lattice
antiferromagnets arises from the inherent lattice frustration,
resulting in the suppression of long-range magnetic order to
temperatures much lower than expected, because of competing
interactions between magnetic moments.1�4 The combination
of frustration and 2-dmagnetism can suppress magnetic ordering
and allow for the investigation of the quantum fluctuations that
determine the possible ground states of the system.5 Quantum
fluctuations are low-temperature phenomena with fingerprints
evident on room-temperature physical properties. Understand-
ing these ground states is critical for understanding the behavior
at application temperatures and can lead to the design of new,
exotic materials.6,7

Frustration when coupled with complex parameters such as
the charge, spin, orbital, and lattice can lead to exotic phenomena
and ground states. Various polytypes of the ZnIn2S4 structure
type have been investigated because of the possible geometric
frustration of magnetic moments on a triangular lattice. The
CuIr2S4 and MgTi2O4 phases form spin dimers and have been
correlated to charge ordering and frustration.8,9 FeSc2S4, which is
a spin�orbital liquid with one of the largest spin-frustration
parameters > 900, exhibits complex spin�orbital coupling, in
addition to frustration.10 Electric polarization induced by an
external magnetic field in CdCr2S4 and HgCr2S4 appears with
and without complex spiral magnetic ordering, respectively.11,12

Many spinels have been studied with various properties, because
of geometrical frustration of the magnetic sublattice. Structurally

related to the spinel structure type, FeGa2S4-type
13 and ZnIn2S4-

type14 compounds are good candidates for the investigation of
quantum fluctuations, given the two dimensionality of the structure,
in addition to the triangular magnetic sublattice. Although the
Ga-analogues, MGa2S4 (M = Mn2þ, Fe2þ, Co2þ), adopt one of
the ZnIn2S4 polytypes, previous attempts to grow theMAl2S4 (M
= Mn2þ, Fe2þ, Co2þ) have failed, reportedly because of the
polarizing capacity of Al3þ in these compounds to induce
structural instability in the sulfide lattice, which results in the
formation of a different structure.15

The layered NiGa2S4 (FeGa2S4-type) structure is the first
reported example of a low-spin quasi-two-dimensional (quasi-2-d)
antiferromagnet with a perfect triangular lattice.4 Very interestingly,
the Ni2þ (S = 1) spins do not show any long-range magnetic
ordering down to 30 mK, despite the relatively large antiferromag-
netic Weiss temperature (∼80 K). Instead, the Ni2þ spins exhibit
spin glass freezing at T* = 8.5 K and show a 2-d spin wave-like
coherent behavior at T < 3 K.7 Spin-dependent impurity effects in
Ni1�xMxGa2S4 (M = Mn2þ, Fe2þ, Co2þ, and Zn2þ) indicate that
the integer size of the Heisenberg spins is important to stabilize the
2-d spin wave-like coherent behavior.16 The high-spin (S = 2)
FeGa2S4 has been described as a frustrated (θ =�160 K) quasi-2-d
triangular Heisenberg antiferromagnet exhibiting strong spin freez-
ing at 16 K without developing magnetic long-range order.13,17�20
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Various polytypes of CoGa2S4 and MnGa2S4 have been reported,
but not of the FeGa2S4 or ZnIn2S4 (IIIa) types.

21�24

In addition to geometrical frustration, magnetic frustration can
arise because of site disorder, as observed in the spinel-type
CoAl2�xGaxO4, where doping of Ga

3þ at both the octahedral and
tetrahedral sites results in an increasingly dilutedmagnetic sublattice
at concentrations of 0.4e xe 2.0.25,26 Here, we report the growth
and characterization of single crystals of MAl2S4 (M = Mn2þ, Fe2þ,
Co2þ),which exhibitmagnetic dilutiondue tomixingofM2þ (M2þ=
Mn2þ, Fe2þ, Co2þ) and Al3þ in two interpenetrating, triangular
magnetic sublattices, to investigate the effects of spin on structu-
rally similar systems exhibiting magnetic frustration and the site
disorder effects due to mixing on crystal chemistry and physical
properties. Structural and magnetic comparison between
MGa2S4 (M = Fe2þ, Ni2þ) and MAl2S4 (M = Mn2þ, Fe2þ,
Co2þ) can be used to isolate the effects of low dimensionality and
geometrical frustration from effects of site disorder.

’EXPERIMENTAL SECTION

Synthesis. Polycrystalline samples of MAl2S4 (M = Mn2þ, Fe2þ,
Co2þ) were synthesized by annealingM (M=Mn, Fe, Co) with Al and S
in evacuated quartz ampules for 1�2 days at 900 �C. Single crystals were
prepared by the chemical vapor transport (CVT) method in evacuated
quartz ampules, using the polycrystalline samples obtained by the above
procedure. The transport reactions were carried out in a temperature
gradient of 850�950 �C for 1�2 weeks using a transport agent
concentration of 3 mg/cm3 iodine. Crystals, shown in Figure 1, grew
as dark brown (light brown for MnAl2S4), hexagonal, micaceous plates
and cleave easily. The crystals are very hygroscopic and react readily with
water in the surrounding air to yield Al2O3, MS (M = Mn2þ, Fe2þ,
Co2þ), and H2S. The distinct smell of H2S is indicative of crystal
degradation.
Elemental Analysis. Scanning electron microscopy with energy-

dispersive X-ray (SEM-EDX) measurements were performed to confirm
the exact composition ofMAl2S4 (M=Mn2þ, Fe2þ, Co2þ).Measurements

were collected on a JEOL Model JSM-5600 instrument. The accelerating
voltage was 15 kV, with a beam-to-sample distance of 20 mm. An average
of 10 scans with a size of 10 μm � 10 μm was performed on each single
crystal. The mole ratio of M:Al:S, normalized to an Al concentration of
2 mol, was obtained by fitting intensity as a function of energy to yield
Mn0.99(1)Al2S4.07(1), Fe0.92(1)Al2S3.97(1), and Co0.97(1)Al2S4.02(1), which are
consistent with the refined compositions determined by X-ray diffraction
(XRD).
Single Crystal X-ray Diffraction. Data collection on single

crystals using an Enraf Nonius diffractometer that was equipped with
a Kappa CCD detector (Mo KR radiation, λ = 0.71703 Å) was
attempted on several crystals with long scan times. Since the single
crystals were weakly diffracting, synchrotron crystallographic data were
collected at the Advanced Light Source Synchrotron facility in Berkeley
California at the Small-Crystal Crystallography Beamline 11.3.1
(Lawrence Berkeley National Laboratory). Intensity data were collected
at 150 K on a D8 goniostat equipped with a Bruker APEXII CCD
detector using synchrotron radiation tuned to λ = 0.7749 Å. A series of 1 s
frames measured at 0.2� increments of ω were collected to calculate a
unit cell. Data collection frames were measured for a duration of 1 s at
0.3� intervals of ω with a maximum 2θ value of ∼60�. The data were
collected using the program APEX227 and processed using the SAINT27

routine within APEX2. The data were corrected for absorption and beam
corrections, based on the multiscan technique, as implemented in
SADABS.28 Direct methods were used to solve the structures,29 and
the models were refined using SHELX9730 with extinction coefficients
and anisotropic displacement parameters.
Refinement of MAl2S4 (M = Mn, Fe, Co). Crystallographic data,

atomic positions, and bond distances for all compounds studied are
provided in Tables 1, 2, and 3, respectively. Because of similar lattice
parameters, the atomic positions of the hexagonal polymorph of ZnIn2S4
(IIIa)14 were used as an initial structural model in determining the atomic
positions of MnAl2S4, and the atomic positions of FeGa2S4

13 were used as
an initial structural model in determining the atomic positions of both
FeAl2S4 and CoAl2S4. Refinement of the models of MAl2S4 (M = Mn, Fe,
Co), prior to mixing between M2þ and Al3þ at both the tetrahedral and
octahedral sites, led to anomalous atomic displacement parameters at the
octahedral and tetrahedral sites and high residuals of Fmax ≈ 14.0, Fmin ≈
�3.0, andR1 = 13.5% forMnAl2S4, Fmax≈ 1.4, Fmin≈�0.7, andR1∼ 0.11
for FeAl2S4, and Fmax ≈ 3.7, Fmin ≈ �1.8, and R1 ≈ 0.16 for CoAl2S4.
Mixing of M2þ (M2þ = Mn, Fe, Co) and Al3þ at both the octahedral and
tetrahedral sites resulted in smooth difference maps and overall lower
residuals. The refined compositions of MAl2S4 (M = Mn, Fe, Co) are
consistent with those determined by SEM-EDX analysis. No missing
symmetry was found using PLATON.31

The models of MnAl2S4 and CoAl2S4 were both refined as twins.
MnAl2S4 adopts a noncentrosymmetric space group (R3m) and is an
inversion twin with a∼7.2% contribution from the inverted component.
The initial refinement of the model of CoAl2S4, using fully occupied
atomic positions, resulted in reasonable atomic displacement parameters
and values of the goodness of fit (GoF) parameter, but the residual value
(R1) remained ∼25% with unusually large residual electron density
peaks (Fmax≈ 14 and Fmin≈�6) that could not be resolved as disorder.
Since the observed intensities (Fobs

2) for the most disagreeable reflec-
tions were symmetrically much greater than the calculated intensities
(Fcalc

2), the possibility of twinning was explored. The model of CoAl2S4
was refined with the twin law for trigonal, merohedral twinning
(�1 0 0 0�1 0 0 0 1) with a 34.6%:65.4% distribution from the two
twin components and a R1 value of ∼0.05.
Magnetic and Thermal Properties. Magnetization down to

2 K was measured under magnetic fields up to 9 T with a Quantum
Design MPMS SQUID magnetometer to investigate the magnetic
properties of MAl2S4 (M = Mn2þ, Fe2þ, Co2þ). The specific heat
(Cp) was measured by the thermal relaxation method, down to 0.4 K,

Figure 1. Single crystals of MAl2S4 (M = Mn2þ, Fe2þ, Co2þ) and
Ni0.68Al2S3.78.
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using a He3 refrigerator. Table 4 summarizes the magnetic properties
of FeGa2S4, NiGa2S4, Ni0.68Al2S3.78,

32 and structurally similar MAl2S4
(M =Mn2þ, Fe2þ, Co2þ) with varying amounts of mixing betweenM2þ

and Al3þ.

’RESULTS AND DISCUSSION

Structure of MAl2S4 (M = Mn2þ, Fe2þ, Co2þ). The MnAl2S4
structure can be described as the hexagonal polymorph (∼3� 36Å)
of the ZnIn2S4 structure,

14 shown in Figure 2a, with blue spheres
representing metal ions in an octahedral environment of S2� ions
(yellow spheres) and green spheres representing metal ions in a
tetrahedral environment of S2� ions. The MAl2S4 (M = Fe2þ,
Co2þ) structure can be described as the trigonal polymorph (∼3�
12 Å) of the ZnIn2S4 structure, also known as the FeGa2S4-type
structure,33 shown in Figure 2b, with blue spheres representing
metal ions in an octahedral environment (Moct) of S

2� ions (yellow
spheres) and green spheres representing metal ions in a tetrahedral
environment (Mtet) of S

2� ions. The structure of MAl2S4 (M =
Mn2þ, Fe2þ, Co2þ) consists of alternating slabs of edge-sharing
octahedra that share corners with corner-sharing tetrahedra with
every other octahedral slab vacant, which leads to a van der Waals
gap. Therefore, MAl2S4 (M =Mn2þ, Fe2þ, Co2þ) can be described
as 2-d magnets with high two-dimensionality. The blue spheres
(octahedral sites) and green spheres (tetrahedral sites) shown
in Figure 2 form two planar (2-d), interpenetrating triangular

lattices, which can result in frustrated antiferromagnetic coupling
of magnetic moments, because of site disorder and geometrical
frustration.
Structure of MnAl2S4. Although the ZnIn2S4-type MnAl2S4

polymorph has been previously reported from powder XRD
measurements, here, we report, for the first time, the full
structure determination and magnetic properties of ZnIn2S4-
type MnAl2S4.

34 The structure of MnAl2S4 exhibits mixing of
Mn2þ and Al3þ on both the octahedral and tetrahedral sites. The
octahedral sites are occupied by 56% Al3þ and 44% Mn2þ and
surrounded by three equidistant (2.492(3) Å) S2� atoms and
three equidistant (2.506(3) Å) S2� atoms. The octahedra are
compressed along the c-direction with two in-plane angles of
84.46(3)� and 95.89(16)�. There are two crystallographically
unique tetrahedral sites: M1 and M2. The M1 tetrahedral site is
occupied by 78% Al3þ and 22% Mn2þ, and the M2 site is
occupied by 68% Al3þ and 32% Mn2þ. Both tetrahedra are
elongated along the c-direction and have apical M1/M2�S2�

bonds (2.300(6) Å) that are slightly longer than the remaining
threeM1/M2�S2� bonds (2.295(3) Å). The bond angles for the
M1 tetrahedra are (S2��M1�S2�) of 112.56(16)� and
106.21(18)�, and the bond angles for the M2 tetrahedra
(S2��M2�S2�) 107.51(17)� and 11.37(16)�. The observed
bond distances of M�S2� in the octahedra, where M =Mn2þ þ
Al3þ, are intermediate between high-spin, six-coordinate
Mn2þ�S2� (2.67 Å) and six-coordinate Al3þ�S2� (2.38 Å).35

The observed bond distances of M�S2� in the tetrahedra, where

Table 1. Crystallographic Data of MAl2S4 (M = Mn2þ, Fe2þ, Co2þ, Ni2þa)

Crystal Data

refined composition MnAl2S4 FeAl2S4 CoAl2S4 Ni0.68Al2S3.78
space group R3m P3m1 P3m1 P3m1

a (Å) 3.7013(13) 3.6825(13) 3.6200(13) 3.6060(13)

c (Å) 36.4160(12) 12.1920(12) 11.9700(12) 11.9850(12)

V (Å3) 432.1(2) 143.18(7) 135.84(7) 134.96(7)

Z 1 1 1 1

crystal size (mm3) 0.01 � 0.04 � 0.10 0.02 � 0.04 � 0.005 0.01 � 0.03 � 0.04 0.02 � 0.11 � 0.14

Data Collection

temperature (K) 150(2) 150(2) 150(2) 150(2)

measured reflections 1071 1506 1420 1296

independent reflections 283 148 141 140

reflections with I > 2σ(I) 272 113 141 136

Rint 0.0420 0.1238 0.0477 0.0267

h �4 f 4 �4 f 4 �4 f 4 �4 f 4

k �4 f 4 �4 f 4 �4 f 4 �4 f 4

l �43 f 44 �14 f 14 �14 f 14 �14 f 14

Refinement

θ range (�) 3.66�28.95 3.64�28.92 3.71�28.99 5.10�26.35

R1[F
2 > 2σF2)]b 0.0210 0.0566 0.0285 0.0616

wR2(F
2)c 0.0513 0.1262 0.0533 0.1484

number of parameters 23 13 16 13

goodness of fit, GoF on F2 1.021 1.134 1.129 1.256

μ (mm�1) 4.150 5.371 5.965 4.132

Δpmax (e Å
�3) 0.242 1.368 0.563 2.111

Δpmin (e Å
�3) �0.377 �0.669 �0.798 �1.795

extinction coefficient 0.00 0.47(9) 0.00 0.28(7)
aNiAl2S4 = Ni0.68Al2S3.78. Data taken from ref 32. b R1 = ∑||F0| � |Fc||/∑|F0|.

c wR2 = [∑w(F0
2 � Fc

2)2/∑w(F0
2)2]1/2; P = (F0

2 þ 2Fc
2)/3.
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M = Mn2þ þ Al3þ of this phase are intermediate between high-
spin, four-coordinate Mn2þ�S2� (2.50 Å) and four-coordinate
Al3þ�S2� (2.23 Å).35

Structure of FeAl2S4. Replacing Ga
3þ with Al3þ in FeAl2S4

results in a mixing of Fe2þ and Al3þ on both the octahedral and
tetrahedral sites. The octahedral sites Moct (blue spheres in
Figure 2b) are occupied by 50% Fe2þ and 50% Al3þ and surro-
unded by six equidistant (2.487(2) Å) S2� atoms. These octahedra
are compressed along the (111) direction, so there are two in-plane
angles 95.54(10)� and 84.46(10)�. The observed bond distances of
Moct�S2�, where M = Fe2þ and Al3þ (2.487(2) Å), are inter-
mediate between that of high-spin, six-coordinate Fe2þ�S2�

(2.62 Å) and six-coordinate Al3þ�S2� (2.38 Å). The tetrahedral
sites Mtet (the green spheres in Figure 2b) are occupied by 25%

Fe2þ and 75% Al3þ with the apical Mtet�S2� bond (2.286(5) Å)
slightly shorter than the remaining threeMtet�S2� bonds (2.305(2)
Å).These tetrahedra are compressed along the c-directionwith angles
of 106.00(10)� and 112.75(10)�. The observed bond distances of
Mtet�S2�, where M = Fe2þ þ Al3þ (2.286(5)�2.304(8) Å), are
intermediate between high-spin, four-coordinate Fe2þ�S2�

(2.46 Å) and four-coordinate Al3þ�S2� (2.23 Å).35

Although isotypic CoGa2S4 and MnGa2S4 phases have not
been reported, the structural effects of replacing Ga3þ with Al3þ

can be investigated by comparing the isostructural FeGa2S4 and
FeAl2S4. The mixing of Fe2þwith Al3þ in FeAl2S4 coincides with
a larger unit cell than that expected for substitution without
mixing of Al3þ for Ga3þ in FeGa2S4 and results in distorted
polyhedra. The bond angles of the octahedra (95.54(10)� and

Table 2. Positional and Atomic Displacement Parameters of MAl2S4 (M = Mn2þ, Fe2þ, Co2þ, Ni2þa)

atom x y z occupancy Ueq (Å
2)b

MnAl2S4, 150 K

M1 3a (Mn1 (22(1)%) þ Al1 (78(1)%)) 0 0 0.60228(11) 1.00 0.0129(12)

M2 3a (Mn2 (32(2)%) þ Al2 (68(2)%)) 0 0 0.07142(9) 1.00 0.0131(12)

M3 3a (Mn3 (43(2)%) þ Al3 (57(2)%)) 0 0 0.83723(15) 1.00 0.0133(3)

S1 3a 0 0 0.95996(12) 1.00 0.0207(14)

S2 3a 0 0 0.71512(11) 1.00 0.0174(14)

S3 3a 0 0 0.53910(9) 1.00 0.0175(14)

S4 3a 0 0 0.13459(11) 1.00 0.0162(12)

FeAl2S4, 150 K

M1 1b (Fe1 (50(2)%) þ Al1 (50(2)%)) 0 0 0.5 1.00 0.0280(13)

M2 2d (Fe2 (25(2)%) þ Al2 (75(2)%)) 1/3
2/3 0.7933(3) 1.00 0.0250(12)

S1 2d 1/3
2/3 0.1336(3) 1.00 0.0275(12)

S2 2d 1/3
2/3 0.6058(3) 1.00 0.0266(12)

CoAl2S4, 150 K

M1 1b (Co1 (40(2)%) þ Al1 (60(2)%)) 0 0 0.5 1.00 0.0072(4)

M2 2d (Co2 (30(1)%) þ Al2 (70(1)%)) 1/3
2/3 0.20719(9) 1.00 0.0075(4)

S1 2d 1/3
2/3 0.86581(8) 1.00 0.0078(4)

S2 2d 1/3
2/3 0.39502(11) 1.00 0.0076(4)

Ni0.68Al2S3.78,
a 150 K

Ni1 1b 0 0 0.5 0.66(3) 0.0136(15)

Al1 2d 1/3
2/3 0.2090(4) 1.00 0.0151(16)

S1 2d 1/3
2/3 0.8648(4) 1.00 0.0174(15)

S2 2d 1/3
2/3 0.3955(3) 0.89(3) 0.0104(14)

aNiAl2S4 = Ni0.68Al2S3.78. Data taken from ref 32. b Ueq is defined at one-third of the trace of the orthogonalized Uij tensor.

Table 3. Bond Distances of MAl2S4 (M = Mn2þ, Fe2þ, Co2þ, Ni2þ)

MnAl2S4
a FeAl2S4

b CoAlS4
c NiAl2S4

d

bond distance (Å) bond distance (Å) bond distance (Å) bond distance (Å)

Octahedra M3�S3 (�3) 2.492(3) M1�S2 (�6) 2.487(2) M1�S2 (�6) 2.4387(9) Ni1�S2 (�6) 2.430(2)

M3�S4 (�3) 2.506(3)

Tetrahedra

M1�S3 (�1) 2.302(7) M2�S1 (�3) 2.304(8) M2�S1 (�3) 2.2653(9) Al1�S1 (�3) 2.264(2)

M1�S1 (�3) 2.314(3) M2�S2 (�1) 2.286(5) M2�S2 (�3) 2.48(2) Al1�S2 (�1) 2.230(6)

M2�S4 (�1) 2.300(6)

M2�S2 (�3) 2.295(3)
aM = Mn þ Al. bM = Fe þ Al. cM = Co þ Al. dNiAl2S4 = Ni0.68Al2S3.78. Data taken from ref 32.
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84.46(10)�) in FeAl2S4 indicate that the octahedra are slightly
more compressed (∼0.3% more distorted) along the (111)
direction, compared with the equivalent bond angles in FeGa2S4
(95.16(10)� and 84.83(10)�).13 The bond angles of the tetra-
hedra (112.75(10)� and 106.00(10)�) in FeAl2S4 indicate that
the tetrahedra are less distorted (∼1.3% and ∼1.5%, re-
spectively) along the c-direction, compared to the equivalent
bond angles in in FeGa2S4 (114.18(10)� and 104.36(10)�).13
Structure of CoAl2S4. Replacing Ga

3þ with Al3þ in CoAl2S4
results in a mixing of Co2þ and Al3þ on both the octahedral and
tetrahedral sites. The octahedral sites Moct (the blue spheres in
Figure 2b) are occupied by 37% Co2þ and 63% Al3þ and
surrounded by six equidistant (2.4388(9) Å) S2� atoms. These
octahedra are compressed along the (111) direction, so there are
two in-plane angles: 95.83(4)� and 84.17(4)�. The observed bond
distance of Moct�S2�, where M = Co2þ and Al3þ (2.4388(9) Å),
are intermediate between high-spin, six-coordinate Co2þ�S2�

(2.59 Å) and six-coordinate Al3þ�S2� (2.38 Å).35 The tetrahedral
sites Mtet (the green spheres in Figure 2b) are occupied by 29%
Co2þ and 71% Al3þ with the apical Mtet�S2� bond (2.248(2) Å)
being slightly shorter than the remaining three Mtet�S2� bonds

(2.654(9) Å). These tetrahedra are compressed along the c-direc-
tion. The observed bond distances ofMtet�S2�, whereM=Co2þþ
Al3þ, are intermediate between high-spin, four-coordinate
Co2þ�S2� (2.42 Å) and four-coordinate Al3þ�S2� (2.23 Å).35

Physical Properties of MnAl2S4. Figure 3a shows the tem-
perature dependence of the magnetic susceptibility of MnAl2S4
under 0.01 and 5 T. Bifurcation at the spin freezing temperature,
T* = 2.5 K, between zero-field-cooled (ZFC) and field-cooled
(FC) measurements at 0.01 T for B // c and is suppressed with
increasing applied field. This spin-freezing behavior is character-
istic for a spin glass system with site disorder by mixing of Mn2þ

and Al3þ ions at both the octahedral and tetrahedral sites.
However, for B // ab, no hysteresis is observed down to 1.8 K,
andT* should be observed atT < 1.8 K. The hysteresis disappears
with applied field. Themagnetic susceptibility data were fit by the
Curie�Weiss law, χ = C/(T � θW), for T > 150 K for all
analogues, and the estimated Weiss temperature (θW) and
effective moment (peff) values are listed in Table 4. The value
of peff is estimated to be 5.95 μB for B // c and 5.97 μB for B // ab,
which is consistent with the theoretical value for S = 5/2 (ptheo =
5.92 μB). With high-spin Mn2þ ions located at the octahedral
((t2 g)

3(eg)
2) and tetrahedral ((e)2(t2)

3) sites, MnAl2S4 can be
regarded as a S = 5/2 Heisenberg antiferromagnet with no orbital
order. The ratio of susceptibility of χc /χab, as a function of T
under 5 T, is∼1 down to 2 K, as shown in the inset of Figure 3a,
which indicates that this is an approximate 2-d Heisenberg
system. The frustration parameter |θW|/T* ≈ 64 for B // c is
large, which can be attributed primarily to strong site disorder,
two-dimensionality, and the isotropic Heisenberg nature of the
Mn2þ spins, with geometrical frustration of both the octahedral
(the blue spheres in Figure 2) and tetrahedral (the green spheres
in Figure 2) sublattices also playing a role.
Figure 3b shows the total specific heat Cp/T as a function of T

in various fields. Unlike the structurally similar Ga-analogues,
MnGa2S4, which order at low temperature (below 20 K), no
magnetic long-range order is observed down to 0.4 K in
MnAl2S4. Because of the lack of a nonmagnetic analogue with
the same crystal structure, the magnetic specific heat of MAl2S4
(M = Mn, Fe, Co) has not been determined. Development of
short-range magnetic correlations is observed as a shallow broad
maximum at T ≈ 2 K. The absence of long-range magnetic
ordering is characteristic for spin-glass systems. Cp/T exhibits
a broad feature at T = 80 K, which may be attributed to the
incoherent moment-free spin clusters. An upturn of Cp/T below
0.5 K is attributable to the nuclear quadrupole specific heat (Cnq).

Table 4. Magnetic Properties of MAl2S4 (M = Mn2þ, Fe2þ, Co2þ, Ni2þa), FeGa2S4, and NiGa2S4

phase T* (K) θW (K) |θW|/T* Ftheo (μB) Feff (μB)

MnAl2S4 (ab) < 1.8 �170 >94.4 5.91 (S = 5/2) 5.97

MnAl2S4 (c) 2.5 �160 64.0 5.91 5.95

FeAl2S4 (ab) 10.5 �225 21.4 4.9 (S = 2) 5.28

FeAl2S4 (c) 10.5 �225 21.4 4.9 5.33

CoAl2S4 (ab) 5 �234 46.8 3.87 (S = 3/2) 4.4

CoAl2S4 (c) 5 �280 56.0 3.87 4.5

NiAl2S4
a (ab) 4 �55 13.7 2.83 (S = 1) 2.56

NiAl2S4 (c)
a 4 �56 14.0 2.83 2.45

NiGa2S4
b 8.5 �80 9.4 2.83 (S = 1) 2.82

FeGa2S4
c 16 �160 10.0 4.9 (S = 2) 5.45

aNiAl2S4 = Ni0.68Al2S3.78. Data taken from ref 32. bData taken from ref 4. cData taken from ref 18.

Figure 2. (a) Crystal structure of MnAl2S4, with M1, M2, and M3
representing Mn2þ þ Al3þ. (b) Crystal structure of FeAl2S4, with M =
Fe2þ þ Al3þ and yellow spheres representing S2� ions.
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Cnq can be estimated to be 8.31 � 10�4/T2 (J/(mol K)) at 0 T
and was subtracted from Cp to show (Cp � Cnq)/T in the inset
of Figure 3b.16 (Cp � Cnq)/T is almost constant at 0 T, while
(Cp � Cnq)/T is suppressed at low temperatures under applied
field along the c-axis. Generally, for spin-glass systems, magnetic
specific heat shows T-linear dependence, because of a broad
continuous distribution in energy of the spin excitations. How-
ever, the application of magnetic field should open the gap in the
spin excitations and suppress (Cp � Cnq)/T at T f 0 K.
Physical Properties of FeAl2S4. Figure 4a shows the tem-

perature dependence of the magnetic susceptibility of FeAl2S4 at
0.01 and 7 T. Bifurcation at the spin freezing temperature, T* =
10.5 K, between ZFC and FC measurements for B // ab and c is
observed, with site disorder bymixing of Fe2þ and Al3þ ions. The
estimated effective moment (peff) and Weiss temperature (θW)
by Curie�Weiss fitting above 150 K are shown in Table 4. The
effective moment (peff) for FeGa2S4 is 5.71 μB and the aniso-
tropic effective moments for FeAl2S4 are 5.28 μB in the ab-
plane and 5.33 μB along the c-axis. The calculated effective
magnetic moments are larger than the spin-only theoretical value

(ptheo = 4.90 μB), due to spin�orbital coupling of the Fe2þ ions
on both the octahedral and tetrahedral sites . This is consistent
with the fact that Fe2þ has S = 2 spins on both the octahedral
((t2 g)

4(eg)
2) and tetrahedral ((e)3(t2)

3) sites, thus FeAl2S4 can
be regarded as an S = 2 system as well as FeGa2S4. χc/χab is
enhanced below ∼90 K, which indicates FeAl2S4 has easy-axis
anisotropy that can also be attributed to the spin�orbital
interaction. The frustration parameter |θW|/T* ∼ 21 for B // c
and B // ab is large, which can be attributed primarily to strong
site disorder and two-dimensionality, with geometrical frustration
of both the octahedral (blue spheres in Figure 2) and tetrahedral
(green spheres in Figure 2) sublattices also playing a role.
FeAl2S4 can be described as isostructural to FeGa2S4 but

nominally more frustrated with a freezing temperature (T*) of
10.5 K, compared to 16K for FeGa2S4 and a θW value of�225 K,
compared to �160 K for FeGa2S4. The weak magnetic anisot-
ropy in FeAl2S4 can be attributed to the distribution of Fe2þ

atoms in both octahedral and tetrahedral sites of FeAl2S4, which
is similar to the almost-isotropic behavior observed in the
Ga-analogue, FeGa2S4.

23

Figure 3. (a) ZFC and FC temperature-dependent magnetic suscept-
ibility of MnAl2S4 at 0.01 and 5 T along both the ab-plane and the c-axis.
The inset shows χab/χc as a function ofT. (b) The total specific heatCp/T is
shown as a function ofT at 0 T. The inset shows (Cp� Cnq)/T plotted as a
function of T at applied fields of 0, 3, 7, and 9 T along the c-axis.

Figure 4. (a) ZFC and FC temperature-dependent magnetic suscept-
ibility of FeAl2S4 at 0.01 and 7 T along both the ab-plane and c-axis.
(b) The total specific heat, Cp/T, as a function of T is plotted at 0 T. The
inset shows the low-temperature data between 0.04 K and 30 K at 0 and
9 T along the c-axis.
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Figure 4b shows the total specific heat (Cp/T), as a function of
T. No magnetic ordering is observed down to 0.4 K. There is a
weak shoulder peak at ∼10 K close to the freezing temperature
(T* = 10.5 K), which is also found in other MGa2S4 (M = Fe, Ni)
compounds.4,18 This suggests that the spin excitation spectrum
of FeAl2S4 has a linear dispersion characteristic to 2-d antiferro-
magnetism, not the continuous distribution that is expected for
canonical spin-glass systems. Cp shows almost T2-dependence
even at 9 T, and FeAl2S4 shows no field dependence, as seen in
the inset of Figure 4b.
Physical Properties of CoAl2S4. Figure 5a shows the tem-

perature-dependent magnetic susceptibility at 0.01 and 5 T.
Hysteresis between ZFC and FC measurements is observed at
T* = 5 K, which is characteristic behavior in spin-glass systems.
We fit the data to Curie�Weiss law for T above 150 K, and the
estimated peff and θW values are listed in Table 4. An observed peff
value of 4.4 μB is larger than the theoretical spin-only value (ptheo =
3.87 μB), and the larger moment of Co2þ can be attributed to
spin�orbital coupling in a tetrahedral environment. This has been
observed in Co0.11Zn0.89O, CoAl2O4, Co0.20Zn0.80Al2O4, Co0.20
Mg0.80Al2O4, and CoAl2�xGaxO4.

25,36 The temperature depen-
dence of χc/χab at 5 T is enhanced below ∼50 K, which indicates

easy-axis anisotropy, similar to FeAl2S4, and is attributable to
spin�orbital interaction on the octahedral site. Although Co2þ

ions are located on the octahedral ((t2 g)
5(eg)

2) and tetrahedral
((e)3(t2)

4), CoAl2S4 can be regarded as a S =
3/2 system. The large

frustration parameter |θW| /T*≈ 46 for B // c can be attributed to
the combination of strong site disorder and two-dimensionality,
with geometrical frustration also playing a role.
Figure 5b shows the total specific heat Cp/T as a function of T

at 0 T. Similar to γ-CoGa2S4, CoAl2S4 shows no magnetic phase
transitions, which correspond to the formation of long-range
order down to 0.4 K. Cp exhibits a broad peak at ∼6.5 K, which
are close to the freezing temperature (T* = 5 K) found in other
MAl2S4 compounds, such as MGa2S4 (M = Fe2þ, Ni2þ) comp-
ounds,4,18 which can be attributed to the development of short-
range magnetic ordering below 6.5 K. An upturn of Cp/T below
0.5 K is attributable to nuclear quadrupole specific heat (Cnq).
Cnq is estimated as 6.11� 10�4/T2 (J/(mol K)) at 0 T. The inset
of Figure 5b shows the temperature dependence of (Cp� Cnq)/T.
Consistent with the spin freezing behavior observed in suscept-
ibility at 0.01 T, (Cp � Cnq)/T has a finite value at the lowest
temperature limit. This suggests that the spin excitation spectrum
of CoAl2S4, similar to MnAl2S4, has the continuous distribution
expected for spin-glass systems.
Comparison ofMAl2S4 (M=Mn2þ, Fe2þ, Co2þ), Ni0.68Al2S3.78,

FeGa2S4, and NiGa2S4. The MGa2S4 (M = Mn2þ, Fe2þ, Co2þ,
Ni2þ) phases are structurally related with the MAl2S4 (M =
Mn2þ, Fe2þ, Co2þ) and Ni0.68Al2S3.78 phases, since all are built
of the same structural moieties, edge-sharing octahedra that share
corners with corner-sharing tetrahedra. The magnetic frustration
exhibited by MGa2S4 can be attributed to a combination of the
geometrical frustration due to the antiferromagnetic correlations

Figure 5. (a) ZFC and FC temperature-dependent magnetic suscept-
ibility of CoAl2S4 at 0.01 and 5 T along both the ab-plane and the c-axis.
(b) The total specific heat, (Cp� Cnq)/T, is plotted as a function of T at
0 T. The inset shows the low-temperature data (0.04�20 K) at 0 T.

Figure 6. A segment of the structure field map for AB2S4 compounds
(where A is a transition metal and B is a transition metal or main group
metal) compiled by Haeuseler is shown with the FeGa2S4-type struc-
tures (represented by orange spheres), ZnIn2S4-type structures
(represented by black squares), thiogallate-type structures (represented
by blue spheres), and spinel-type structures (represented by green
spheres). The lines indicate the calculated border between structure
types, as determined by Haeuseler.42
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of M2þ (M2þ = Fe2þ, Ni2þ) moments on a triangular sublattice
and the 2-d magnetic lattice due to the absence of every other
octahedral slab. The magnetic behavior of MAl2S4 is significantly
more complicated with mixing of M2þ and Al3þ in two triangular
sublattices: the octahedral and tetrahedral sublattices. The mix-
ing of M2þ and Al3þ in the MAl2S4 results in weak magnetic
anisotropy, which increases the effective dimensionality of the
MAl2S4 and also serves to heighten the effects of site disorder as
compared to geometrical frustration and low dimensionality. The
magnetic behavior of the structurally ordered MGa2S4 (M =
Fe2þ, Ni2þ) phases can be used to estimate the effects of site
disorder on magnetic correlations in MAl2S4 (M = Mn, Fe, Co),
thereby isolating the geometrical frustration and dimensionality
parameters from the site disorder parameter in these structurally
related phases. Here, we see that magnetic frustration increases
with the addition of site disorder in MAl2S4 (M = Fe2þ, Ni2þ),
because of either mixing of Fe2þ and Al3þ in FeAl2S4 or the
partial occupancy of Ni2þ and S2� in Ni0.68Al2S3.78,

32 by roughly
∼55% and ∼31%, respectively, compared to the structurally
ordered MGa2S4 (M = Fe2þ, Ni2þ) phases. The frustration across
the MAl2S4 series (M = Mn2þ, Fe2þ, Co2þ), as indicated by the
frustration parameter (|θW|/T*), also increases with increasing
structural distortion, as evidenced by the increase in distortion in
both the tetrahedral and octahedral environments with decreasing
ionic M2þ radius. The additional magnetic frustration in MAl2S4,
compared to MGa2S4, can be attributed to the inhomogeneous
environment surrounding the magnetic moments, similar to the
spin-glass behavior in CoAl2�xGaxO4.

25

’CONCLUSIONS

No long-range magnetic ordering was observed down to 0.4 K
for MAl2S4 (M = Mn2þ, Fe2þ, Co2þ). Instead, we observed
bifurcation between ZFC and FC measurements below the spin
freezing temperature (T*) in magnetic susceptibility of MAl2S4
(M = Mn2þ, Fe2þ, Co2þ), which is characteristic of spin-glass
systems. The spin-glass behavior seen at 0.1 T is suppressed with
increasing applied field and completely disappears at 5 or 7 T. A
broad peak in Cp below T* is attributable to the development of
short-range order.

BothMnAl2S4 (S=
5/2) andCoAl2S4 (S=

3/2) show spin-glass
behavior below T* in ZFC and FC susceptibility measurements
at 0 T, also show Cp � T and exhibit nuclear quadrupole
interactions at low temperature, whereas FeAl2S4 does not
exhibit nuclear quadrupole interactions at low temperature in
the heat capacity. In particular, the frustration parameters |θW|/
T* are large for MnAl2S4 and CoAl2S4. Theoretically, the two-
dimensional (2-d) Heisenberg spin-glass system is not expected
to show any spin freezing at finite temperature. The almost-
Heisenberg (isotropic) nature of Mn2þ (S = 5/2) spins, strong
site disorder, and two-dimensionality should be the origin of the
strong suppression of the spin-glass freezing.

For FeAl2S4 (S = 2),Cp exhibitsT
2-dependence originating from

2-d linear dispersion with almost no difference in low-temperature
Cp value between0 and9T.This is different from the typicalT-linear
dependence characteristic of spin glasses seen in the Mn- and Co-
analogues. This T2-dependence of Cp also supports previous results
on the impurity effects on NiGa2S4, which indicate that the integer
size of the Heisenberg spins is important to stabilize the 2-d spin
wave-like coherent behavior.16The origin of this behavior is not clear
at this point, and possible candidates include a spin nematic37�40

and a Z2-vortex transition that is due to the novel magnetic phase.
41

Future studies involve microscopic magnetic structure determina-
tion by neutron diffraction studies.

A possible explanation for the previously unreported Fe2þ-,
Co2þ-, and Ni2þ- analogues is the fact that these compounds lie
on the edge of structural stability of the MAl2S4 phase (where M
is a divalent metal). One obvious reason is the decrease in size
fromMn2þ to Ni2þ. When comparing the tetrahedral angles and
octahedral angles as a function of ionic radii, the distortion in
both the tetrahedral and octahedral environments decrease as the
ionic radii increase. The decrease in size of M2þ (M2þ = Mn2þ,
Fe2þ, Co2þ, and Ni2þ) across the series coincides with change in
disorder type from a mixing of M2þ/Al3þ at the octahedral and
tetrahedral sites in MAl2S4 (M = Mn2þ, Fe2þ, Co2þ) to partial
occupancy of Ni2þ and S2� in Ni0.68Al2S3.78.

32 This is also
consistent with the increasing frustration parameter that is
observed with decreasing ionic M2þ radius.

To rationalize the structural differences between MAl2S4 (M =
Mn2þ, Fe2þ, Co2þ, and Ni2þ) compounds, we have consulted
structure field maps. The structure field maps compiled using mean
values of pseudo-potential radii by Haeuseler have been used to
successfully predict new compounds of the various ZnIn2S4-poly-
types and to also explain the absence of others.42 We have included
several compounds that adopt the FeGa2S4-type structure, using the
map compiled byHaeuseler in Figure 6. The separation between the
ZnIn2S4-type and thiogallate-type structures, as well as the separa-
tion between the ZnIn2S4-type and FeGa2S4-type structures, is
good, but the separation between the thiogallate-type and the
FeGa2S4-type structures is not well-resolved. The FeGa2S4-type
MAl2S4 (M = Fe2þ, Co2þ, Ni2þ) and MnAl2S4 (ZnIn2S4-type)
compounds are close to the border separating the FeGa2S4-type and
ZnIn2S4-type structures. Similar observations have been used to
rationalize the lack of compounds of MGa2S4�MCr2S4 (M = Zn,
Cd, Hg) with the ZnIn2S4-type structure,

42 can explain the previous
failed attempts to grow these compounds,15 and this is consistent
with increased structural instability upon moving across the series,
from Mn2þ to Ni2þ.
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