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Two-dimensional β-MoCl4 is an attractive material from the perspectives of magnetism in 4d transition metal

compounds, geometrically frustrated lattices, and magnetic van der Waals layered materials, but the magnetism

in this compound has not been particularly well studied to date. Here the magnetic properties and crystal

structure of MoCl4 are revisited, and results of ac and dc magnetic measurements and single crystal x-ray

diffraction are reported. Crystals grow as well-formed and easily cleaved hexagonal plates that are unstable

in air. The revised structural model comprises CdCl2-type layers with 50% Mo vacancies distributed over the

sites of the triangular cation net. Interestingly, a structural ambiguity regarding the vacancy distribution is

identified in the analysis of the diffraction data. The orbital moment is not expected to be quenched in this

4d2 compound. Accordingly, magnetization measurements indicate an effective moment that is about 20%

lower than the spin-only value. The magnetic data reveal an anomaly near 5 K, below which a divergence of

field-cooled and zero-field-cooled dc magnetization, a slow relaxation of thermo-remanent magnetization, and

enhanced frequency dependence of ac magnetization are observed. Thus, β-MoCl4 represents an uncommon

example of a cleavable spin-glass system.

I. INTRODUCTION

There is ongoing interest in van der Waals bonded low
dimensional magnetic materials, as well as magnetism in
4d transition metal compounds with extended d-orbitals
and significant spin-orbit coupling. Cleavable and mono-
layer magnetic materials can be produced from van der
Waals layered compounds, enabling the investigation of
novel physics and heterostructured devices1 in materials like
CrI3

2–5, CrGeTe3
6–9, and Fe3GeTe2

10–13. While such materi-
als rely primarily on 3d transition metal magnetism, extending
into 4d and 5d elements is of interest because of the increased
extension of the d-orbitals and more covalent bonding, which
has the potential to lead to stronger magnetic interactions, and
more significant spin-orbit coupling strength14–21.

Transition metal halides provide a chemically versatile
family of layered materials incorporating 3d, 4d, and 5d
elements22, in particular binary dihaldes and trihalides, which
adopt structures with triangular or honeycomb 2D sheets of
transition metals. Based on progress made with the cleav-
able ferromagnet CrI3

2–5 isoelectronic Mo is an interesting
candidate for further study. MoF3 has a relatively high an-
tiferromagnetic ordering temperature of 185 K23, more than
twice as high as the analogous 3d compound CrF3 (70 K24,25).
While the fluorides do not have layered structures, molybde-
num trichloride does. MoCl3 was found to undergo a mag-
netostructural phase transition near 580 K, below which the
magnetic moments are quenched by a distortion of the hon-
eycomb net that results in Mo−Mo dimerization26–28. The
magnetic susceptibility at high temperatures suggested strong
magnetic correlations in the undimerized state, and support
for this was provided by first principles calculations26. In an
effort to unlock the expected strong magnetism in this phase,
we have been exploring chemical modifications of the MoCl3
structure aimed at destabilizing the dimer state. This led to
our current study of MoCl4, which is known to have a struc-
ture similar to MoCl3. Here we have reexamined the structural
and magnetic properties of this material.

There are two reported polymorphs of MoCl4. The α-

MoCl4 polymorph has a 1D chain structure with a reduced
magnetic moment due to partial dimerization, and a transi-
tion to a non-magnetic state under pressure has been recently
predicted29–31. β-MoCl4 is known to adopt a van der Waals
layered structure related to those common in dihalides and
trihalides22, with Mo atoms occupying a subset of sites on
a triangular lattice of octahedral holes between two close-
packed Cl layers. The composition can be descriptively writ-
ten as Mo0.75Cl3. Both a fully disordered honeycomb model27

and a fully ordered hexamer model32 have been proposed for
the Mo sublattice. Schäfer and von Schnering tabulated mag-
netization values at room temperature, 195 K, and 90 K from
measurements on two specimens and from previous literature,
and the data indicated paramagnetic behavior with moments
reduced from the expected value for S = 1, and antiferromag-
netic interactions27. No more recent or more complete inves-
tigations were found in the literature.

In the present work, the crystal structure of layered β-
MoCl4 has been redetermined by single crystal x-ray diffrac-
tion, and its magnetic behavior has been measured down to
2 K. The structure determined is a variation of that reported
in Ref. 27 with additional disorder in the Mo sublattice. In
addition, an interesting crystallographic ambiguity is noted,
with two vacancy ordering models that are essentially indis-
tinguishable by diffraction. Magnetic measurements on single
crystal and polycrystalline material reveal an anomaly near
5 K, and behavior suggestive of glassy spin dynamics. The
effective moment is found to be about 20% lower than the
expected value for S = 1, indicating the presence of an un-
quenched orbital moment antialigned with the spin moment,
which may be expected in this 4d2 compound.

Due to its layered structure, chemical disorder, and anti-
ferromagnetic interactions, β-MoCl4 is a cleavable spin-glass.
Development of such materials may enable the study of glassy
spin systems in the 2D limit and integration of metastable and
dynamic magnetism in van der Waals heterostructures.
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FIG. 1. (a) Crystals of MoCl4 under paratone oil, and a Lebail fit to

powder x-ray diffraction data using the structure determined by sin-

gle crystal diffraction. (b) The layered crystal structure of the MoCl4,

with the octahedra around the partially occupied Mo sites shown in

dark blue (Mo1), medium grey (Mo2), and light grey (Mo3), and

with chlorine atoms in green. (c) The Mo layers in structure models

A and B shown with areas proportional to the refined occupancies

with corresponding labels. See text for details.

II. METHODS

Crystals of MoCl4 were grown by reacting MoCl5 (Alfa
Aesar, 99.6% metals basis) with Mo powder (Alfa Aesar,
99.999% metals basis) inside evacuated, sealed, silica am-

poules. The Mo powder was first reduced in a flowing mix-
ture of argon and hydrogen (96:4) at 1000◦C overnight. The
MoCl5 was used as received (packed under argon) and opened
in the glovebox. Both MoCl4 and MoCl5 are very air sensitive.
The starting materials were loaded into silica tubes inside the
glovebox and transferred without exposure to air to a vacuum
line for flame sealing. The sealed ampoules were placed in a
horizontal tube furnace and the open ends were plugged with
fiber insulation. The tube was positioned so the starting mate-
rials were at the end near the furnace opening and the empty
end of the tube was near the thermocouple used for tempera-
ture control at the center. A natural temperature gradient exists
in the furnace. The furnace was set so that the end of the am-
poule near the center of the furnace was at 250◦C, and once
equilibrated the other end of the ampoule, where the reaction
charge was located, was near 230◦C as measured by an addi-
tional thermocouple. The reaction as left under these condi-
tions for one to several days. Performing this reaction with
a stoichiometric mixture of Mo and MoCl5 (1:4) produced
a black product containing small (sub-milimeter) hexagonal
platelets, determined as described below to be MoCl4. Per-
forming the same reaction with an excess of Mo (1:1) pro-
duced a similar black product containing larger platelets, like
those shown in Figure 1a, along with residual, unreacted Mo
powder. When heated to a higher temperature, 350◦C, the
1:1 loading produced Mo plus a red crystalline product deter-
mined to be MoCl3.

For single crystal x-ray diffraction measurements crystals
were covered in Paratone oil before removal from the glove-
box and then mounted on a Bruker APEX diffractometer (Mo
Kα radiation). Full hemispheres of data were collected on a
platelet of MoCl4. Data were reduced using SAINTPlus, with
empirical absorption corrections applied using SADABS and
space group identification and further data preparation carried
out using XPREP. The structure was refined using ShelXL33

within WinGX34. Powder x-ray diffraction data was collected
using a PANalytical X’Pert Pro MPD with a dome-style air
sensitive sample holder made by Anton Paar. Energy disper-
sive spectroscopy (EDS) data was collected using a Bruker
Quantax70 detector and a Hitachi TM3000 scanning elec-
tron microscope. Samples were mounted on carbon tape and
covered with Kapton film in the glovebox, then brought out,
uncovered, and quickly inserted into the SEM antechamber
to minimize air exposure. For magnetization measurements
samples were loaded in the glovebox into 2 mm inner diameter
silica tubes with 0.5 mm thick walls and sealed under helium;
the measurements were performed using a Magnetic Property
Measurement System SQUID magnetometer (Quantum De-
sign).

III. RESULTS AND DISCUSSION

A. Crystal structure

Indexing single crystal diffraction data from small hexago-
nal plates of MoCl4 gave a hexagonal unit cell with a = 6.04 Å
and c = 12.64 Å. This is incompatible with the previously
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FIG. 2. Distances between Mo and coordinating Cl ions in the two

structural models for MoCl4 as a function of the corresponding Mo

site occupancy.

reported hexamer structure, which has only one layer per
cell and a correspondingly shorter c-axis32, but is similar to
the cell for the previously reported disordered-honeycomb
structure27. Refinement of the data using that structure (space
group P31c) as a starting model gave an R1 value for all data
of about 0.10, a relatively large difference peak at the cen-

ters of the honeycomb cells (9 e−Å
−3

), and a stoichiometry
of Mo2.88Cl12. Including a partially occupied Mo site at the
position of the large difference peak gave R1 = 0.048 for all

data, a largest difference peak less than 1 e−Å
−3

and a stoi-
chiometry of Mo3.03Cl12. The occupancy of the central Mo
site, Mo3, refined to 7%, while the occupancy of the two Mo
sites forming the honeycomb net, Mo1 and Mo2, refined to 68
and 76%, respectively. This structure is referred to below as
structure A.

Interestingly, another configuration was found that corre-
sponds to a different vacancy distribution in the Mo layer that
gave a nearly identical fit to the observed data. This second
model contains a single nearly fully occupied Mo site (Mo3)
surrounded by a honeycomb net of relatively low occupancy.
In this case, the occupancy of Mo3 refined to 94%, while the
Mo1 and Mo2 sites had occupancy of 32 and 25%, respec-
tively. Like structure A, this corresponds to a stoichiometry
of Mo3.03Cl12. This structure is referred to below as structure
B. Refinement results for the two structural models are com-
pared in Table I, with atomic displacement parameters given
in Table II. Figure 1c compares the Mo layers in structures
A and B, with the Mo sites represented so that their relative
areas in the plane correspond to their occupancies.

The structures are shown in Figure 1b, and are composed of
layers similar to those found in the CdCl2 and CdI2 structure
types. Each Mo site is in edge sharing octahedral coordina-
tion by Cl ions, forming a triangular net within the ab-plane.
The three Mo sites each form triangular lattices that interpen-
etrate to form the close-packed Mo sublattice. In structure

A, the darkest octahedra are nearly vacant while the medium
and light octahedra are mostly occupied, forming the honey-
comb lattice. In structure B, the darkest octahedra are nearly
fully occupied, forming a triangular lattice, and the medium
and light octahedra are mostly vacant. The in-plane nearest
neighbor Mo-Mo distance is 3.49 Å, and the distance along c
between the Mo layers is 5.82 Å.

While structure B gives slightly better values than structure
A for the goodness of fit, weighted R values, and difference
peaks and holes, the differences are small. The atomic dis-
placement parameters also do not provide definitive prefer-
ence for one structure over the other (Tables I and II). Rea-
sonable values for all atoms are seen in both structures. The
smaller value for Mo3 in structure A is notable, but this site
is only about 7% occupied. The vacancy distribution in struc-
ture B has a slightly higher configurational entropy than that
in structure A, which may indicate the former to be more sta-
ble. Thus, it appears that the diffraction data cannot be used to
distinguish clearly between structures A and B, with B being
perhaps negligibly preferred.

To explore this apparent coincidence further, structure fac-
tor calculations were performed using both Platon and Math-
ematica for a simple model that includes only partially occu-
pied Mo sites at the three positions that make up the Mo trian-
gular net in these structures (Cl atoms excluded). It was found
that for any such lattice with site occupancies of O1, O2, and
O3 for Mo1, Mo2, and Mo3, respectively, an indistinguish-
able diffraction pattern is produced by a lattice with occupan-
cies 1−O1, 1−O2, and 1−O3, providedO1+O2+O3 = 3

2
,

or equivalently that the average occupation of the three sites
is one half. These relationships are approximately obeyed
by the occupancy parameters for Structures A and B listed
in Table I and represented in Figure 1c. More generally, if
O1 +O2 +O3 = Otot, then O1, O2, and O3 gives the same
diffraction as 2

3
Otot−O1, 2

3
Otot−O2, and 2

3
Otot−O3. This

was confirmed empirically using Platon with several sets of
occupancy numbers. It is expected that this is a geometrical
property of this particular lattice, though the equivalence is
difficult to show analytically.

The preceding discussion applies only to the Mo sublattice.
When the same set of Cl positions are included in the calcula-
tions, the diffraction for the two structures related by the Mo
occupancy condition described above is similar but not identi-
cal. The freedom of the Cl atoms to move during the structural
refinement allows them to compensate for this difference in
the full structures. Table I shows how the Cl position changes
along with the Mo occupancies. The resulting Mo−Cl inter-
atomic distances for the two structures are plotted in Figure 2.
All of the bond distances are reasonable considering the oc-
cupancies, and so this information does not help distinguish
between the two structures. The variation is nearly linear for
the three sites in both structures, and extrapolates to 2.393 Å
for full occupancy. This distance corresponds to a bond va-
lence sum of 3.7 for Mo35,36, reasonably close to the expected
value of 4. For comparison, the average Mo−Cl distance in
MoCl3 is 2.416 Å26 and 2.36 Å in MoCl5

37. Thus, the Mo-
Cl distances do not provide any information that might help
reveal a preference between structures A and B. It is likely
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TABLE I. Crystal data and structural refinement results for MoCl4.

Both structures have Mo1 at (0, 0, 1/4), Mo2 at (2/3, 1/3, 1/4), and

Mo3 at (1/3, 2/3, 1/4). Equivalent isotropic displacement parameters

Ueq are defined as one third of the trace of the orthogonalized Uij

tensor and given in units of Å2. Statistical uncertainties estimated by

the data analysis programs are included in parentheses.

Empirical formula MoCl4
Temperature 175 K

Wavelength 0.71073 Å

Crystal system Trigonal

Space group, Z P31c, 3

a 6.0411(16) Å

c 11.636(3) Å

Volume 367.8(2) Å3

Density (calculated) 3.220 g/cm3

Crystal size 0.17 x 0.13 x 0.02 mm3

Refl. collected 3267

Rint 0.0364

Data / parameters 311 / 19

Structure A Structure B

Goodness-of-fit on F2 1.068 1.055

R1 [I > 2σ(I)] 0.0368 0.0368

wR2[I > 2σ(I)] 0.0852 0.0842

R1 (all data) 0.0481 0.0481

wR2 (all data) 0.0981 0.0973

Largest diff. peak 0.858 e/Å3 0.727 e/Å3

Largest diff. hole -1.006 e/Å3 -0.680 e/Å3

x Cl 0.6743(2) 0.6589(2)

y Cl 0.0086(2) -0.0087(2)

z Cl 0.1316(1) 0.1316(1)

occupancy Mo1 0.684(5) 0.324(5)

occupancy Mo2 0.756(6) 0.252(5)

occupancy Mo3 0.072(5) 0.936(7)

Ueq Cl 0.030(1) 0.030(1)

Ueq Mo1 0.031(1) 0.028(1)

Ueq Mo2 0.030(2) 0.030(1)

Ueq Mo3 0.023(4) 0.031(1)

that a more local probe of the structure, like pair distribution
function analysis, will be required to distinguish the models.

A powder x-ray diffractogram from the bulk of the reac-
tion product is shown in Figure 1a. The broad feature near
18 degrees is from the sample holder. The data is shown
on a square root scale to compensate for texture in the pow-
der sample. The curve through the data points represents a
Lebail fit, showing that the data is described well by the unit
cell and symmetry determined from the single crystal diffrac-
tion data. Texture and degradation of the powder sample over
time precluded Rietveld analysis. Room temperature lattice
parameters of a= 6.0665(5 )Å and c = 11.668(1) Å are deter-
mined from the powder diffraction data. As expected these
are somewhat larger than those determined by single crystal
x-ray diffraction at 175 K (Table I).

B. Magnetic behavior

As noted in the Introduction, the magnetic behavior of
MoCl4 has not been extensively studied. Several values

TABLE II. MoCl4. Anisotropic displacement parameters

(10−3Å
2
) determined by single crystal x-ray diffraction at 175 K.

The anisotropic displacement factor exponent takes the form:

−2π2[h2a∗2U11 + ...+ 2hka∗b∗U12]

U11 U22 U33 U23 U13 U12

Structure A

Mo1 37(1) 37(1) 19(1) 0 0 19(1)

Mo2 36(1) 36(1) 18(1) 0 0 18(1)

Mo3 33(6) 33(6) 3(5) 0 0 17(3)

Cl1 30(1) 30(1) 29(1) -5(1) -4(1) 13(1)

Structure B

Mo1 35(1) 35(1) 15(1) 0 0 18(1)

Mo2 37(2) 37(2) 16(2) 0 0 19(1)

Mo3 37(1) 37(1) 19(1) 0 0 18(1)

Cl1 31(1) 31(1) 29(1) 5(1) 4(1) 15(1)

TABLE III. Curie-Weiss fit parameters for MoCl4.

sample µeff (µB /Mo) θ (K)

H⊥c 2.23 -27

H‖c 2.26 -35

poly. S1 2.15 -25

poly. S2 2.24 -26

of magnetic susceptibility reported near room temperature,
195 K, and 90 K were tabulated in Ref. 27 from which an ef-
fective moment of 2.31 to 2.54µB and a Weiss temperature
of -37 to -39 K were determined38–40. In the present work,
measurement temperatures are extended down to 2 K on sin-
gle crystals and polycrystalline material, and isothermal mag-
netization curves and ac magnetization data are reported. The
results are summarized in Figures 3 and 4. Data are shown
for two crystals, one with the measurement field aligned in
the hexagonal plane (H⊥c) and one with the field out of the
plane (H‖c), and two polycrystalline samples labeled S1 and
S2 consisting of multiple small crystallites collected from the
bulk growth products.

The magnetic susceptibility (M/H) measured in a 10 kOe
field is shown in Figure 3a and 3d. Curie-Weiss fits for data
above 75 K are shown in Table III, and are in reasonable agree-
ment with the previous analysis27. The effective moments
are smaller than expected for spin-only tetravalent Mo (S = 1,
µeff = 2.83µB), and the Weiss temperatures indicate moder-
ate antiferromagnetic interactions, with some anisotropy ap-
parent in the single crystal samples. The nearest Mo−Mo dis-
tance is 3.5 Å, and the Mo−Cl interactions are expected to
be strongly ionic, so covalency is not expected to play a sig-
nificant role in reducing the magnetic moment. The reduced
effective moment is perhaps most likely due to an antialigned
orbital contribution, which could be expected with two singly
occupied t2g orbitals and spin-orbit coupling.

The insets of Figure 3a and 3d show the deviation from the
high temperature Curie-Weiss behavior at lower temperatures,
which is seen below 50−75 K, and consistent with the onset of
some antiferromagneic correlations. An anomaly is also ob-
served below 10 K in this data. The low temperature behavior
is shown in more detail in Figure 3b and 3e. A clear mag-
netic anomaly is observed near 5 K, corresponding to a kink in
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FIG. 3. Magnetic behavior of MoCl4. Anisotropic data from single crystals are shown in (a-c). Data from polycrystalline samples S1 and S2

collected from two different growths are shown in (d-f). (a,d) Temperature dependence of the magnetic susceptibility (M/H) measured in a

10 kOe applied field with Curie-Weiss fits to data above 75 K, and inverse susceptibility with the linear Curie-Weiss behavior extended to low

temperature shown in the insets. (b,e) Low temperature magnetic susceptibility collected in a 100 Oe applied field during field-cooled (FC)

and zero field cooled (ZFC) measurements. (c,f) Isothermal magnetization curves measured at the indicated temperatures.

the susceptibility and a divergence between field cooled (FC)
and zero field cooled (ZFC) data. Anisotropy is seen at the
lowest temperatures, where the moment along the c-axis be-
comes nearly temperature independent while the moment in
the plane increases upon cooling. This suggests antiferromag-
netism with moments that prefer to lie along the c-axis.

Isothermal magnetization curves are shown in Figure 3c
and 3f. They are essentially linear at all temperatures, again
consistent with antiferromagnetism. Small remanent magneti-
zations are observed below the transition. This, along with the
FC-ZFC divergence in M vs T suggest the magnetic ground
state could be either antiferromagnetically ordered with a very
small canted moment or glassy. The later is deemed more
likely considering the lack of strong anisotropy in the mag-
netic data and the heavily disordered Mo sublattice.

To investigate the dynamics of the magnetism, ac measure-
ments and time dependent dc magnetic measurements were
performed. Results from one of the polycrystalline samples
are shown in Figure 4. Near and below the temperature at
which the anomaly was noted in the dc magnetic susceptibil-
ity, the real part of the ac susceptibility (χ’) develops an en-
hanced frequency dependence (Figure 4a) and the imaginary
part (χ”) displays a peak (Figure 4b). The frequency depen-

dence of the peak in χ’ is shown in more detail in Figure 4c,
and behavior typical of a spin glass is observed, with the max-
imum moving to higher temperature and smaller magnitude as
the frequency is increased. The locations of the maxima are
estimated from the second order polynomial fits to the data
shown in the figure. The imaginary part of the magnetiza-
tion (Figure 4b) was near the detection limit of our apparatus
(10−7 emu) resulting in some scatter in the data, especially
at the lowest frequencies, but a general increase in amplitude
with increasing frequency is noted, as expected for a spin-
glass.

To further confirm the slow dynamics of the magnetiza-
tion in β-MoCl4, the dc magnetic moment was measured as
a function of time after cooling in a 10 kOe applied field and
then decreasing the field zero. The results are shown in Fig-
ure 4d. The decay of the thermo-remanant magnetization was
measured after cooling the sample in a 10 kOe applied field
from 20 K to the measurement temperature and then turning
the applied field to zero. The change in the dc magnetiza-
tion (∆Mdc) with time is plotted and fit with a stretched expo-
nential function of the form ∆Mdc(t)= M0 + Aexp(−(t/τ)β).
This function describes the data reasonably well. The fitted
values of τ for data at 2, 3, and 4 K were 28, 20, and 15 min,
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the ac magnetic susceptibility. (c) Frequency dependence of the tem-

perature at which the maximum of χ′ occurs. (d) Time dependent

change in the dc magnetization after cooling to the indicated tem-

perature in a 10 kOe field and then reducing the field to zero, with

stretched-exponential fits described in the text.

respectively, and β values ranged from 0.42 to 0.48. The re-
laxation of the thermo-remanent magnetization in the glassy
state is slow, and becomes more rapid as the glass transition
temperature is approached from below. Negligible time de-
pendence of the magnetization was seen at 10 K.

As noted above, the glasslike dynamics likely originate in
the heavily disordered nature of the Mo layers in β-MoCl4.
It appears that spin glasses are rare among layered transi-
tion metal halides, though such behavior has been reported

in a graphite intercalation compound with FeCl3
41,42. Among

other van der Waals layered materials, spin glasses have been
reported for certain compositions in the chemically disordered
chalcogenides Mn1−xFexPS3 and Fe1−xNixPS3

43–45.

IV. SUMMARY AND CONCLUSIONS

The crystallographic and magnetic properties of the van der
Waals layered 4d transition metal compound β-MoCl4 have
been revisited and revised. A structure with more complex
vacancy distribution than previously reported is found, with
some occupation of all of the sites within the triangular transi-
tion metal net. Interesting, two models with different vacancy
orderings describe the experimental data equally well, and this
seems to be a property of the three interpenetrating triangular
sublattices that define the close packed layer. The magnetic
properties are consistent with an orbital contribution to the to-
tal paramagnetic effective moment, and net antiferromagnetic
interactions. Low temperature ac and dc magnetization mea-
surements reveal the hallmarks of a spin-glass-like state, with
ZFC-FC divergence, frequency dependent magnetic suscepti-
bility, and a slow decay of thermo-remanent magnetization.
Such behavior may be expected for this highly disordered and
antiferromagnetic Mo lattice.

Development of cleavable magnetic materials is important
in pushing forward our understanding of 2D physics and the
functionality of heterostructured devices. While the main in-
terest is in materials with long range magnetic order and asso-
ciated phase transitions, spin glass materials with metastable,
local magnetic configurations and associated temporal relax-
ation could make interesting additions to the menu of mag-
netic materials for van der Waals heterostructures.
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