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Abstract

Understanding the electronic transport properties of layered, van der Waals transition metal
halides (TMHs) and chalcogenides is a highly active research topic today. Of particular
interest is the evolution of those properties with changing thickness as the 2D limit is
approached. Here, we present the electrical conductivity of exfoliated single crystals of the
TMH, cluster magnet, Nb3Cl8, over a wide range of thicknesses both with and without
hexagonal boron nitride (hBN) encapsulation. The conductivity is found to increase by more
than three orders of magnitude when the thickness is decreased from 280 µm to 5 nm, at
300 K. At low temperatures and below ∼50 nm, the conductance becomes thickness
independent, implying surface conduction is dominating. Temperature dependent conductivity
measurements indicate Nb3Cl8 is an insulator, however, the effective activation energy
decreases from a bulk value of 310 meV to 140 meV by 5 nm. X-ray photoelectron
spectroscopy (XPS) shows mild surface oxidation in devices without hBN capping, however,
no signi�cant difference in transport is observed when compared to the capped devices,
implying the thickness dependent transport behavior is intrinsic to the material. A conduction
mechanism comprised of a higher conductivity surface channel in parallel with a lower
conductivity interlayer channel is discussed.

Keywords: 2D transition metal halide, 2D geometric frustration, electrical conductivity,
activation energy
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(Some �gures may appear in colour only in the online journal)

1. Introduction

The discovery of graphene by exfoliation allowed a plethora
of new physics, like the quantum Hall effect [1, 2], and
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massless Dirac fermions [3], to be explored in van der Waals
(vdW) layered two-dimensional (2D) systems. Through both
simple mechanical exfoliation, and the dry transfer method
via adhesive tape [4, 5], various 2D vdW layered materi-
als (including transition metal dichalcogenides (TMDC), and
transition metal halides (TMH)) have been reinvestigated not
only bulk, but also in the 2D limit (approaching monolayer).
Thickness dependent changes to properties such as topological
state and the presence of massless Dirac, and Weyl fermions
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Figure 1. (a) Crystal structure of Nb3Cl8, showing transition metal (Nb) trimers forming a triangular lattice of Seff = 1/2 in the ab-plane.
The Nb3Cl8 layers form an –AB–AB– stacking sequence. (b) AFM image of a mechanically exfoliated 12 nm thick �ake on the SiO2/Si
substrate. (c) Schematics of non-hBN encapsulated device (top), and hBN encapsulated device (bottom). (d) and (e) Optical microscope
images of an uncapped and capped devices, respectively. The orange dashed line shows the outline of Nb3Cl8 �ake. The black (white) dotted
line encloses the bottom (top) layer of hBN, respectively. Circuit elements show the two-probe voltage source (VS), and current
measurement (IM) con�gurations.

[6–8], onset of charge density waves (CDW) [9], as well as
superconductivity [10, 11], have all recently been observed.
Furthermore, heterostructures of TMDCs/TMHs where con-
secutive monolayers are stacked at an angle with respect to
the underlying layer, or interfaced with other 2D materials
have also shown unexpected emergent properties including a
correlated insulating state [12], interfacial superconductivity
[13], and anomalousHall effects [14]. In particular, 2D TMHs,
which consist of vdW layers made up of transition metals like
Nb, Cr,Mo, Ru, etc, and halides (I, Cl, Br), have receivedmuch
attention due to their promising potential in a wide variety of
magnetic phenomenabased on ferromagnetic [15], and antifer-
romagnetic insulators [16, 17], as well as geometric frustration
linked to prospective quantum spin–liquid behavior [18–20].
Therefore, efforts to reveal new types of 2D TMHswith poten-
tially exotic magnetic properties, have rapidly increased in the
last few years.

Nb3Cl8, in particular, is a 2D vdW layered TMH clus-
ter magnet insulator, which has been studied primarily with
regard to its structure; and contains Nb–Nb triangular clus-
ters resulting in an insulating ground state of localized elec-
trons [21–23]. The crystal structure of Nb3Cl8 is strongly
anisotropic; with planes of Nb atoms octahedrally coordinated
by Cl, stacked upon each other along the c-axis as shown
in �gure 1(a). In plane, the Nb atoms make up a triangu-
lar lattice of Nb-trimers which form magnetic clusters with
a net effective spin Seff = 1/2 in each Nb3 unit. There are
two Nb3Cl13 clusters per unit cell, and the stacking order
of layers is alternated as –AB–AB– sequences, due to the
inequivalent interfacial-capped Cl atoms, which differs from
conventional TMDCs [24]. The surface stability, structures,
and defect states have been further examined through atomic
force microscopy (AFM), and scanning tunneling microscopy
(STM) to understand defect states [25].
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Recently, Nb3Cl8 has regained the attention of both exper-
imentalists, and theoreticians owing to its potentially geo-
metrically frustrated magnetic structure. The so-called pseudo
kagome lattice formed by the Nb-trimer cluster in the ab-plane
of the structure has a single localized unpaired spin which
couples antiferromagnetically with its neighbor. Nb3Cl8 has
been experimentally reported to show a magnetic phase tran-
sition between a high temperature paramagnetic, and nonmag-
netic singlet state at 90 K, arising from the layer rearranging
structural phase transition, which lowers the symmetry from
trigonal P3̄m1 to monoclinic C2/m [26, 27]. Two possible
explanations of the singlet state are based on either a second-
order Jahn Teller (SOJT) distortion [26] or charge dispro-
portionation in adjacent layers [27], but a consensus has not
been reached. Nb3Cl8 has also been predicted to be a potential
monolayer ferromagnet [28], and topological insulator [29],
although monolayer kagome nets also have the potential to
host a spin liquids ground state, alike α-RuCl3 [30].

While there have been several experimental, and theoretical
studies on Nb3Cl8, its electrical transport properties, partic-
ularly as a function of thickness, have not yet been reported
[31]. Here, we report the temperature, and thickness dependent
electrical conductivities of high-quality single crystal �akes
of Nb3Cl8 (within the measurable range of the experiment)
ranging from 280 µm to 5 nm. We �nd an unexpected trend
of increasing conductivity, and decreasing activation energy
as the thickness is decreased, while below ∼50 nm, the con-
ductance is found to be thickness independent. These results
strongly imply the presence of enhanced surface conduction
with an insulating bulk, and is discussed in terms of a parallel
channel conduction model [32, 33].

2. Experimental (method)

High-quality single crystals of Nb3Cl8 were used for multi-
layer �ake preparation. Flakes of Nb3Cl8 with varying thick-
nesses were prepared by conventional mechanical exfoliation
with adhesive tape, and carried out in a dry nitrogen glove box.
The thickness of the Nb3Cl8 �akes was determined by optical
microscopy, and atomic force microscopy (AFM) as shown in
�gure 1(b). For the 280 µm thick sample preparation, four in-
line contacts were manually made directly on the bulk crystal
with silver paint, and further attachment of gold wires. Thin-
ner �ake devices were prepared as follows: exfoliated �akes
were transferred onto insulating Si/SiO2 substrates (300 nm
thick SiO2 layer). Electron beam (e-beam) lithography and
lift-off processes with thermal deposition of Cr/Au were used
for electrical contact fabrication. In order to prepare devices
with hBN encapsulation, hBN layerswere �rst transferredonto
the Si/SiO2 substrates, then contacts were patterned onto that
hBN bottom layer as shown schematically in �gure 1(c). Suit-
able Nb3Cl8 �akes were identi�ed by optical microscopy, and
then a propylene carbonate (PC) stamp with the poly-dimethyl
siloxane (PDMS) transfer method was applied for creating
the sandwich structures with a second hBN �ake capping the
exfoliated Nb3Cl8 layer [4]. Thus, we have successfully pre-
pared hBN encapsulated Nb3Cl8 devices in inert conditions,
without the need for further chemical processing. Typically,

10–20 nm thick hBN �akes were used as encapsulation layers.
Figures 1(d) and (e) show optical images of non-encapsulated,
and encapsulated devices, respectively. The electrical conduc-
tivity of Nb3Cl8 �akes of various thicknesses was measured
with two-point probe methods in a Quantum Design PPMS
combinedwith aKeithley 6430 sub-FemtoampRemote Source
Meter (equipped with constant voltage source, and low-noise
current ampli�er). Four-probe measurements were only suc-
cessfully carried out on a (less resistive) bulk crystal, using a
Keithley 6220 DC current source, and 2182A nanovoltmeter
in a conventional four-point con�guration (supplementary
�gure 1) (http://stacks.iop.org/JPhysCM/32/304004/mmedia).
The temperature range of 300 K through 180 K was investi-
gated due to detection limitations of the electrical detection
setup (when the resistance of devices is found to exceed hun-
dreds of GΩ below 180 K) equipment. XPS spectra were
obtained from pristine, and e-beam resist processed �akes in
a Thermo Scienti�c K-alpha XPS system with a monochro-
matic Al Kα source. The in situ cluster mode Ar ion etching
was used for investigation of surface contamination.

3. Results and discussion

In order to con�rm that the chemistry (and correspondingly
the properties) of the samples were not signi�cantly affected
by the lithography process, the oxidation, and potential con-
tamination from the lithography process on the surface of a
fresh surface of Nb3Cl8 were investigated via XPS measure-
ments. Since performing XPS measurements on the fabricated
deviceswas not possible due to their small form factor, and lat-
eral resolution of the setup (limited by the incoming beam spot
size), XPS was performed on the surface of the single crystal,
before, and after it was exposed to the photolithography pro-
cess, as an analog to the Nb3Cl8 fabricated devices. Figure 2(a)
shows the Nb 3d, and Cl 2p core spectra of pristine bulk crys-
tal, after it was freshly cleaved by adhesive tape. The Nb 3d
spectra shows two peaks for the 3d5/2, and 3d3/2 states at 205
eV, and 208 eV, respectively, due to spin–orbit coupling split-
ting. However, in the Cl 2p spectra, the 2p3/2, and 2p1/2 peaks
at 199 eV and 201 eV, respectively, are partially convoluted,
and not as clearly identi�able. In addition, a faint feature cor-
responding to oxygen 1s peak is visible at 535 eV (inset of
�gure 2(a)). Note that no shift of the Nb 3d, and Cl 2p peaks,
compared to the previous report, is evident [23]. Ar cluster ion
etching was employed to remove surface contamination, and
con�rm that the oxygen impurity was not present deeper into
the Nb3Cl8 crystal; as shown in �gure 2(b). The total etched
thickness of Nb3Cl8 was estimated to be less than 1 nm, and
while it is clear that the etching process does not disturb the
Nb 3d, and Cl 2p peaks, the O 1s peak is however no longer
visible (see inset), which demonstrates that Nb3Cl8 is stable
against oxygen in atmosphere, and that any oxidized region is
limited to a thin self-passivating layer as its surface.

After the e-beam lithography process, however, the appear-
ance of an NbOx 3d peak at∼210.5 eV, as well as a shift of the
Nb 3d, and Cl 2p peaks were observed as shown in �gure 2(c).
Unlike in �gure 2(a), the O 1s peak appears at around 532 eV,
which indicates that the oxygen bonded as a metal oxide or
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Figure 2. XPS spectra of (a) pristine Nb3Cl8 �ake, freshly exfoliated by adhesive tape. Nb 3d, and Cl 2p core level peaks (red solid) are
visible. The inset displays oxygen 1s peak (green solid). (b) Nb 3d, and Cl 2p core level peaks in the spectra (blue solid line) after a
low-energy Ar ion etching process with the original pristine �ake spectrum overlaid (red dashed line). Inset shows no oxygen peak. (c) XPS
spectrum after the standard resist processing (orange line). Niobium oxide features, and a shifted oxygen peaks (inset) are observed. (d)
Spectrum taken after an identical Ar ion etching process as (b), showing the absence of the Nb oxide peak in the main panel, and a very faint
oxygen peak in the inset.

metal carbonate, and the Nb 3d and Cl 2p peaks are shifted
about 0.5 eV higher in binding energy compared to the origi-
nal pristine sample. To investigate the surface oxidation depth,
Ar cluster ion etching was carried out in the same conditions
as previously described. Figure 2(d) shows the spectra after
etching, and the Nb 3d and Cl 2p peaks are restored to the
original state along with the disappearance of the NbOx 3d
spectra. Therefore, we can conclude that oxygen does not sig-
ni�cantly penetrate inside of the crystal or �ake as a result of
our patterning protocol.

The electrical conductance (G), and conductivity (σ) of
Nb3Cl8 �akes of different thicknesses, ranging from280µm to
5 nm thick, was measured in a constant voltage source mode in
a two-probe con�guration as shown in �gure 1(d). Figure 3(a)
displays the electrical conductance as a function of thickness
(t) in a semi-log scale at various discrete temperatures from
300 K to 180 K. As expected for an insulator, the conductance
universally decreases as temperature decreases. However, as t
of the samples is varied, amore complex, and intriguing behav-
ior emerges. At all temperatures, G decreases as t is reduced
from bulk to several hundreds of nanometers. However, by
t∼ 50 nm,G exhibits a jump comparedwith the∼330 nm data
point. It is unclear what the origin of this jump in conductance
is, although it may be related to the onset of �nite size effects.
As we further reduce the thickness, we see two different types
of responses of G depending on the temperature. Above∼200
K, the conductance once again decreases monotonically with

t, but below 200 K, G appears to be—thickness independent.
Decreasing t no longer decreases the amount of current car-
ried by the �ake. This implies that below t ∼ 50 nm, and 200
K, the Nb3Cl8 reaches an apparent limit where its ‘surface’
(or a thin sheet) is carrying most of the current in place of the
more insulating bulk of the �ake.

Figure 3(b) displays the electrical conductivity as a function
of temperature for different �akes thicknesses. The temper-
ature dependent conductivity veri�es Nb3Cl8 as an insulator
under the measureable investigated range, regardless of thick-
ness. In principle, the conductivity of most materials is con-
stant with respect to their dimension until the limit of �nite
size imposes boundary conditions on the periodic potential
generated by the crystal structure; in which latter case the con-
ductivity is generally found to decrease as a result of increased
surface, and boundary induced scattering [33]. For Nb3Cl8,
however, we �nd an anomalous thickness-dependent conduc-
tivity. Indeed, the semi-log plot clearly reveals that the con-
ductivity increases more than three orders of magnitude from
10−6Ω−1 cm−1 to 10−3Ω−1 cm−1 at room temperature (300K)
upon decreasing of the Nb3Cl8 �ake thickness from 280 µm
to 5 nm. Previously, there have been reports of changes in
conductivity with thickness variations in three-dimensionally
grown thin �lms by induced strain [34], and in very few
cases of two-dimensional layered system, such as TMDCs,
like MoS2 [32], and graphene multilayers [31], however such
a phenomenon had not yet been reported in TMHs.
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Figure 3. (a) The electrical conductance of Nb3Cl8 �akes ranging from 5 nm to 280 µm thick. The conductance is compared at various
discrete temperatures from 300 K (brown square) to 180 K (dark green triangle), every 20 K steps. (b) The log plot of conductivity as a
function of temperature from 300 K to 180 K for different �akes thicknesses. hBN capped �akes of 10 nm (light green open triangle), and 8
nm (green open triangle) are also displayed. (c) Arrhenius plot of the conductivity of various Nb3Cl8 �akes. The red dashed lines correspond
to the best �t of the high temperature region, according to the activation energy equation (see main text). (d) The activation energy Ea as a
function of �ake thickness is shown in semi-log plot, with best �t shown by the red dash line.

Through the comparison of the conductance and the con-
ductivity results, we �nd that the thickness-dependent con-
ductivity is, remarkably, an intrinsic property of Nb3Cl8. The
conductance G is expected to linearly depend on the conduc-
tivity σ according to the relation: G = σ

wt
l
, where w, l, and t

are the (average)width, length, and thickness of the conducting
channel, respectively (supplementary table 1). By comparing
�gures 3(a) and (b), we observe that change in conductivity
are signi�cant despite relatively small changes in conductance.
As the variations of the dimension factor w/l in lithographed
devices are kept distinctively small (within a factor of 2),
the observed large changes in conductivity implies that the
thickness t is the major factor in determining the change in
conductivity of Nb3Cl8. To further rule out the effect of the
surface oxidation, and impurities, hBN encapsulated Nb3Cl8
�akes with 8 nm, and 10 nm thick were simultaneously inves-
tigated and show the same pattern as the non-encapsulated
thicker �akes. This observation corroborates that the anoma-
lous change of conductivity in thickness is an intrinsic property
of Nb3Cl8 thin �akes, and cannot be attributed to the device
fabrication procedure.

From the temperature-dependent conductivity measure-
ments, the thermal activation energy Ea of the carriers,
corresponding to the energetic band gap, was obtained by �t-
ting the Arrhenius equation σ(T) = σ0 exp

(

−Ea
kT

)

, where T is

temperature, σ0 is the residual conductivity, and k is the Boltz-
mann constant. Figure 3(c) shows the Arrhenius plot of the
natural logarithm of conductivity as a function of 1000/T, and
Ea is obtained from the slope of the high temperature region.
As a result, the semi-log plot of the thickness-dependent Ea is
shown in �gure 3(d). According to the previous report, the acti-
vation energy of Nb3Cl8 pellets was found to be∼210meV via
electrical conductivity measurements [30], which is smaller
than the 310 meV we extracted for the bulk single crystal
(t = 280 µm) in our study. This may be due to the pellet sam-
ple having greater defect concentration or slight doping which
increased its conductivity. We also observe that Ea decreases
as the thickness of Nb3Cl8 �akes is decreased by about one
half, from 310 meV to 140 meV (t = 5 nm), and is about lin-
early correlated to log t. Based on this linear �tting, the Ea

of a monolayer of Nb3Cl8 (t = 3.446 Å) is estimated to be
approximately 50 meV; which greatly differs from the theoret-
ical predicted value of 638 meV [28]. This large quantitative
difference between theory, and experiment warrants further
investigations, beyond the scope of this work.

Although we experimentally report on an unequivoqual
anomalous thickness-dependentconductivity scaling, and acti-
vation energy in TMH Nb3Cl8, the exact origin is still
unknown. The observed trend points to an effective parallel
conductionmechanismwhich consists of a higher conductivity
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surface, and lower conductivity bulk contribution. In princi-
ple, the total effective parallel conductivity can be de�ned as
σeff = σsurf + σbulk, whereσsurf is the surface conductivity, and
σbulk is the bulk conductivity. The thickness independence of
G implies that σbulk is relatively low compared to σsurf , which
may be due to the presence of vdW interactions between adja-
cent layers in�uencing the electron–phonon scattering cross-
section. σsurf is expected to be unaffected by the thickness
variation, but strongly affected by impurities, and surface con-
tamination such as oxidation or adsorbates. Since oxidation of
the surface is indeed seen (but appears to be self-passivating,
and only penetrating∼1 nm into the �ake at most), we expect,
in the very thin �akes limit, the hBN capped devices to have
a smaller activation energy than the uncapped ones, which is
con�rmed by the 8 nm hBN-capped device exhibiting an Ea of
∼80 meV.

4. Conclusion

In conclusion, we have measured the thickness dependent
electrical conductivity of the 2D layered TMH cluster mag-
net Nb3Cl8. Compared to the bulk, ultra-thin �ake devices
(∼5 nm) showed a more than three orders of magnitude
increase in conductivity with respect to bulk samples, con-
comitant to a decrease in activation energy of about half of the
bulk value. In addition, a monotonic decrease of the effective
Ea is observed as the thickness is reduced. The combination
of XPS, and electrical resistivity results of hBN-encapsulated,
and non-encapsulated devices allows us to conclude that sur-
face oxidation of Nb3Cl8 did occur when suitably capped by
hBN, and cannot account for the observed anomalous thick-
ness dependent transport behavior. We hence infer that the
large increase in conductivity of thin Nb3Cl8 is intrinsic, and
not due to impurity or doping resulting from any of the device
fabrication step. We proposed a phenomenological parallel
conduction channelmodel consisting of a surface channelwith
high conductivity, and bulk channel with low conductivity to
account for the observed behavior. Although the cause of the
higher surface conductivity has not yet been elucidated, our
observations point to a transport mechanism in this layered
TMH distinct from a typical three-dimensional system. It has
been theoretically predicted that monolayer Nb3Cl8 is a topo-
logical insulator (with electron correlations included), and it
may be that below 50 nm, �nite size effect or remnants of
higher order topology (as seen in Bi, and multilayer WTe2)
are responsible for the anomalous transport [35–37]. Future
work studying few layers, and monolayer Nb3Cl8, particularly
in the context of 2D ferromagnetism versus geometric frus-
tration in spin liquids, as well as topology, will further our
understanding of transport physics in TMH systems.
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