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ABSTRACT

a-RuCl3 is considered to be the top candidate material for the experimental realization of the celebrated Kitaev model, where ground states
are quantum spin liquids with interesting fractionalized excitations. It is, however, known that additional interactions beyond the Kitaev
model trigger in a-RuCl3 a long-range zigzag antiferromagnetic ground state. In this work, we investigate a nanoflake of a-RuCl3 through
guarded high impedance measurements aimed at reaching the regime where the system turns into a zigzag antiferromagnet. We investigated
a variety of temperatures (1.45–175K) and out-of-plane magnetic fields (up to 11 T), finding a clear signature of a structural phase transition
at !160K as reported for thin crystals of a-RuCl3, as well as a thermally activated behavior at temperatures above !30K, with a characteris-
tic activation energy significantly smaller than the energy gap that we observe for a-RuCl3 bulk crystals through our angle resolved photo-
emission spectroscopy (ARPES) experiments. Additionally, we found that below !30K, transport is ruled by Efros–Shklovskii variable range
hopping (VRH). Most importantly, our data show that below the magnetic ordering transition known for bulk a-RuCl3 in the frame of the
Kitaev–Heisenberg model (!7K), there is a clear deviation from VRH or thermal activation transport mechanisms. Our work demonstrates
the possibility of reaching, through specialized high impedance measurements, the thrilling ground states predicted for a-RuCl3 at low tem-
peratures in the frame of the Kitaev–Heisenberg model and informs about the transport mechanisms in this material in a wide temperature
range.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146141

a-RuCl3 is a van der Waals material predicted to host long-
desired Kitaev quantum excitations, of interest for fault-tolerant
topological quantum computing.1–3 In a-RuCl3, Ru

3þ ions form a
honeycomb lattice [Fig. 1(a)], where each ion is surrounded by an
octahedral arrangement of Cl atoms. Neighboring octahedra are edge
sharing, which according to the theoretical model by Jackeli and
Khaliullin leads to dominant Kitaev interactions between spin–orbit
entangled j¼ 1/2 moments of the Ru3þ ions, in contrast to corner
sharing octahedra, which result in traditional symmetric Heisenberg
interactions.4 While honeycomb layers are bounded by van der Waals
interactions, a-RuCl3 has, at room temperature, a three-dimensional
structure with a unit cell formed by three honeycomb layers stacked in
an ABA configuration forming a rhombohedral crystal structure
described by the P3112 space group

5 (see the supplementary material).

In the absence of crystal deformations, at low temperatures (below
155K), the unit cell becomes monoclinic described by the C2/m space
group6 [see Fig. 1(b)]. In such a configuration, the system presents a 7K
transition to a magnetic order, where alternating chains of ferromagnets
run along the zigzag direction of the honeycomb, referred to as a zigzag
antiferromagnetic order, with the magnetic moments oriented 635$

from the ab plane.6 It has been demonstrated that crystal deformations
may lead to stacking faults and an additional, broader magnetic ordered
transition at 14K, attributed to a two-layer AB stacking order.6

Overall, the presence of a long-range magnetic order state in a-
RuCl3 derives from the existence of additional interactions beyond the
Kitaev model. The true Hamiltonian for a-RuCl3 is still controversial,
but it is believed to be formed, in addition to a bond-dependent Kitaev
ferromagnetic term (K< 0), of an isotropic Heisenberg term (J) that
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includes second and third order-neighbor interactions (the
Kitaev–Heisenberg model), as well as of off diagonal antiferromagnetic
C terms (C > 0) that are, like the Kitaev exchange, bond-directional.
It has been demonstrated through resonant x-ray scattering9 that the
C term, which keeps the ordered momentum in the a-c plane,10 is
comparable to the Kitaev term K and is responsible for the observed
large anisotropy of the magnetic susceptibility in a-RuCl3.

11–14 The
outcome of these multiple interactions in a-RuCl3 is the previously
mentioned zigzag antiferromagnetic ground state that can be conve-
niently suppressed by applying a ! 7 T in-plane magnetic field along
the a direction [see Fig. 1(a)], yielding a quantum spin liquid
(QSL)15,16 and bringing experimentalists a step closer to the desired
anyonic excitations predicted in the frame of the Kitaev model.17

Much stronger fields are needed in the c direction (up to ! 33T) to
destroy the zigzag antiferromagnetic order and reach a quantum spin
liquid state, as recently reported.18

From an electronic point of view, a-RuCl3 is a transition metal
oxide with partially filled 4d shells (a halide). Despite the expected
large atomic overlap that should lead to large electronic bandwidths
and a metallic behavior, important spin–orbit coupling triggers the
formation of separate j¼ 3/2 and j¼ 1/2 bands, leading, regardless of
largely suppressed electronic correlations, to a Mott insulating
state.1,19

Here, we study through electronic transport measurements at
low temperatures an a-RuCl3 thin crystal device, finding the different
electronic transport mechanisms that rule this Kitaev candidate mate-
rial in a wide range of temperatures. In particular, we find evidence of
a deviation from a Efros–Shklovskii variable range hopping (ES-VRH)
transport mechanism at temperatures below the zigzag antiferromag-
netic order transition explained in the frame of the Kitaev–Heisenberg
model.

Sample fabrication was performed as indicated in the supplemen-
tary material. Finished devices shown in Figs. 2(a) and 2(b) were

mounted to a custom triax probe [Fig. 2(d)] to be later measured in a
closed-cycle cryostat. The use of triax lines allows for guarded mea-
surements to improve the signal to noise ratio as experiments are per-
formed at low temperatures where a-RuCl3 crystals are highly
insulating. As the sample resistance at low temperatures is comparable
to the insulation of the lines, leakage currents have the potential to cor-
rupt the signal from the sample. In a guarded configuration, the inner
core and inside shield of the triax lines are connected to the ammeter
terminals that result in negligible leak currents [see Fig. 2(c) and sup-
plementary material for details]. Additionally, the guard terminal of
the instrument is connected to a copper sample enclosure [shown in
Fig. 2(d)], which serves to further isolate the sample from electromag-
netic interference, where any current noise generated by surrounding
AC or DC fields or coupling capacitances is kept away from the sam-
ple [see Fig. 2(e)].

Current–voltage (I–V) characteristics of the a-RuCl3 device were
measured using the triax probe and an electrometer (Keithley 6517B),
across a temperature range from 1.45 to 130K as shown in Figs. 3(a)
and 3(b), and in the presence of out-of-plane magnetic fields up to
11T. Current values at fixed biases were taken from each curve and fit
to different transport mechanisms dependent on the temperature and
bias voltage regime as outlined in Fig. 3(c). The electrodes used in this
measurement are the top two depicted in Fig. 2(b) with edge width of
1.0lm and spacing from 1lm at the widest to 200nm at the
narrowest.

Overall, the measured I–V curves showed an ohmic behavior at
130K with increasing non-linearity and decreasing slope as the tem-
perature is lowered, reaffirming the Mott insulating character of the
material1,20 as represented in Figs. 3(a) and 3(b). We then represented
the data in an appropriate semi-log scale in accordance with the
regimes presented in Fig. 3(c). In particular, we found that for low bias
voltage and low temperatures, the data best support temperature
dependent Efros–Shklovskii variable range hopping. At low bias and

FIG. 1. Crystal and electronic structure of
a-RuCl3. (a) Crystal structure of a-RuCl3,
where Ru3þ ions form a honeycomb layer,
with each ion surrounded by a Cl octahe-
dral cage sharing an edge with its
neighbors. (b) Low temperature C2/m
arrangement of the honeycomb layers in an
ABC configuration (see the text). (c)
Measured electronic band structure in a k
direction across C within the first Brillouin
zone. Momentum integrated (in a range of
%1.0& ky & 1.0 Å%1) energy distribution
curve (EDC). (d) Spectral density of states
deduced by dividing the momentum-
integrated energy distribution curve (EDC)
in (c) by a measured reference Fermi Dirac
distribution, convoluted with a Gaussian that
considers the instrument’s energy resolu-
tion7,8 (25meV), showing that the density of
states vanishes at the Fermi energy.
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high temperatures, thermal activation dominates, while for high bias,
transport is field-assisted as shown in Fig. 3.

At higher temperatures (30–130K) and low bias (25mV), we
observe that transport is thermally activated and fits to an Arrhenius
law. That is, the current I has a dependence on the temperature of the
following form:

I / exp
%EA
kBT

! "
; (1)

where EA is the activation energy, and kB is Boltzmann’s constant. By
fitting the data to Eq. (1) [Fig. 4(d)], we extract an activation energy
EA ! 9meV at 25mV bias voltage that decreases with increasing bias
voltage, because the carrier activation is facilitated by the increasing
in-plane electric field. As a consequence, as observed in Fig. 4(d), the
temperature range in which the data fits thermal activation shrinks at
higher bias voltages.

The activation energy that we deduce, EA, is several orders of
magnitude smaller than the energy bandgap, which we observed

through angle-resolved photoemission spectroscopy (ARPES) for bulk
crystals of a-RuCl3 (at least 1.2 eV) and reported in the literature.20,21

We attribute this to impurity states induced in the gap via charge trap-
ping in the SiO2 substrate, as has been found for atomically thin semi-
conductors, such as MoS2.

22 Due to the size of the gap, fluctuations in
the trapped charges at the interface between the crystal and the sub-
strate should not be effectively screened at lower temperatures.23,24 In
this temperature range (30–130K), where the temperature is much
smaller than the known energy gap for a-RuCl3, we believe that car-
riers hop between nearest neighbor electron and hole-doped areas.

At low temperatures and low bias, conduction tends to be more
appropriately described by a variable range hopping (VRH) law,

I / exp % T0

T

! "! !

; (2)

where T0 is the characteristic temperature whose energy scale is related
to the localization length of the charge carriers. Taking ! ¼ 1=3 and
! ¼ 1=4 gives Mott’s VRH law for 2D and 3D hopping conduction,
respectively. Mott’s VRH law describes hopping of carriers between
remote sites in a narrow band near the Fermi level.25 Bulk a-RuCl3 has
a 1.2–1.9 eV Mott insulating gap with a zero density of states near the
Fermi level as reported in the literature20,21 and corroborated with our
ARPES measurements [Figs. 1(c) and 1(d)], which disfavors Mott
VRH as a possible transport mechanism for bulk a-RuCl3. However,
we believe that in our thin crystal device, the presence of molecules
from air trapped between the a-RuCl3 and the SiO2 substrate creates a
narrow band of localized states near the Fermi level, facilitated by
a-RuCl3’s large work function (URuCl3 ¼ 6.1 eV26,27) Furthermore, we
believe that electronic correlations between these impurities create a
soft Coulomb gap in the density of states, as developed in the following.

In the presence of Coulomb correlations, the Miller–Abrahams
random resistor network model that guides the theory of VRH con-
duction is no longer appropriate. In this regime, transport is described
by Efros and Shklovskii’s ! ¼ 1=2 variable range hopping (ES-VRH),
that reformulates the random resistor network model in the presence
of electronic correlations.23,28 In that case, the current across the device
is given by

I / exp % T0

T

! "1=2
 !

; T0 ¼
2:8e2

4pee0kBa
; (3)

where e is the electron charge, e is the dielectric constant of the mate-
rial, e0 is the permittivity of free space, and a is the localization length
of the charged impurities.

Indeed, by comparing the fitting of our low temperature data
between 3D Mott variable range hopping and ES-VRH models, we
find that the latter is better suited, as shown in Fig. S1 in the supple-
mentary material. Most importantly, we estimate the Coulomb gap D
created by the charged impurities at the a-RuCl3 thin crystal—
substrate interface within the ES-VRH theory,23 which gives the gap
width D ¼ e3g1=20 =ð4pee0Þ3=2 ) 4:5meV, where e ) 7:4 for a-
RuCl3

29 and g0 ) 2:2* 1019 eV%1cm%3 is the unperturbed density of
states of the charged impurities, estimated from the typical density of
charge traps at the SiO2 interface 4* 1012 eV%1cm%2 (Refs. 22, 30,
and 31) over our 18 nm thick crystal. This estimation of the Coulomb
gap places us at low temperatures in a regime where D+ kBT. Also,

FIG. 2. Fabricated device and experimental setup. 100* optical (a) and atomic
force microscopy (AFM) (b) images of the completed a-RuCl3 device. The inset
shows the measured height of a-RuCl3 nanoflake used for the device alongside a
nearby, thicker nanoflake for comparison. (c) Circuit schematic of the guarded
force-voltage-measure-current setup used in this experiment making use of triax
lines, wired to a custom probe with a copper sample enclosure (d). (e) Schematic
showing the connection of the guard to the sample enclosure.
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the value we find for the Coulomb gap D ) 4:5 eV is similar to activa-
tion energy deduced in the high temperature and low bias regime
(detailed above).

By plotting the log of the current as a function of T%1=2, we find
that ES-VRH fits well our data at low temperatures and low biases. For
the lowest bias voltage used (25mV), we observe that the ES-VRH
mechanism rules the electronic transport in our sample down to the
zigzag antiferromagnetic ordering transition at )7K (predicted in the
frame of the Heisenberg–Kitaev model) as shown in Fig. 4(c), in a
temperature range where D+ kBT (7–40K).

From our semi-log plot, a linear fit of the data allows us to
extract T0 deducing a localization length a ! 3 nm [Eq. (3)]. This is
a similar value to the one we deduced in the past for another spin–
orbit assisted Mott insulator (Na2IrO3),

32 where variable range
hopping is mediated by a quasiparticle at the Fermi level that
results from the Ir–O octahedra embedded between two Na layers
creating a charge transfer from Na to Ir in Na2IrO3.

32,33

Additionally, VRH has been reported in thin crystals of a-RuCl3.
34

Although the origin of a non-zero density of states at the Fermi
level is not commented in Ref. 34, it may have the same origin as

in our samples, charged impurities from the SiO2 substrate.
Transport data in that work may also be fitted to ES-VRH, yielding
similar characteristic energies to those in our samples.

At high bias voltages (up to 0.2V), the energy difference in hop-
ping sites is compensated by the electric field. Following Shklovskii’s
theory of hopping conduction in the presence of a strong electric
field,35 we use an engineered expression for intermediate fields intro-
duced in Ref. 36,

I / exp % 2r
a
% T0

T
a
8r
þ erE
kBT

! "
: (4)

Here, the Miller and Abrahams relation for hopping conduction23 is
modified to include the contribution from the field, leading for E¼ 0
to the ES-VRH expression [Eq. (2)]. On the other hand, when the elec-
tric field exceeds a critical value, EC ! 2kBT

ea , the energy required for
hopping is fully compensated by the field. As a result, the second and
third terms in expression (4) cancel each other out (see the supple-
mentary material), leading to a temperature independent transport
mechanism,36 consistent with Shklovskii’s theory,35

FIG. 3. I–V dependence and transport mechanisms in different regimes. Current–voltage characteristics for a-RuCl3 device showing a (a) linear, ohmic behavior at high tem-
peratures and a (b) nonlinear behavior at low temperatures. The decreasing slope of the curves with decreasing temperatures is characteristic of a highly insulating behavior.
(c) Schematics of the dominant transport mechanisms at the different regimes. Low temperatures (<30 K) and low bias (25 mV) are ruled by Efros–Shklovskii variable range
hopping (bottom-left quadrant), high temperatures, and low bias by a thermal activation mechanism (bottom-right quadrant), while high bias is dominated by an electric field-
assisted hopping (top-right and top-left quadrants).
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I / exp % E0
E

! "1=2
 !

; E0 ¼
kBT0

2ea
: (5)

Indeed, Eq. (4) is in reasonable agreement with numerical results
reported for fields below EC.

37 Using the previously found value for
the localization length a ! 3nm, we estimate the critical field to be
EC > 0.2V/lm for temperatures above the 7K magnetic ordering
transition. As our range of fields here are 0.0–0.2V/lm, transport in
this regime is not fully driven by the electric field and is dependent on
both the temperature and the field, following, therefore, Eq. (4). A
semi-log plot of I vsV allows us to extract the temperature dependence
of the third term in Eq. (4) by fitting each of our I–V curves [see
Fig. 4(a)]. By analyzing this temperature dependence, we acquire the
mean hopping length, r [see insets of Figs. 4(a) and 4(b)]. In a tempera-
ture range from 130 to 55K, we calculate r ! 9nm, while in a lower
range of temperatures of 55 to 10K, r is instead ! 20nm. We observe,
therefore, a shorter hopping distance at higher temperatures, indicating
that as temperature increases, carriers are more likely to hop to spatially
neighboring sites. A longer hopping length at lower temperatures is
consistent with variable range hopping mechanisms as carriers look to
more distant sites to find energetically favorable hops. Such behavior
can be seen directly in the data, in the temperature dependence of the
slopes of the fitted data in Figs. 4(a) and 4(b) (field-assisted regime).
Above a temperature of ! 55K [Fig. 4(b)], the slopes change very little
with the temperature, indicating that the activation energy is compen-
sated less by the field and that shorter hops are favored. As temperature
decreases [Fig. 4(a)], the slopes increase, and hops cover in average
more distance, in the direction of the electric field.

Our data show that while electronic transport in a thin crystal of
a-RuCl3 can be well understood in a wide range of temperatures, it

goes beyond ES-VRH or thermal activation below the magnetic order-
ing transition at 7K. This result is in line with our previous work on
the spin–orbit assisted insulator Na2IrO3.

32

We noted no change in the transport mechanism near 14K,
where a magnetic ordering transition has been reported for a-RuCl3
crystals with a two-layer AB stacking order (instead of a ABC configu-
ration). This points to a a-RuCl3 thin crystal device free of deforma-
tions or stacking faults.6

We observed no change in any of the transport mechanisms in
the thin flake of a-RuCl3 or the deduced transport quantities, when an
out-of-plane magnetic field up to 11T was applied, as seen in Fig. 5.
This is consistent with the known magnetic anisotropy in a-RuCl3,
that as mentioned in the introduction, results in a critical field that
increases dramatically from the in-plane (! 7T) to the out-of-plane
direction (! 33T).14,18

Finally, we want to point out that in a second a-RuCl3 thin crystal
sample, where I–V curves were measured up to 175K, we observed a
drastic change in the conductance at!160K by almost three orders of
magnitude, apparent in both cooling down and warming up cycles
(see Fig. 6). We believe that this is the signature of the structural phase
transition from space group P3112 at high temperatures to space group
C2/m below !160K, reported through neutron diffraction experi-
ments for exfoliated thin crystals of a-RuCl3,

5 and puts in evidence the
reliability of our high impedance guarded measurements. While the
major difference between the P3112 and C2/m structures is the c-
ordering of the Ru honeycomb layers (see the supplementary mate-
rial), there are also differences within each honeycomb layer that have
important implications in the electronic structure. a-RuCl3’s trigonal
high temperature structure P3112 has shorter Ru–Ru bonds, and,
therefore, Ru–Ru hopping dominates in this structure.12 On the other

FIG. 4. Electronic transport mechanisms in four different regimes. A schematic that depicts four different regimes segmented by temperature and bias, where data are repre-
sented as a semi-log plot of ln ðIÞ in accordance with the transport mechanism dominant in that regime, according to Fig. 3(c). In (a) and (b), for high V and low and high T,
respectively, conduction is dominated by field assisted ES-VRH. Insets show the mean hopping length, r, deduced from the linear fits shown in (a) and (b). Instead for low T
and low V, temperature dependent ES-VRH instead fits best (c). For high T and low V (d), a thermally activated nearest-neighbor hopping mechanism is more prevalent.
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hand, in the monoclinic low temperature structure C2/m, the domi-
nant hopping process occurs via Cl states creating quasimolecular
orbitals (QMOs) made of a linear combination of the t2g states of the
six Ru atoms in each hexagon.38–40 In that case, every electron is local-
ized within the six crystal sites of a-RuCl3 that form a hexagon, mim-
icking a molecular orbital. This important difference between the two
crystal structures (Ru–Ru hopping vs localized molecular orbitals cen-
tered on each hexagon) can explain the sudden drop in current across
the structural phase transition. The shift in the curve cooling down vs
warming up [inset of Fig. (6)], where the sample converges to a differ-
ent resistance value in the low temperature C2/m structure, is possibly
related to a slightly different stacking of the a-RuCl3 layers that may
impact the electron hopping mechanism.

In summary, we fabricated an electronic device of a mechanically
exfoliated a-RuCl3 nanoflake. The use of guarding and triax lines
allowed us to isolate the high impedance input of our measuring

instrument (an electrometer) from leakage currents in the experimen-
tal setup, granting us access to electronic transport measurements in
our a-RuCl3 devices at temperatures as low as 1.5K. Additionally, the
use of a custom-made metallic shielding around our sample allowed
us to reduce the noise associated with electrostatic interference.
With the help of these techniques, we found that at low bias voltages,
transport is thermally activated at high temperatures (30–130K) and
follows Efros–Shklovskii (ES) variable range hopping at low tempera-
tures (! 7–30K). With increasing bias, the transport mechanism
changes to a field-assisted one, but it is not entirely field driven within
the voltage range used in this experiment. From these different models,
we deduced the presence of charged impurities, possibly originating at
the SiO2/a-RuCl3-thin crystal interface, with a localization length of
a ! 3nm. We observed mean hopping lengths at different tempera-
ture ranges in the field-assisted regime, following the expected behav-
ior for variable range hopping at lower temperatures, where charge
carriers hop to remote sites with close energy levels. Most importantly,
we found that ES-VRH is suppressed below the zigzag antiferromag-
netic ordering transition temperature known for bulk a-RuCl3, 7K,
and is consistent with the Kitaev–Heisenberg model. This behavior is
unaffected by the presence of magnetic fields in the c-axis (perpendic-
ular to the honeycomb plane) as large as 11T, agreeing with recent
results that suggest the suppression of the magnetic ordered state in
a-RuCl3 only at out-of-plane fields larger than 33T.18 Finally, we
observed the signature of the structural phase transition reported for
thin crystals of a-RuCl3,

5 which testifies the fidelity of our technique at
measuring high impedance samples. Future experiments will take
advantage of the strong magnetic anisotropy in a-RuCl3, using an in-
plane magnetic field, for which the critical field is considerably
reduced.15,16 In the presence of such a field, we expect the long range
magnetic order to disappear, and similar experiments as those
reported here would likely show a deviation from standard transport
mechanisms such as variable range hopping or thermal activation at
temperatures at which the system transitions from a conventional
paramagnet into a spin liquid, although this is currently ill-defined in
the literature.

See the supplementary material for details on the sample prepara-
tion and measurements; a comparison of the room temperature and
low temperature unit cells of a-RuCl3; a figure comparing the fits of
Efros–Shklovskii variable range hopping vs 3D Mott variable range

FIG. 5. Effect of an out-of-plane magnetic
field on the transport mechanisms. Data
taken from I–V curves at 50mV in a range of
magnetic fields perpendicular to the honey-
comb lattice, from 0 to 4T plotted as ln ðIÞ
vs T%1=2 in fitting to Efros–Shklovskii vari-
able range hopping (a) and as ln ðIÞ vs T%1
in fitting to thermal activation (b). We do not
see a consistent effect of an out-of-plane
magnetic field on the transport, either above
or below the magnetic ordering transition
(7 K).

FIG. 6. Signature of structural phase transition in a thin crystal of a-RuCl3. I–V
characteristics of a separate thin crystal device of a-RuCl3, measured up to 175 K,
where a striking change in the conductance of the sample at 160 K can be
observed, best seen in the inset, where the current from I–V curves at different tem-
peratures was extracted at bias voltage 1 V.
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hopping in the low temperature and low bias regime (Fig. S1); and cal-
culations demonstrating that the expression describing transport
mechanisms in intermediate regimes, Eq. (4), reduces to temperature
dependent ES-VRH hopping ) exp ð%ðT0=TÞ1=2Þ [Eq. (3)] in the
limit of low temperatures and low fields and to field assisted ES-VRH
hopping in the limit of strong fields) exp ð%ðE0=EÞ1=2Þ [Eq. (5)].
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