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Abstract
α-RuCl3, a layered 2D material, was recently identified as a promising candidate for realizing a
Kitaev quantum spin liquid. However one fundamental property, the crystal structure, has not
been well resolved yet due to difficulty of bulk diffraction techniques caused by layer stacking
faults. Furthermore, the surface relaxation of monolayer-level thin films is completely unknown
yet. In this report, surface sensitive low energy electron diffraction technique with µm selectivity
(µ-LEED) combined with dynamical LEED analysis were used to reveal the detailed crystal
structure of the surface monolayer of α-RuCl3. A surface structural distortion that breaks the
inversion symmetry of the ideal bulk structure was revealed. To be specific, we found the surface Cl
sub-lattice is buckled with one Cl atom approximately 0.16 Å below the other two Cl atoms, in the
unit cell. The Ru atomic layer shows an even larger buckling of approximately 0.31 Å. Through
density functional theory (DFT) calculations, we suggested that this surface distortion may be
induced by Cl-vacancies that are inevitable in this material system. Inversion symmetry breaking in
this material could have a significant impact on the 2D Kitaev interaction for both, interfaces with
other 2D materials, such as graphene and future monolayer devices.

1. Introduction

The quantum spin liquid state (QSLs) is a recently
proposed third ground state of quantum magnet
[1–4]. Unlike the known anti-ferromagnetic (AFM)
and ferromagnetic (FM) states, the spins in the
QSLs do not order in the ground state, but exhibit
long-range quantum entanglement [3]. Finding
experimental evidence of the QSLs in real mater-
ials has been a long-sought goal in condensed
matter physics. The QSLs is considered to play
an important role in various physics phenomena,
such as superconductivity [4] and long-range spin
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entanglement [5]. Particularly the possible presence
of Majorana fermions therein could be the build-
ing block of quantum computing [6, 7]. Among
various QSLs models, Kitaev has proposed a two-
dimensional (2D) honeycombmodel which is exactly
solvable [8]. It thus becomes an ideal test bed for
understanding related phenomena. Real materials
systems that can host a Kitaev QSL are rare and need
to fulfill two key factors: (i) Magnetic atoms car-
rying effective spin-1/2 on a 2D honeycomb lattice
and (ii) strong spin-orbital coupling which induces
anisotropic bond-dependent spin-spin interaction.
Inherent to its nature, the spin-spin interactions in
Kitaev’s model are sensitive to the lattice structure
and bond-length [9]. Previously, iridates [10–13],
such as Na2IrO3, had been identified as one of the
most promising candidates for hosting a Kitaev QSLs.
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However, it was later discovered that Na2IrO3 has a
small unit-cell distortion [13] and surface crystal
structure reconstruction [14] which has raised ques-
tions for its applicability of Kitaev physics [15, 16].
In the mean time, α-RuCl3, a layered van der Waals
material, has emerged as another viable candidate.
Each single-layer of α-RuCl3 consists of a covalently-
bonded Cl-Ru-Cl sandwich of atomic layers, with
thickness w = 2.657 Å, as shown in figure 1(b).
Monolayer α-RuCl3 was considered to approxim-
ate Kitaev’s crystal structure model, with Ru atoms,
forming a 2D honeycomb lattice, carrying effect-
ive spin-1/2 moment. Due to spin-orbital coupling,
nearest-neighbor spins experience anisotropic spin-
spin exchange interactions parameterized by Jx, Jy
and Jz [17]. Each individual Cl-Ru-Cl sandwich layer
is weakly bonded to neighboring layers by van der
Waals force, with interlayer spacing d = 3.021 Å, as
shown in figure 1(b). The interlayermagnetic interac-
tion was estimated to be rather weak whichmakes the
structure of α-RuCl3 a very good approximation of
Kitaev’s pure 2D model [17]. Several recent reports,
including inelastic neutron scattering [17, 18] and
quantum thermal Hall effect measurements [6],
provided some indirect but exciting evidence to sup-
port Kitaev QSLs in α-RuCl3. However, one of the
fundamental properties, the crystal structure, is still
under debate [9, 17, 19]. Banerjee et al concluded
that α-RuCl3 has a crystal structure of symmetry
group P3112, with a three-fold rotational symmetry
in-plane and ABC layer stacking in the out-of-plane
direction [17], as shown in figure 1. On the other
hand, Johnson et al concluded that α-RuCl3 should
be of symmetry group C2/m, which is monoclinic
with one layer in the unit cell [14]. Even though their
conclusions are different, both noted that the differ-
ence between the P3112 and C2/m structure models
are very small and could not be easily differentiated
experimentally due to potential layer stacking fault.
Furthermore, current electronic properties studies by
angle-resolved photoemission spectroscopy (ARPES)
have been hindered by poor agreement between the-
ory and the measured band structure [20, 21], prob-
ably due to lack of accurate input of intra-layer atomic
structure. Amore detailed experimental investigation
in the intra-layer atomic structure of individual Cl-
Ru-Cl sandwich layer is therefore needed. Due to
weak inter-layer bonding, α-RuCl3 can be mechanic-
ally exfoliated down to a monolayer [22, 23], which is
a closer realization of Kitaev’s 2D model. Exfoliated
2D systems are also useful for fabricating prototype
devices for exploring applications in quantum com-
puting. Recently, peculiar transport properties have
been reported on heterostructure device of graphene
on top of α-RuCl3 [24, 25]. These reports revealed
potentially strong interfacial interaction between the
two dissimilar 2D materials. Detailed knowledge of
the surface of α-RuCl3 is needed for further under-
standing of the interface physics.

In this study, we utilize surface sensitive, non-
intrusive low energy electron microscopy (LEEM)
[26] and its complimentary in situmicro-spot surface
diffraction (µ-LEED) [27–29] techniques to investig-
ate the surface region of layered α-RuCl3. We report
the results of the first comprehensive LEED study
of α-RuCl3 and reveal the detailed crystal structure
of the surface monolayer of exfoliated α-RuCl3. The
in-plane symmetry of the surface monolayer was
first examined through diffraction pattern analysis.
Furthermore, the detailed surface crystal structure
was determined using dynamical LEED-IV analysis
[28–31]. We find a surface symmetry breaking due to
the unit-cell distortion of the crystal lattice, caused by
the presence of surface defects. The interplay between
lattice degree of freedom, vacancy defects and elec-
tronic spin and orbital is discussed.

2. LEEM andµ-LEED

α-RuCl3 is a layered-structure material which can
be exfoliated down to a single layer [22, 23]. Previ-
ous Raman studies on exfoliated α-RuCl3 reported
a symmetry-forbidden vibrational mode present in
polarized Raman measurements [22]. The forbidden
Raman mode is sensitive to both, temperature and
sample thickness and is more prominent when the
thickness is reduced. It was suspected that this Raman
mode originates from a small surface layer crystal
structure distortion [22]. In the present study, various
α-RuCl3 flakes were mechanically exfoliated onto an
n-doped Si chip with native oxide, using a previously
describedmethod [32, 33] and then transferred to the
low-energy electron microscope (LEEM) ultra-high
vacuum (UHV) chamber (base pressure, 2× 10−10

Torr), located at the Electron Spectro-Microscopy
(ESM) beamline of the National Synchrotron Light
Source II. The samples were then annealed at 573 K
for an hour to remove adsorbates from the surface.
Two types of samples were prepared and compared:
(i) flakes exfoliated in air and (ii) flakes exfoliated in
an inert Ar atmosphere in a glovebox and then trans-
ferred to the LEEM chamber without air exposure via
a vacuum suitcase. The substrats were pre-patterned
with fiducial gold marks, see figure 2 (a), the darker
‘L-shape’ feature, which allowed for easier location
and characterization of the flakes of interest. Samples
were first examined in real space using LEEM to find
particular flakes. A LEEM image of an exfoliated α-
RuCl3 flake is shown in figure 2(a). Within the field
of view, the brighter area is the exfoliated flake, the
darker bar-like features within the brighter area are
of different height compared to the rest of the flake,
the dark area outside of the flake is the SiO2 substrate.
The flake shown in figure 2(a) is about 10 to 20 nm
thick based on estimation by color contrast under an
optical microscope. Subsequently, the selected-area
LEED (µ-LEED) was conducted with 2 µm sampling
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Figure 1. Crystal structure of α-RuCl3, assuming P3112 symmetry: (a) Top-view of single Cl-Ru-Cl sandwich layer, (b) Side-view
of the bulk crystal unit cell, indicated by dashed line.

size to examine the surface crystallinity and in-plane
symmetry. Due to the use of low-energy electrons in
the µ-LEED experiments, we were able to examine
only the surface monolayer of RuCl3 and exclude the
effects caused by layer stacking faults. The electron-
mean-free-path is about 5–10 Å for the probing elec-
trons of 35 to 150 eV. All LEEM and µ-LEED exper-
iments were carried out in UHV at room temperat-
ure (RT). Figures 2(b) and (c) shows sharp diffraction
patterns acquired at two different energies on the cen-
ter area of the flake. The first important observation

derived from diffraction patterns is their 3-fold sym-
metry which indicates the surface monolayer of α-
RuCl3 has an in-plane 3-fold rotational symmetry,
at room temperature, as more clearly shown in fig-
ure 2(c), instead of 2-fold symmetry that Johnson
et al proposed [9]. Both types of samples, exfoliated
in air and exfoliated in the glovebox, show the same
LEED pattern and same dynamical intensity response
across the whole energy range probed. The diffrac-
tion beams are assigned to different groups (00), A,
B and C, based on their intensity profile. Then they
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Figure 2. (a) LEEM (mirror mode) image of an exfoliated (~ 10 to 20 nm thick) α-RuCl3 flake, field of view (FOV) is 100 µm;
LEED pattern with incoming electron energy E ≈ 50 eV (b), 61 eV (c), respectively.

are assigned Miller indices by comparing to diffrac-
tion pattern acquired on a well known Si(111)-7× 7
reconstructed surface [34, 35], under the same exper-
imental settings. It was found that the C diffraction
beams are first order diffraction beams, i.e. (01) or
(10) beams, A and B are the second order beams,
i.e. (11̄) and (1̄2̄), respectively. The intensities of C
beams aremuchweaker (less than 10%), compared to
the other beams. These weak diffraction spots, can be
easily missed by conventional LEED [36]. This result
is striking when looking more closely into the sym-
metry of the crystal lattice of single Cl-Ru-Cl sand-
wich layer. Based on the 3-fold symmetrical diffrac-
tion pattern observed and previous bulk diffraction
results, undistorted single layer RuCl3 should have
an R3 symmetry, with an inversion symmetry point
at the center of ruthenium atom honeycomb lat-
tice. For structures with an R3 symmetry, only dif-
fraction beams satisfying the following condition can
be present: h+ k= 3 · n, where h and k are Miller
indices and n is any integer. This means (01) and
(10) diffraction spots should be absent, assuming per-
fect R3 symmetry. The same diffraction extinction
rule was shown recently in a similar material in the
transition-metal trihallides family, VI3 [37]. How-
ever, our µ-LEED results are in direct contradiction
to this expectation. The symmetry forbidden (10) and
(01) diffraction spots are distinctively present in our
observed LEED pattern, as shown in figure 2(b). The
(01) and (10) spots are only visible when probed with
electron beam energy within a small range around E
≈ 50 eV. This can be understood since the probing
electrons are the most sensitive to the surface struc-
ture at around 50 eV, based on the electron-mean-
free-path universal curve [38]. The presence of (01)
and (10) spots on the LEED pattern strongly indicates
a symmetry breaking. Selected-area x-ray photoelec-
tron spectroscopy (XPS) performed on flakes exfo-
liated in air confirmed a presence of oxygen in the
surface layer, likely from adsorbed hydroxyls, while
oxygen was not detected in the flakes exfoliated in a
glovebox. However, exact same diffraction patterns

were observed on all exfoliated RuCl3 flakes, whether
the exfoliation was performed in air, or in a glove-
box, at temperatures ranging from RT up to 450 ◦C.
Therefore we conclude that the observed symmetry
breaking in the LEED pattern is not of ex-situ origin
such as contamination of surface from air exposure.
We believe the symmetry breaking is of intrinsic ori-
gin. Moreover, fractional order diffraction spots were
not observed in any of the samples measured, thus we
do not believe that surface reconstruction exists that
would introduce a larger surface supercell. Instead,
the observed symmetry breaking is likely caused by
a slight lattice distortion in the surface monolayer of
RuCl3.

3. Dynamicalµ-LEED-IV analysis

Dynamical LEED-IV analysis is a well established
technique for surface crystal structure determina-
tion with sub-Å ngstrom precision [28–31]. Experi-
mentally, diffraction patterns are acquired for a series
of different incident electron energies, usually lower
than 500 eV. The intensities of each one of the diffrac-
ted beams are extracted and plotted against the cor-
responding incoming electron energy. These curves
are known as LEED-IV curves, as shown in fig-
ure 3. An initial atomic structural model is pro-
posed based on observed LEED pattern and known
bulk crystal structure. The model’s atomic coordin-
ates are input as parameters and multiple scatter-
ing theory with muffin-tin atomic potential model
are used to calculate the LEED-IV curves [28, 29].
Calculated IV curves are compared to experimental
curves. Through an iterative routine, atomic posi-
tion coordinates are changed and optimized in order
to achieve the best agreement with experiments. In
the present study, we used calculation codes LEEDopt
from Adams [27], which were developed from the
programs of Pendry [28] and Van Hove and Tong
[29]. A χ2-based reliability factor R2 is used to
quantify the difference between calculated and exper-
imental IV curves [27]. The utilization of the R2
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Table 1. Optimized crystal structure of surface monolayer α-RuCl3. ‘–’ in∆means the atom is moving closer to the surface.

zCl1 (Å) zCl2 (Å) zCl3 (Å) zRu1 (Å) zRu2 (Å) zCl4 (Å) zCl5 (Å) zCl6 (Å) R-factor

Start Value (bulk structure) 0.000 0.000 0.000 1.328 1.328 2.657 2.657 2.657 0.23
Optimized –0.106 0.062 –0.100 1.154 1.465 2.531 2.521 2.504 0.11
(∆) (–0.106) (+0.062) (–0.100) (–0.174) (+0.137) (–0.126) (–0.136) (–0.153) 0.11

Figure 3. Comparison of calculated LEED-IV curves with optimized surface structural paratmeters (red) with experimental
curves (black): (a) (00) beam; (b) (11̄) beam; (c) (1̄2̄) beam; (d) (01)/(10) beam. For comparison, the blue dashed lines in (a)–(d)
are calculated LEED-IV curves assuming undistorted R3 symmetry, before structural optimization was performed.
(e) Undistorted crystal structure of monolayer RuCl3; (f) Optimized surface monolayer RuCl3 crystal structure.

factor allows for the relative intensities of the dif-
fraction beams to be preserved during the optimiz-
ation, which enhances the reliability of the surface
structure determination. The phase shifts (a quant-
ity describing the atomic scattering property [29])
were calculated using the Barbieri/Van Hove phase
shift calculation package [39]. The muffin-tin radii
for Ruthenium and Chlorine atoms were set to rClMT
= 1.878 a.u. and rRuMT = 2.640 a.u., respectively and

12 phase shifts (L = 11) were used for the LEED-IV
calculation. The in-plane lattice constants were set to
a = b = 5.963 Å, the thickness of the Cl-Ru-Cl sand-
wich layer tow= 2.657 Å, and the interlayer distance
to d = 3.021 Å for the bulk, as indicated in figure 1
[17]. The Debye temperature for Cl and Ru were set
to θClD = 205 K and θRuD = 209 K, respectively. The
inner potential, V0+ iVim, was set to be independent
of energy. The real part V0 was initially set to 8 eV
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Figure 4. Top view (upper) and side view (lower) of 2× 2 supercell of one PL α-RuCl3. The dotted circle in the top view shows the
Cl vacancy. In the side view, the magnitudes of the largest displacements along the z direction of each atomic layer are shown in
units of Å.

and adjusted through∆V0 during the fitting process
while the imaginary part Vim was fixed at 6 eV. The
experimental LEED-IV input consists of (00), A and
B beams, with incoming electron energy range from
35 to 150 eV. The intensities of C beams are less than
10% of the other beams thus are only used for qualit-
ative comparison rather than input in the fitting pro-
cess, as shown in figure 3(d).

Before conducting the automated parameter
optimization, different layer stacking sequence pro-
posed by Banerjee et al [17] and Johnson et al [9],
were first examined. As expected, different layer
stacking sequence has minimum influence on the
IV-curves in the probed electron energy range, due
to limited electron mean free path. The in-plane dis-
tortion was also examined by introducing a reason-
able atomic displacements (0.2 Å). It turns out that
the calculated IV curves are also not sensitive to the
in-plane displacements that do not give rise to signi-
ficant intensities in (01) or (10) beam. Furthermore,
the in-plane rotational symmetry appears to be intact
since the observed diffraction pattern has a clearly
3-fold rotational symmetry. Based on the above cal-
culations and experimental observations, each atom’s
z coordinates in the unit cell of surface monolayer are
allowed for relaxation and the in-plane coordinates
are fixed at their bulk values, in the iterative fitting
process. The first interlayer distance d is also adjusted.

Best-fit structural parameter values are listed
in table 1. The calculated LEED-IV curves using
optimized structural parameters match well with the
experimental curves, as shown in figures 3(a)–(c).

However, the dynamical response of (00) beam
intensity around 50 eV is not completely captured by
theory, due to the energy-independent atomic poten-
tial used in the theoretical approximation, which tend
to be problematic at lower energies [28–30]. Never-
theless, the evidence of symmetry breaking is best
shown in figure 3(d). The calculated (01) and (10)
beams intensities are zero across the whole energy
range (blue dashed line in figure 3(d)), when assum-
ing an un-distorted P3112 structure. On the other
hand, the calculated IV curve with optimized distor-
ted coordinates matched well with the experimental
curve, in which two main peaks around 40 eV and
55 eV are distinctively present. The optimized results
show a strong buckling within the surface monolayer
RuCl3. As shown in figure 3(f), the first Cl atomic
layer has a buckling, Btop, with two Cl atoms (Cl1,
Cl2) almost at the same plane and third Cl atom
(Cl3) approximately 0.16 Å below. The middle Ru
atomic layer has a larger buckling, BRu = 0.31 Å. The
bottom Cl atomic layer remains almost flat with a
much smaller buckling Bbottom of less than 0.03 Å.
The total thickness of the surface monolayer is w′ =
2.637 Å, which is almost unchanged from the un-
buckled structure. The determined large buckling in
the first Cl atomic layer agreed well with a recent
scanning tunneling microscopy (STM) study, where
a charge density redistribution with a R3 super-lattice
of the top Cl sub-latice was observed [40]. A unit-
cell scale lattice distortion which breaks the inversion
symmetry should be considered when constructing
the crystal field term in the Hamiltonians for truly 2D
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RuCl3. Furthermore, the buckling in the Ru atomic
layer induced an extra anisotropy in the two Ru-Ru
bond lengths within the unit cell, which is expected to
impact the anisotropic Kitaev spin-spin interaction.

4. Origin of the surface monolayer lattice
distortion

In order to reveal the nature of buckling, we have
carried out first-principles calculations in the frame-
work of density functional theory (DFT) with the
projector augmented wave pseudopotential [41, 42]
implemented in the Vienna ab initio simulation pack-
age [43, 44]. The generalized gradient approximation
(GGA) in Perdew, Burke and Ernzerhof [45] was used
as the exchange-correlation energy and plus Hub-
bard U method [46] with U = 2.5 eV, J = 0.6 eV is
also applied on Ru(4d) orbitals. The wave functions
were expanded in plane waves with an energy cutoff
of 600 eV throughout the calculations. The k points
were sampled on a Γ-centered 11× 11 mesh in the
2D Brillouin zone of a 1× 1 2D-unit cell containing
two Ru atoms and six Cl atoms. Noncollinear mag-
netic calculations with SOC were included for struc-
ture optimizing until the force on each atom was less
than 1 meV/Å. Lattice constants obtained by experi-
ments were used in our calculations.

Considering the weak interlayer van der Waals
interaction in α-RuCl3, we conducted first-principles
calculations on one principal layer (PL), which can
give us essential understanding on morphology, elec-
tronic and magnetic structures of the surface mono-
layer. According to the structure optimizing on a 1×
1 2D-lattice containing two Ru atoms, one PL RuCl3
has the symmetry of space group P3̄1 m with point
group D3d. We initially conjectured the electronic
origin of the buckling, similar to the Jahn-Teller dis-
tortion [47, 48], but the first-principles calculation
results do not show any buckling with this consider-
ation. The spin magnetic moment on each Ru atom
is almost zero while the orbital moment is 0.44 µB.
This is the same as the valence electron configuration
applied in similar magnetic material system Na2IrO3
[49].

To investigate the distortion along z direction, we
further expanded the unit cell into a 2× 2 supercell
containing eight Ru atoms. Although no distortion
happens in defect-free calculation, the displacements
the Cl atoms are significant when one Cl vacancy is
introduced on the top layer of the supercell, as shown
in figure 4(a). The largest displacements along the z
direction in the upper and lower layers of Cl and that
in the Ru layer are 0.13 Å, 0.22 Å and 0.15 Å, respect-
ively. The buckling of the Cl atoms is consistent with
the experimental results of the dynamical LEED-IV
analysis. The calculation underestimates the value of
Ru buckling, which is possibly due to absence of con-
sideration of elevated temperature effects. An import-
ant insight gained from this calculation is that Cl

atomic defects do have a significant impact on the sta-
bility of the lattice and can induce bucklings on both
Cl and Ru atoms with the same order ofmagnitude. A
combined surface effects due to defects, surface sym-
metry reduction and interplay between lattice degree
of freedom and spin-orbital coupling might be the
actual origin of the observed surface intra-layer dis-
tortion. Further theoretical and experimental invest-
igations into the origin of the observed distortion are
warranted.

5. Conclusions

To summarize, we have deployed combined surface
sensitive LEEM and dynamical µ-LEED techniques
to study the crystal structure of the surface mono-
layer of α-RuCl3. We revealed a intra-layer lattice
distortion on the surface that breaks the inversion
symmetry of previously proposed un-distorted P3112
structure. Both Cl and Ru atoms present significant
buckling. The observed distortion is likely induced
by surface defects. Considering the spin-orbital coup-
ling effect and a potential emergence of a frustrated
quantum spin liquid state at low temperature in α-
RuCl3, as well as the observed surface intra-layer dis-
tortion presented in this paper, more exotic phys-
ics, such as superconductivity [50], may arise from
the interplay between lattice degree of freedom and
spin-orbital coupling. Furthermore, as a common
trait between 2D materials, interlayer interaction is
rather weak, similar distortion may also be present in
bulk.
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