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Herein, we reveal the temperature-dependent broadening of the Mott gap in layered a-RuCls, together
with a distinct transition in the range of 100-130 K, through surface morphology and electronic struc-
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ture characterizations using scanning tunneling microscopy and scanning tunneling spectroscopy,
respectively. Furthermore, layer-dependent measurements indicate an enhanced phase transition and
DOI: 10.1039/d6cp00368k Kitaev interactions with decreasing thickness. These results show that low-dimensional a-RuCls films

differ from their bulk state owing to their unique structural and electronic properties, providing an ideal

rsc.li/pccp

Introduction

Quantum spin liquids (QSLs) maintain long range quantum entan-
glement even at zero temperature due to quantum fluctuations.'™
Exploring these exotic quantum states could provide valuable
insights for advancing research on high temperature superconduc-
tors and topological quantum computation.”> However, fully
unveiling and systematically investigating the properties of QSLs
remain challenging. Theoretical studies suggest that the Kitaev
model, consisting of S = 1/2 spins on a honeycomb lattice, offers a
fully solvable description of the QSL ground state in 2D systems.®®
The anisotropic spin pair interactions along different bonds of the
honeycomb lattice compete with one another, resulting in strong
frustration and a spin liquid ground state.*’

Recently, d orbital materials have emerged as promising
candidates for realizing Kitaev QSLs due to their spatial aniso-
tropy and strong spin orbit coupling.>'®™'* However, experi-
ments have shown that these QSL candidate materials still
retain magnetic order at low temperatures, which hinders
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model platform for exploring Kitaev physics.

further exploration of the intrinsic properties of QSL
states.”*'® Hence, several approaches have been developed to
suppress magnetic order, such as the application of high
magnetic fields to quench antiferromagnetic order.”'”*° More-
over, in addition to applying high magnetic fields, reducing the
dimensionality of d orbital materials can also effectively facil-
itate QSL states, since the large fluctuation effects in low
dimensional materials are capable of breaking long range
order.?°2* Additionally, in 2D atomic crystals, magnetic frus-
tration can be substantially amplified, thereby leading to more
robust QSL states.”® Therefore, investigating the physical prop-
erties of QSL candidate materials in the low dimensional state
represents a promising avenue for deepening our understand-
ing of the Kitaev QSL mechanism.

a-RuCl; has emerged as a compelling candidate for realizing
the Kitaev QSL due to its prominent spin orbit coupling (SOC)
effect and electronic correlations arising from the crystal
field.">***° It is an insulating 4d transition-metal halide with
honeycomb structured layers composed of nearly ideal edge-
sharing octahedra,>*®® where magnetic moments arise from
the Ru®" (4d°) ions located at the centers of RuCl, octahedra.’
Intriguingly, its crystal structure resembles that of the 2D
magnet Crl;,>”*® in which individual atomic layers are stacked
together through interlayer van der Waals interactions. The
weak interlayer coupling enables the realization of few layer a-
RuCl; materials through mechanical exfoliation, making it an
ideal system for studies of the 2D Kitaev model.

The Kitaev QSL in o-RuCl; has been found to be stable under
interlayer coupling, indicating that the 2D a-RuCl; system may
host a topological QSL state.>® This has triggered a surge of
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research aimed at elucidating the properties of a-RuCl; in the
low dimensional regime in the past few years. The observed
deviations in magnetic scattering in 2D o-RuCl;, compared with
its bulk state, indicate a significant enhancement of frustrated
magnetic interactions in the 2D system.>*?® Moreover, as thin
a-RuCl; approaches the 2D limit, the anisotropy of the Kitaev
exchange constant increases, indicating the crucial role of crystal
structure in the approximate ground state of the QSL."” Addi-
tionally, electrical transport experiments revealed a gradual
increase in resistivity with decreasing temperature and a dis-
tinctive transition at around 180 K. Moreover, the structural
transition temperature of thin layer a-RuCl; is higher than that
of its bulk counterpart, which can be attributed to the emergence
of fractional excitations driven by Kitaev interactions.*! A recent
study of the atomic surface structure and electronic orbital
occupancy of monolayer o-RuCl; grown on highly oriented
pyrolytic graphite (HOPG) confirmed its Mott insulating nature,
with a band gap of approximately 0.6 eV,** and an unconven-
tional Mott transition was observed in few layer a-RuCl;.** The
latest theoretical results suggest that Majorana zero energy
modes (MZMs) in QSLs can be probed through their tunneling
conductivity using scanning tunneling spectroscopy (STS).**
Furthermore, interesting low energy excitations have been
observed in monolayer o-RuCl; tunneling experiments, showing
that single layer a-RuCl; has stronger Kitaev interactions than its
bulk counterpart.®

However, despite these advances, a systematic understand-
ing of how the atomic structure and local electronic states
evolve with thickness, particularly in relation to temperature-
driven phase transitions, remains lacking. In particular, direct
experimental evidence at the atomic scale linking thickness-
dependent structural variation to changes in phase transition
temperature has not been established.

To gain deeper insights into 2D QSL properties and the
correlation between crystal and electronic structures, we con-
ducted a systematic investigation using temperature-dependent
scanning tunneling microscopy (STM) and STS measurements
of o-RuCl; with different thickness. In addition, density func-
tional theory (DFT) calculations were conducted, primarily
focusing on geometrical optimization and structural model-
ling, to assist in the interpretation of the STM/STS results,
particularly for atomic-scale configuration identification. The
results unveiled a bulk like honeycomb structure and band gap
~ 0.2 eV of the surface layer at 180 K. Differing from the linear
temperature dependence of bandgap, thin layered o-RuCl;
show abrupt transition at 100-130 K when the thickness is
equal or less 70 nm and accompanying with noticeable degree
of configuration distortion.

Experimental

The o-RuCl; crystals were grown with chemical vapor transport
reaction.®® The layered o-RuCl; was prepared by mechanical
exfoliation from a bulk «-RuCl; and directly transferred to a
STM sample holder in a glove box (MIKROUNA, Ar
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atmosphere). The thickness of the a-RuCl; flakes was measured
by atomic force microscopy (AFM, Park NX10) in non-contact
mode, through the step height differences between the flake
and the substrate. The vertical resolution is approximately
0.1 nm, corresponding to an atomic step precision. Then, the
sample holder was quickly loaded into STM chamber (RHK
PanScan Freedom) to avoid excess air contamination and
followed by an annealing treatment (~150 °C, 1-2 h.) under
pressure of 1 x 107 '° Torr. The STM topographies were
acquired with a mechanically sheared Pt/Ir alloy tip and cali-
brated by topographic scanning and d/dV measurements on an
epigraphene film grown on 4H-SiC(0001) surface with a stan-
dard lock-in technique.’” The STS measurements were con-
ducted at temperature ranging from 7 = 80-180 K. To ensure
reproducibility, STM/STS measurements were repeated by
approximately fifteen independently prepared flakes and multi-
ple surface regions, yielding consistent results.

DFT calculations were conducted using the Vienna ab initio
simulation package (VASP). The exchange-correlation energy
was calculated using the Perdew-Burke-Ernzerhof functional,®
combined with the DFT-D3 dispersion correction.*® The plane
wave basis set was used with the projector augmented-wave
method to describe the wave function.*® The energy cutoff for
the plane-wave basis set was set to 400 eV, achieving energy
convergence of 1 meV per atom. The few-layer RuCl; was
simulated with a 2-layer model and /3 x v/3 R30° supercell,
which contains 12 Ru atoms and 36 Cl atoms. Lattice parameters
a and b were optimized to 10.23 A. All atoms were fully relaxed
until the residual force was less than 0.01 eV A~* for each atom.
Vacuum space of 25 A was added on the out-of-plane direction to
avoid periodic interaction. The core-level shift with final-state
approximation was introduced to get the correct Fermi level. An
electron was removed from the 1s state of each Ru atom and
added to the valence orbital. The STM simulation was conducted
under the Tersoff-Hamann approximation.

Results and discussion
Surface topography of the bulk a-RuCl; crystal at 180 K

The crystal structure of bulk a-RuCl; is shown in Fig. 1(a). Edge
sharing RuCls octahedra form a honeycomb lattice in the ab
plane, and the Ru-Cl layers are stacked along the c direction to
form a P3112 structure.”®*® The CI-Ru-Cl angles are all within
1° of 90°, and the variation in Ru-Cl bond lengths is within
0.3%, forming a nearly perfect octahedral structure.?* As shown
in Fig. 1(b) and (c), the surface structure of bulk a-RuCl; was
imaged by STM at 180 K, revealing a six-membered ring lattice,
which is further verified by the 2D fast Fourier transform of the
STM image shown in the inset of Fig. 1(c).

By comparison with theoretically simulated STM images
based on DFT calculations, which mainly focus on geometrical
modeling, the bright rings can be attributed to six Ru atoms
(blue spheres in Fig. 1(d)), while the dark regions correspond to
Cl atoms (green spheres in Fig. 1(d)). This is consistent with the
projected density of states (PDOS) extracted from the dI/dv
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Fig. 1 (a) Schematic depiction of the crystal structure of a-RuClz showing
edge-sharing RuClg octahedra. (b) Constant-current STM topography
image of the RuClz surface. Setpoint: Vsampie = —1.12 V, lsetpoint = 150 pA.
(c) is a closeup view of figure. (b). The purple rhombus in (c) schematically
denotes the effective unit cell. Inset: 2D fast Fourier transform of the
topography image. (d) Theoretically simulated STM images at Viampie =
—1.12 V. Blue sphere: Ru atoms; green sphere: Cl atoms.

Min

measurements (SI, Fig. S1), indicating that the bright spots in
the STM image correspond to Ru atoms, since Ru atoms have a
higher charge density than Cl atoms. Moreover, the STM image
also shows a Kekulé bond order with broken symmetry, similar
to that observed in graphene.*"**> The hexagonal honeycomb
structure exhibits an enhanced local wave function, as shown in
Fig. 1(c) and SI, Fig. S2. This symmetry breaking may facilitate
interaction induced phase transitions in the topologically trivial
phase,*® further explaining the influence of crystal structure on
the subsequent temperature dependent phase transitions
observed in few layer a-RuCl;.

The local density state of bulk a-RuCl; at 180 K

The local density of states (LDOS) of the a-RuCl; surface was
investigated by STS. The spectrum shows an asymmetric dI/dV
particle hole curve with two clearly resolved peaks centered at
approximately 0.5 eV and —0.8 eV (Fig. 2(a), red arrows). The
appearance of the —0.8 eV peak is consistent with reported
angle resolved photoemission spectroscopy (ARPES) results, in
which a quasi-flat band located 0.7 eV below the Fermi level was
attributed to localized Ru 4d states.** As shown Fig. 2(a), a
strong suppression of the LDOS is observed between +0.1 eV
and —0.1 eV. This indicates the presence of a charge excitation
gap around the Fermi level, which is a typical feature of a Mott
insulator.'®**%® The SOC effect of a-RuCl; is weaker than that
of iridium oxide, but the electron correlation of its 4d orbitals
leads to energy band splitting, which further manifests Mott
insulator behavior (inset in Fig. 2(a)).*” Using the band gap
fitting method in STM/STS studies,***’ a gap of 0.2 eV is
established for bulk o-RuCl; (inset in Fig. 2(b)). This value is
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Fig. 2 (a) STS spectra of RuCls surface measured at 180 K. Inset: Sche-

matic image of Mott insulator, the electronic states split into a lower and
upper Hubbard band separated by the Mott gap. (b) Zoom into the onset
region of conduction and valence bands. Setpoint: Vegmpe = 1.0 V,
Isetpoint =100 pA.

slightly different from the value of 0.3 eV obtained from X-ray
absorption measurements.>>>° The deviation may be caused by
differences in the thickness and temperature of the o-RuCl;
samples used in the two measurements. More details will be
discussed in the following paragraphs.

Temperature dependence of electronic properties of bulk sample

Early transport measurements on «-RuCl;, such as tempera-
ture-dependent resistance measurements, show an increase in
resistance with decreasing temperature. The transition tem-
perature is 150-180 K, which is close to the expected structural
transition temperature (from P3112 to C2/m) and it is related to
Kitaev interaction.?®>>>> It has been proposed that electron-
electron correlations are enhanced due to changes in the crystal
structure and affect the electron transition probability,>® conse-
quently resulting in the temperature dependence of conductivity
and a change in slope.*" To directly investigate the temperature
dependence of electron-electron interactions, we measured the
electronic properties of bulk o-RuCl; by variable-temperature
STS. To obtain the stable Mott bandgap, the STS experiments
were carried out on different tunneling junctions to ensure a
constant tunneling gap at each targeting temperature within a
rather broad bias range (the detail data are shown in SI, Fig. S3).
As shown in Fig. 3(a), the STS results reveal that a-RuCl; exhibits
gaps at all temperatures between 80 and 180 K. To clarify the
correlation between the band gap and temperature, the results
are presented in Fig. 3(b). The gap clearly decreases with
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Fig. 3 Temperature-dependent tunneling spectra and bandgap fits of
bulk sample. (a) The evolution of the STS spectra measured at tempera-
tures from 80 to 180 K. Setpoint: lsetpoine = 150 pA. (b) Temperature
dependence of the energy gap determined by the STS spectra.
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increasing temperature from 80 to 180 K. Again, this result
agrees almost perfectly with the conclusion from traditional
transport measurements, as expected for Mott insulators,>!>*3°

The results further indicate that the interactions between
electrons are not solely attributed to changes in the crystal
structure, but also to the broadening of the band gap as the
temperature decreases, consequently lowering the probability
of electron transition. However, no discernible transition point
was observed in the band gap temperature dependence experi-
ment conducted on the bulk samples, which instead showed a
monotonic linear change. Furthermore, no explicit atomic
rearrangements were observed in the surface structure investi-
gation within the temperature range of 80-180 K (see SI,
Fig. S4).

Thickness dependent electronic properties of a-RuCl;

To further explore the electronic properties of 2D QSL materi-
als, thickness dependent measurements were conducted,
including both STM and STS based temperature dependent
band gap investigations. The thicknesses of the mechanically
exfoliated a-RuCl; flakes ranged from 2 to 200 nm. The results
reveal that a bandgap transition (the slope of bandgap-tem-
perature curve changes significantly) occurs at temperatures
between 100 and 130 K when the thickness is reduced to 70 nm
and thinner (Fig. 4(a), SI, Fig. S5 and S6). In line with the
established relationship among structure, magnetism, and
measured electrical properties, this transition coincides with
the emergence of fractionalized excitations in nanoscale flakes
due to Kitaev interactions.>' Furthermore, as the thickness
decreases, the transition temperature increases (Fig. 4(b)),
which may be attributed to stacking faults introduced during
the mechanical exfoliation process.

Defects or changes in crystal structure caused by mechanical
exfoliation during sample preparation®®>® can result in mag-
netic behaviors distinct from those of bulk materials.>*™®" Sur-
face morphology measurements were conducted on samples
with different thicknesses, revealing noticeable lattice distor-
tion as the thickness decreases (SI, Fig. S7), reminiscent of the
effect previously reported in exfoliated graphene.®® Therefore,
by using STM, we directly observed the co-occurrence of struc-
tural distortions and enhanced phase transitions in a-RuCl; in
the low dimensional regime. Together with the current
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Fig. 4 Temperature versus sample thickness diagram of «-RuCls. (a)
Temperature dependence of bandgap as a function of thickness. (b)
Thickness dependence of the transition temperature.
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understanding of dimensionality dependent magnetic
interactions® and emerging new physical properties,®® these
findings provide insights into the significant correlations
among structure, charge, and magnetism in strongly correlated
spin systems in low dimensions.

Meanwhile, this result also explains the Raman Spectra
observed in the thin o-RuCl;, which exhibits distinctively
different characteristics from bulk samples, such as pro-
nounced symmetric forbidden modes and Fano-shaped modes
at lower energy levels.®* This is attributed to the occurrence of
structural distortion in materials at low dimensions. Notably,
even in a monolayer, the Mott J.¢ = 1/2 state is still maintained,
consistent with the measured scanning tunneling spectroscopy
(STS) at a thickness of 2 nm, where it still maintains a Mott
bandgap Eg,, & 0.6 eV in 80 K (SI, Fig. S5).

Conclusion

In summary, we conducted a thorough and direct investigation
of the surface structure and electronic states of a-RuCl; with
various thicknesses at different temperatures through STM and
STS measurements. As a potential QSL candidate material, o-
RuCl; demonstrates dimension dependent phase transitions as
a function of temperature. Theoretical and experimental obser-
vation coincides and verifies that atoms on the surface of bulk
a-RuCl; form an ordered honeycomb structure on the surface
and 0.2 eV bandgap at 180 K. An electronic structure transition
appears at thickness of 70 nm to 2 nm which is the thinnest
sample realized in this work. This suggests that the Kitaev
interactions are stronger in thin ¢-RuCl; films than in the bulk
state. The surface morphology measurements reveal a certain
degree of structural distortion as the thickness decreases. This
observation is in line with previous predictions of stacking
faults occurring due to the mechanical exfoliation process in
low dimensions. These results demonstrate the role of dimen-
sionality in the structural and electronic properties, providing
more comprehensive insights into the exploration of Kitaev
interactions in the 2D limit.
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