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Abstract
Employing density functional theory-based methods, the structural, vibrational, electronic, and
magnetic properties of monolayer α-RuCl3 were investigated. It was demonstrated that ferromagnetic (FM) and zigzag-antiferromagnetic (ZZ-AFM) spin orders in the material have very close total
energies with the latter being the ground state. We found that each Ru atom possesses 0.9 µB
magnetic moment and the material exhibits strong magnetic anisotropy. While both phases have
indirect gap, FM phase is a magnetic semiconductor, ZZ-AFM phase is a non-magnetic semiconductor. The structural stability of the material was confirmed by phonon calculations. Moreover,
dynamical analysis revealed that magnetic order in the material can be monitored via Raman measurement of the crystal structure. In addition, the magnetic ground state of the material changes
from ZZ-AFM to FM upon certain applied strains. Valence and conduction band-edges of the
material vary considerably under in-plane strains. Owing to the stable lattice structure, unique
and controllable magnetic properties, the monolayer α-RuCl3 is a promising material in nanoscale
device applications.
PACS numbers: 75.70.Ak, 75.50.Pp, 75.25.-j, 75.30.Gw, 31.15.A-
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Nanoscale magnetic materials and their tunable characteristics are important for the design of nanosized controllable magnets that can be utilized for spintronic applications. A
large family of two-dimensional (2D) materials are essential for fundamental studies of magnetism at the 2D limit. As triggered by extraordinary properties observed in graphene,1–4
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other 2D materials such as hexagonal-BN (h-BN),5 silicene,6,7 germanene,8 transition metal
dichalcogenides (TMDs),9–11 and phosphorene12 have revealed their potential for technological applications in nanoelectronics, optoelectronics, photonics, and spintronics. Among
these ultra-thin materials, the most studied one is graphene due to its weak spin-orbit interaction and long spin relaxation lengths.13 Although pristine graphene is nonmagnetic,
nanoribbons and patches of graphene exhibit magnetic properties.14–18 It was also found
that MoS2 nanosheets with high density of prismatic edges show weak magnetism.19 These
nanosheets exhibit 2.5 % magnetoresistance effect with a Curie temperature of 685 K. It was
predicted that monolayer forms of pristine VS2 and VSe2 exhibit magnetic behavior.20 Magnetic moment and strength of magnetic coupling strongly depend on applied strain in these
materials. In previous studies, several groups have shown that the magnetism in the ultrathin materials can be induced and engineered by applied strain,21–23 doping by adatoms,24
and by introducing vacancy defects.25,26
As a new member of layered materials, α-RuCl3 , has attracted considerable attention in
recent years due to its unusual magnetic properties.27 α-RuCl3 has a layered structure consisting of planes of edge-sharing RuCl6 octahedra arranged in a slightly distorted honeycomb
lattice.28 The layers in the crystal structure are held together by weak van der Waals forces.29
Spectroscopic investigations revealed that α-RuCl3 is a Mott insulator.30 It was shown that
strong electron correlations play an essential role in determining the exact ground state of
this material.31
In a recent study Kim et al. demonstrated that due to the electron correlations, Kitaev
interactions arise in 4d -orbitals of α-RuCl3 .32,33 It was found that the magnetic ground
state of α-RuCl3 is a zigzag-ordered phase. Majumder et al. showed that α-RuCl3 possesses
strong magnetic anisotropy and the successive magnetic order at low temperatures could be
completely suppressed by applying fields up to 14 T in the honeycomb plane, whereas the
magnetic order is robust when the field applied perpendicular to the crystal plane.34 It was
2
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FIG. 1. (Color online) (a) Top and side views of the geometric structure of monolayer α-RuCl3 .
Blue and yellow atoms show Ru and Cl, respectively. Ru-Ru distances are shown by d1 and d2 .
Top and side views of the spin density plot of (b) FM, (c) AFM, (d) ZZ-AFM, and (e) stripy
configurations (keeping the same isosurface value of 0.01 e/Å3 for each of the plots). Red and
green isosurfaces represent majority and minority spin densities.

found that g-factors of α-RuCl3 are strongly anisotropic.35 In an another study, signature of
a magnetic transition in magnetic susceptibility and specific heat data were observed.36 It
was found that there is zigzag type magnetic order in the honeycomb plane in this material.
However, stacking disorder along the direction perpendicular to the plane leads to quite low
ordering of magnetic moments. Recently, as a first case in halides, exfoliation of the α-RuCl3
into monolayers has been reported.37
Even though bulk form of α-RuCl3 was studied very extensively, very little is known
about its monolayer form. The aim of the present paper is to determine the structural,
electronic, and magnetic ground state of monolayer α-RuCl3 and to investigate the effect of
in-plane uniaxial strain on these properties.
The paper is organized as follows: Details of the computational methodology are given
in Sec. II. After determination of the magnetic ground state, structural, electronic and
magnetic properties of the material are investigated in Sec. III. Stability of the monolayer
α-RuCl3 is sought in Sec. IV. The effect of anisotropic strain on the characteristic properties
of the material are studied in Sec. V. Then we conclude our results in Sec. VI.
3

Journal of Materials Chemistry C Accepted Manuscript

b

Page 4 of 16

Journal of Materials Chemistry C

COMPUTATIONAL METHODOLOGY

View Article Online

DOI: 10.1039/C7TC05266A

All the calculations were performed by using the Vienna ab-initio Simulation Package
(VASP)38,39 based on the projector augmented wave (PAW)40,41 formalism of spin-polarized
density functional theory. For the exchange-correlation energy, generalized gradient approximation of the Perdew-Burke-Ernzerhof (GGA-PBE) functional was used.42 In addition to
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bare PBE, spin-orbit interactions were included in the electronic calculations. In order to
take into account strong correlations between d -orbitals of Ru atoms, DFT+U method described by Dudarev was used.43 In this method the on-site Coulomb parameter, U, and
exchange parameter, J, are combined into one parameter, which is Ueff = U − J. In accordance with the previous study, effective U parameter was chosen to be Ueff = 2 eV.44 It
is important to note that the ground state of the material strongly depend on
whether the effective U parameter is included in the geometric optimizations or
not. In our calculations, the effective U parameter was taken into consideration
not only in electronic calculations but also in structural relaxations.
A plane-wave basis set with kinetic energy cut-off of 400 eV was used. Γ-centered k-point
mesh was employed with grid sizes of 7×4×1 and 15×9×1 for the structural relaxation
and the density of states (DOS) calculation, respectively. Bader charge analysis was used
to obtain the charge transfer between the individual atoms in the crystal structure.45 The
criterion of convergence of energy was chosen as 10−5 eV between two ionic steps, and the
maximum force allowed on each atom was 10−4 eV/Å. To hinder interactions between the
adjacent cells, at least 14 Å vacuum spacing was used along the z-direction. DFT plus
the long-range dispersion correction (DFT+D2) method was used to calculate the nonlocal
correlation energies.46 0.05 eV Gaussian smearing factor was used and the pressures on the
unit cell were decreased to a value of less than 1.0 kB in all three directions.
The vibrational properties of all magnetic orders for monolayer α-RuCl3 were calculated
in terms of the off-resonant Raman activities of phonon modes at the Γ point. For this
purpose, the vibrational phonon modes at the Γ point were calculated using the finitedifference method as implemented in VASP. Each atom in the conventional cell was initially
distorted by 0.01 Å and the corresponding dynamical matrix was constructed. Then, the
vibrational modes were determined by a direct diagonalization of the dynamical matrix.
For these calculations 18×18×1 Γ centered k-point sampling was used. Once the accurate
4
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phonon mode frequencies were obtained at the Γ point, the change of macroscopic
dielectric
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TABLE I. Calculated conventional cell lattice parameters a and b, Ru-Ru distances d1 and d2 (they
are shown in Fig. 1 (a)), Bader charge transferred between Ru and Cl atoms ρ, absolute magnetic
moment per Ru atom µ (Bohr magneton), magnetic anisotropy energy per Ru atom (MAE), and
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the energy band gap Eg .
a

b

d1

d2

ρ

µ

MAE

Eg

(Å) (Å) (Å) (Å) (e) (µB ) (meV) (eV)

III.

ZZ-AFM 5.97 10.44 3.45 3.48 0.3 0.9

0.80 0.96

FM

0.95 0.69

6.00 10.38 3.46 3.46 0.3 0.9

ELECTRONIC AND MAGNETIC PROPERTIES

Determination of magnetic ground state of monolayer α-RuCl3 , in which each Ru atom
possess a 0.9 µB magnetic moment, is essential for a reliable approximation of the electronic band dispersion. Four different magnetic configurations are considered such as; ferromagnetic (FM), antiferromagnetic (AFM), zigzag-antiferromagnetic (ZZ-AFM) and stripy.
Spin-polarized charge densities of these magnetic configurations are shown in Fig. 1. The
conventional cell of monolayer α-RuCl3 comprises 4 Ru and 12 Cl atoms. Total energy
calculations reveal that while ZZ-AFM state is the ground state, FM, AFM and stripy configurations have 3, 55, and 19 meV per conventional cell higher energies than ZZ-AFM,
respectively. Since the total energy of the FM state is quite close to the ground state, we
only consider the ZZ-AFM and FM states in the rest of the paper.
The calculated lattice parameters and octahedron distances (d1 and d2 ) of ZZ-AFM and
FM configurations are given in Table I. It is obvious that the different magnetic orders
among the Ru atoms change the equilibrium lattice parameters. RuCl6 octahedrons of
the material have quite ordered honeycomb structure in the FM state, thus the octahedron
distances are the same and equal to 3.46 Å for FM. On the other hand, magnetic interactions
between Ru atoms of ZZ-AFM lead to dimer formation in the lattice. Ru atoms form dimers
by decreasing d1 to 3.45 Å and increasing d2 to 3.48 Å for ZZ-AFM. As seen in Fig. 1, each
5
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Ru atom interacts with six Cl atoms, half of them from the top Cl-layer and DOI:
the10.1039/C7TC05266A
other
half

state, whereas that of ZZ-AFM state vary from 2.37 to 2.39 Å. To investigate the bonding
character in monolayer α-RuCl3 Bader charge analysis was used. Our results show that Ru
and Cl atoms are covalently bonded. Such a bond is constructed by a charge transfer of ∼
0.3 e from Ru to Cl.
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It is found that each Ru atom in both configurations of α-RuCl3 has 0.9 µB net magnetic
moment. Magnetic anisotropy energy (MAE) of the both configurations are also calculated.
The MAE is the energy difference between the easy axis magnetization energy (Eeasy ) and
the hard axis magnetization energy (Ehard ),

MAE = Ehard − Eeasy .

The spin-orbit interaction is added to the calculations with the following hamiltonian,

HSO =

dV ~ ~
1
L.S,
2
2r(me c) dr

where r is the radial distance from atom nuclei, me is the electron mass, c is the speed of
~ and S
~ are the orbital momentum and spin
light, V is the potential around the nuclei, L
operators, respectively.
As seen from Fig. 1 the origin of magnetization is the electrons in d -orbital of Ru atoms
which is not spherically symmetric. Therefore, magnetic anisotropy is expected in this
material. Magnetic anisotropy defines the stability of the magnetization direction against
thermal excitations. A large magnetic anisotropy is crucial to preserve magnetic moments
from thermal fluctuations. Materials with a high magneto crystalline anisotropy are of
importance for data storage, magnetic sensors, and spintronic applications.
6
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FIG. 2. (Color online) The variations of MAE values are projected on the sphere for (a) ZZ-AFM
and (b) FM configurations.

Fig. 2 shows the variations of MAE projected on the sphere for ZZ-AFM and FM
configurations. The net magnetic moment of FM state is 4 µB per conventional cell. It
is found that the easy-axis for FM state is parallel to the plane of the material and in-plane
anisotropy is negligibly small. However, the easy axis direction of the ZZ-AFM state makes
a small angle with the plane of the material. Compared to the FM state, in-plane anisotropy
of MAE is observed in the ZZ-AFM state. Energy difference between easy axis and hard
axis of FM and ZZ-AFM states are 0.95 meV/Ru and 0.80 meV/Ru, respectively. Therefore,
it is worth to note that although ZZ-AFM state does not have a net magnetic moment, it
has comparable MAE value with the FM state. The calculated MAE value of α-RuCl3 is
larger than that of other 2D materials such as CrF3 , CrCl3 , CrBr3 , and CrI3 .47 Moreover, the
MAE of α-RuCl3 is comparable to Fe3 GeTe3 and FeCo alloys, which are known as materials
exhibiting giant magnetic anisotropy.48,49 We also calculated the Curie temperature of the
monolayer α-RuCl3 using the Heisenberg model in which the Hamiltonian can be written as
H = −J

X

m̂i m̂j

(1)

ij

where J is the Heisenberg exchange parameter and m̂ is the magnetic moment of each
site (µB ). Only the nearest neighbor exchange interaction is taken into account, thus, the
expression for the Heisenberg exchange parameter for our system is J = Eex /6m2 , where
7
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FIG. 3. (Color online) (a) Calculated band dispersions within GGA and GGA+SOC, and partial
density of states (PDOS) of ZZ-AFM state of single-layer α-RuCl3 . (b) Calculated band dispersion
within GGA, and partial density of states (PDOS) of FM state of single-layer α-RuCl3 . Spin-up
(↑) and spin-down (↓) bands are shown by blue and black lines, respectively. The Fermi energy
(EF ) level is set to the valence band maximum.

Eex is the exchange energy per unitcell. It is found that J = 0.62 meV. Using the mean field
approximation, which is kB Tc = 23 J, Curie temperature is found to be 10.8K.
Band dispersions of ZZ-AFM state based on GGA and GGA+SOC including U-Hubbard
term are shown in Fig. 2 (a). As seen in the figure, SOC makes negligible influence on the
electronic structure of the material. ZZ-AFM state is an indirect-gap semiconductor with
the calculated band gap of 0.96 eV. FM state is also an indirect-gap semiconductor, however
the spin-up and spin-down bands are spin-split in both valence and conduction bands (see
Fig. 2 (b)). The band gap is much larger in the spin-up states than that of spin-down
states. The band gap is 0.69 eV for the spin-up states whereas it is 2.20 eV for the spindown states. The trends between our results and previously predicted band diagrams are
in good agreement with each other.32,33 Since the bare-GGA generally underestimates the
band gap of semiconductors, some deviations are expected in the experimental band gap
of the material. While the conduction band minimum (CBM) of both configurations are
located at the Γ symmetry point, the valence band maximum (VBM) of ZZ-AFM and FM
states reside in the Y and S symmetry points, respectively. The dispersions near the VBM
are quite linear for both of the cases. This indicates a large effective mass for the holes in
8
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this material. It is seen that the valence band edge at the Γ point differs by
only View
8 meV
DOI: 10.1039/C7TC05266A

density of states (PDOS) are also calculated for both of the magnetic ordering states. It
is found that for both of the magnetic configurations, CBM is mostly dominated by d z 2 orbitals of Ru atom, whereas VBM is composed of d xy , d yz , d zx and d x2 −y2 -orbitals of Ru
atom and p-orbitals of Cl atom. Near the VBM, overlap of PDOS peak positions and shapes
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of d -orbitals of Ru atom and p-orbitals of Cl atom reveal strong coupling in between these
orbitals.

IV.

VIBRATIONAL PROPERTIES

For an accurate investigation of the dynamical stability of a material, analysis of the
phonon modes provides a reliable test. We calculate the phonon-band structures based
on the small-displacement method as implemented in the PHON code.50 As seen on the
left panel of Figs. 4(a) and (b), both the FM and ZZ-AFM states of monolayer α-RuCl3
are dynamically stable. There are 36 vibrational modes 3 of which are acoustical phonon
branches. Since the geometry of two magnetic phases are slightly different (the in-plane
isotropy is broken in the ZZ-AFM) phonon-band structures display differences in the peak
frequencies of some phonon modes. This can be detected with a Raman measurement.
As shown on the right panel of the Figs. 4(a) and (b), there are 5 prominent Raman
active phonon modes for both magnetic orders. Vibrational characteristic of the mode-I
demonstrates that, the Ru atoms are stationary. Since the magnetic interaction occurs
between the Ru atoms, the mode-I has approximately the same peak frequencies for both
cases (305.0 and 304.0 cm−1 for FM and ZZ-AFM, respectively). In the other 4 phonon
modes, in addition to the vibration of Cl atoms, Ru atoms also contribute to the vibration.
Therefore, the shift in peak frequencies of these phonon modes is greater. The frequencies of
phonon modes II and III are calculated to be 285.9 and 285.7 cm−1 in FM case, respectively.
Although, they have very close frequencies these modes are non-degenerate. In the case
of ZZ-AFM ordering, there is a splitting between modes II and III (the frequencies are
282.7 and 280.3 cm−1 for mode-II and III, respectively). In addition to the splitting of the
frequencies, there also occurs small phonon softening in the ZZ-AFM case. In fact, the larger
splitting occurs between phonon modes IV and V when the ZZ-AFM interaction exists in
9
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FIG. 4. (Color online) Phonon-band structure and corresponding Raman activities of monolayer
α-RuCl3 for; (a) FM and (b) ZZ-AFM configurations. Vibrational motion of individual atoms in
some prominent Raman active modes are also shown on the right panel.

the crystal. The frequency of phonon mode-IV is calculated to be 159.5 and 181.1 cm−1
in FM and ZZ-AFM cases, respectively. This large splitting of the frequency is a strong
indication of different magnetic interaction in the crystal. However, the phonon mode-V has
exactly the same frequencies (159.5 cm−1 ) in both cases. In addition, as seen in Fig. 4, the
Raman activities of phonon modes IV and V are higher in the FM case which can also be
a key for the indication of different magnetic interactions in the crystal. Therefore, it can
be pointed out that although, two magnetic cases have very close total energies (3 meV of
difference) their Raman spectra are considerable different.
10
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FIG. 5. (Color online) The variations of the total energy differences and ground state electronic
band dispersions of ZZ-AFM and FM phases as a function of in-plane strain along (a) zigzag (ǫzig )
and (b) armchair (ǫarm ) directions. Blue and red shaded regions delineate the FM and ZZ-AFM
regions, respectively.

V.

STRAIN APPLICATION

Formation or synthesis of monolayer crystals by removing adjacent layer not only leads to
dimensional crossover from 3D to 2D behavior of elementary excitons but also increases the
sensitivity of the crystal against strain. Soft materials such as RuCl3 may exhibit interesting
properties under external strain. Since it is an easy and effective method, strain is often used
to manipulate fundamental properties of ultra-thin materials.20,52–54 Hence, the strain effect
on the structural, magnetic, and electronic properties of monolayer α-RuCl3 are investigated
in this section.
Fig. 5 shows in-plane strain-dependent total energy differences of ZZ-AFM and FM
configurations with respect to the unstrained case. Using the rectangular conventional cells
shown in the Figs. 1 (b) and 1 (d) uniaxial strain is applied along the zigzag (ǫzig ) and
11
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armchair (ǫarm ) directions. The lattice parameters of the conventional cells for
compressive
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direction of applied strain and atomic positions are fully relaxed for each strained case.

As seen in Fig. 5 (a), the magnetic ground state of monolayer α-RuCl3 experiences a
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phase transition from ZZ-AFM to FM below 1% tensile strain along the zigzag direction.
While magnetic ground state of the material is still FM, energy differences between FM and
ZZ-AFM states increases with the increase of tensile strain. However, applying compressive
strain along the zigzag direction does not produce such a change in the magnetic ground state
of the material and energy differences between ZZ-AFM and FM states are almost unchanged
with the increase of compressive strain. Fig. 5 (b) clearly shows that opposite scenario occurs
when the uniaxial strain is applied along the armchair direction. The magnetic ground state
changes from ZZ-AFM to FM below 1% compressive strain. Therefore, it is obvious that
applying uniaxial strain is an easy and practical method to modulate magnetic ordering in
this material.

Since applied in-plane strain significantly modifies interatomic distances and distribution
of electrons, it can induce prominent variations in the electronic characteristics of the material as well. Hence, in this section, the modifications in the electronic structure of monolayer
α-RuCl3 caused by the in-plane strain are discussed. Lower panels of Figs. 5 (a) and 5 (b)
present evolution of the electronic band dispersions of ZZ-AFM and FM configurations under uniaxial strains, respectively. We find significant strain-induced changes in the VBM
and CBM. The ground state of the material is ZZ-AFM and it is a semiconductor with a
direct gap at the Y symmetry point when 3% compressive strain is applied along the zigzag
direction. With the increase of tensile strain up to 3% along the same direction, valence
band at the S point moves upwards in energy, and the FM phase exhibits an indirect gap (S
→ Γ) character. The material exhibits FM configuration with an indirect gap (S → between
the Y -Γ) when 3% compressive strain is applied along the armchair direction. The ground
state of the material is ZZ-AFM with an indirect band gap (Γ → Y ) under 3% tensile strain
along the armchair direction
12
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In summary, we performed first-principles calculations in order to investigate the structural, vibrational, electronic, and magnetic properties of monolayer α-RuCl3 and the effects
of in-plane strain on these properties. Magnetic ordering in the ground state of the material
is ZZ-AFM, with a FM phase present just 3 meV above the ground state. It was found that
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both magnetic configurations possess strong magnetic anisotropy. Our calculations revealed
that both ZZ-AFM and FM phases are indirect gap semiconductors. The calculated phonon
dispersion curves showed that both phases are dynamically stable. It was also predicted that
since the phonon modes of the two phases exhibit substantial differences, magnetic state of
the material can be monitored by a Raman measurement.
Moreover, our calculations revealed that magnetic ground state of the material can be
readily tuned by certain in-plane strains. The band gaps of ZZ-AFM and FM states remain
almost unchanged under in-plane strain, whereas significant modifications occur at the valence and conduction band edges. With its strain-dependent magnetic properties, monolayer
α-RuCl3 is promising material for future spintronic applications.
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