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Heterostructures of graphene in proximity to magnetic insulators open the possibility to investi-
gate exotic states emerging from the interplay of magnetism, strain and charge transfer between the
layers. Recent reports on the growth of self-integrated atomic wires of β-RuCl3 on graphite suggest
these materials as versatile candidates to investigate these effects. Here we present detailed first
principles calculations on the charge transfer and electronic structure of β-RuCl3/heterostructures
and provide a comparison with the work function analysis of the related honeycomb family members
α-RuX3 (X = Cl,Br,I). We find that proximity of the two layers leads to a hole-doped graphene and
electron-doped RuX3 in all cases, which is sensitively dependent on the distance between the two
layers. Furthermore, strain effects due to lattice mismatch control the magnetization which itself
has a strong effect on the charge transfer. Charge accumulation in β-RuCl3 strongly drops away
from the chain making such heterostructures suitable candidates for sharp interfacial junctions in
graphene-based devices.

Introduction.- Graphene-based van der Waals (vdW)
heterostructures reveal a variety of novel phenomena
emerging from a notable modification of the electronic
properties of their layer constituents due to proxim-
ity effects [1–10]. Some examples are heterostructures
of graphene with several dichalcogenides like MoS2,
WS2, and MoSe2 with highly enhanced properties like
ON/OFF current ratio in field effect transistors [3, 4],
photoresponsivity [5, 6], capacitance [7–9], or thermoelec-
tricity [10]. Such heterostructures are also desirable for
possible technological applications as supercapacitors [7],
photodetectors [11] and solid state lasers [12].

In recent years, heterostructures of graphene in prox-
imity to magnetic insulators have gained increasing at-
tention due to the possibility to investigate new states
resulting from the interplay between charge transfer,
strain and magnetism in the heterostructures. For in-
stance, Ref. [13] reported hole-doping in graphene when
placed in proximity to the magnetic insulators CrX3 (X
= Cl, Br, I), and found that the charge transfer from
graphene to CrX3 could be altered upon changing the
magnetic states of the nearest magnetic insulator layer.
Also, heterostructures of graphene with the Kitaev can-
didate material α-RuCl3 have been intensively investi-
gated [14–22]. These studies find a significant charge
transfer from graphene to α-RuCl3 , larger than in the
CrI3/gr (graphene) heterostructure, giving rise to a van
der Waals heterostructure that has higher conductivity
than graphene. This charge transfer modifies the elec-
tronic properties of both materials and is influenced by
the magnetism in α-RuCl3, as evidenced by the obser-
vation of anomalous quantum oscillations near the mag-
netic ordering temperature of α-RuCl3, that have been
interpreted within a Kitaev-Kondo lattice model [23].

Motivated by this versatility of phases in heterostruc-
tures of graphene in proximity to magnetic insulators and
in the search for systems where charge transfer could
be considerable enough to modify the electronic prop-
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FIG. 1. a) Crystal structure of the heterostructure β-
RuCl3/gr. β-RuCl3 forms chains along the a-direction. Cl,
Ru and C atoms are shown by dark red, light blue and grey
balls, respectively. The chain height ∆ is defined as the z co-
ordinate of the highest Cl atom, and the angle α is between
the Ru-Cl-Ru bond of the highest Cl atom. b) Cuts of 5× 5
and 6× 6 slabs of β-RuCl3/gr considered in this study, which
are commensurate with 7.8% (tensile) and -13% (compres-
sive) strains, respectively, as indicated by black arrows. c)
7 × 25 slab of β-RuCl3/gr emulating the experimentally re-
ported strained heterostructres [24].
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erties of both layers, we explore here the charge trans-
fer of heterostructures of graphene with RuBr3 [25] and
RuI3 [26, 27], which are isostructural honeycomb van
der Waals materials to the Kitaev candidate material α-
RuCl3 [28–33], and we present detailed calculations of
the heterostructure β-RuCl3/gr, where the chain-based
β-RuCl3 has recently been shown to grow as atomic-scale
wires on graphite [24].

We proceed by first calculating the work functions for
the various compounds within ab initio density functional
theory (DFT). Relative comparisons to the work function
of graphene provide an indication of the amount of ex-
pected charge transfer in the heterostructures. We then
perform detailed calculations for β-RuCl3/gr by consid-
ering various strained structures adapted to the lattice
mismatch between graphene and the magnetic insulator.
Our main observations are that proximity of the two lay-
ers leads to a hole-doped graphene and electron-doped
RuX3 in all cases, which is sensitively dependent on the
distance between the two layers. We further find that
strain effects due to lattice mismatch, in first order, con-
trol the magnetization which itself has a strong effect on
the charge transfer. Moreover, charge accumulation in
β-RuCl3 sharply drops away from the chain.

Methods.- In order to obtain the work functions of the
various systems and to calculate the charge transfer and
electronic properties of the heterostructure β-RuCl3/gr
we use the projector augmented wave method [34] as
implemented in the VASP simulation package [35] ver-
sion 6.3.0. As exchange-correlation functional within
DFT, we consider the generalized gradient approxima-
tion (GGA) [36] including the Coulomb corrections on
the Ru 4d orbitals using the GGA+U scheme [37]. Ad-
ditionally, van der Waals corrections are included via the
DFT+D2 method of Grimme [38]. For structural relax-
ations we consider a 6×6×1 k-mesh, while for electronic
property calculations we consider a 12 × 12 × 1 k-mesh
that provides accurate results.

For the work function estimates we keep the crystal
structures as provided by X-ray data [39] without further
relaxing them. The work function W is given by [40]

W = Evac − EF, (1)

where Evac is the vacuum energy and EF is the Fermi
energy. The Fermi level is placed at the middle of the
insulating gap. Note that for these calculations only
monolayers of the corresponding materials were consid-
ered since previous DFT studies showed that the work
function is primarily related to the surface properties [41].

The heterostructure β-RuCl3/gr is constructed from
the experimental crystal structure of β-RuCl3 [39] as
shown in Fig. 1 a) top panel. For the slab calculations
a void of dlayer = 20 Å is considered to ensure that the
heterostructure is electronically isolated from the neigh-
boring ones along the c-direction since the calculations
assume periodic boundary conditions. As the graphene

layer has higher stiffness than β-RuCl3, its structure is
fixed with dC−C = 1.420 Å and only β-RuCl3 is relaxed.
The charge transfer is obtained via Bader analysis [42] of
the optimized structure.
Results.- In Table I we present the calculated work

functions WDFT for the systems considered in this study.
For β-RuCl3 we also include the stress dependence of the
work functions. For graphene and α-RuCl3 our calcu-
lated values are in excellent agreement with theWexp val-
ues reported in earlier experimental works [43–45]. The

Materials WDFT[eV] Wexp[eV]

graphene 4.20 4.30 [43]
β-RuCl3 (-13%) 6.26 -

β-RuCl3 6.04 -
β-RuCl3 (7.8%) 5.97 -

α-RuCl3 6.01 6.10 [44, 45]
RuBr3 5.64 -
RuI3 5.23 -

TABLE I. Calculated work functions of graphene, and mono-
layers of RuX3 (X = Cl, Br, I) and β-RuCl3, under various
stress conditions for the latter along the chain direction (com-
pressive (-13%) and tensile (7.8%), compare with Fig. 1). The
calculated value for graphene agree with previous reported
results including spin-orbit coupling (SOC) and considering
HSE06 as exchange-correlation functional [46].

differences in work functions between graphene and the
various RuX3 monolayers already suggest that in all cases
a graphene hole-doping is to be expected in the RuX3/gr
heretostructures. The charge transfer is expected to in-
crease in going from RuI3 to RuCl3 Interestingly, while
the work functions for α- and β-RuCl3 are similar, the
effect of strain has an important impact on the resulting
work function of β-RuCl3 which increases under com-
pressive strain and decreases under tensile strain. This
effect is less remarkable in α-RuCl3 [16]. The above re-
sults suggest that β-RuCl3/gr under various conditions
of strain may be a promising candidate to achieve con-
siderable charge transfer, and therefore we concentrate
in what follows on analyzing its electronic properties.
In order to simulate a strained heterostructure one

needs to consider slabs that are commensurate with the
chosen strain. The smaller the strain values, the larger
the corresponding slabs that need to be considered. Bal-
ancing between numerical feasibility and complexity, we
start with 5×5 and 6×6 slabs which allow to describe β-
RuCl3/gr with β-RuCl3 under 7.8% (tensile) and -13.0%
(compressive) strain, respectively (see Fig. 1 b)). We
first obtain geometrically optimized slab structures of
β-RuCl3/gr (see SI for details) for these two extreme
strained cases, and we then consider slab structures that
are commensurate with the strain achieved in recent ex-
periments [24, 47] (compressive, (-1.8%)) (Fig. 1 c)). All
the reported values of strain are measured with respect
to bulk β-RuCl3 lattice parameters. Two different initial
magnetic configurations of Ru chains were also consid-
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ered for the relaxation of the slabs: ferromagnetic (FM)
and antiferromagnetic (AFM) (see Fig. S2 in SI). In
a second step we analyze the electronic properties and
charge transfer for the various slabs.

Starting with the 7.8% tensile configuration, the ini-
tial geometry of β-RuCl3 consists of a uniform Ru-Ru
chain, where the Ru atoms are centered above a C atom
and in-between two C atoms of graphene in an alternat-
ing fashion (Fig. 1 b)). After the structural relaxation
within GGA+U, U − J = Ueff = 3.0 eV and a FM con-
figuration of Ru, the final configuration switches from
FM to double-AFM (dAFM), with two-up and two-down
magnetic moments along the Ru chain (see Fig. S2 in
SI). This relaxed structure displays three different Ru-

Ru distances: d
(1)
Ru−Ru = 3.138 Å, d

(2)
Ru−Ru = 3.065 Å,

and d
(3)
Ru−Ru = 2.949 Å. The amount of dimerization of

the chain, given by the ratio of the longest to shortest
Ru-Ru bond-distance, is ≈ 6%. Note that this config-
uration shows a weaker chain dimerization than the re-
ported dimerized structure of bulk β-RuCl3 of ≈ 13% at
low temperatures [48]. The associated Ru-Cl-Ru angles
along the chain α (Fig. 1 a)) get modified as well, intro-
ducing a slight non-linearity in the Ru chains with the
angles lying between 0.3◦ − 0.7◦ compared to a perfectly
linear chain of Ru atoms. We also performed structural
relaxations starting with an AFM configutation and we
reached the same optimized structure and magnetic con-
figuration as described above, showing that the final re-
laxed geometry is not dependent on the initial magnetic
configuration.

Total energy calculations of the optimized structures
show that FM and dAFM configurations are energeti-
cally highly competing states. For further analysis of the
optimized structure, as shown below, we will consider
therefore, for simplicity, the optimized strained structure
with Ru in a FM configuration.

Fig. 2 a) displays the calculated electronic band struc-
ture and atom resolved density of states (DOS) within
GGA+U for the 7.8% strained β-RuCl3/gr heterostruc-
ture. Note that the 5× 5-graphene’s K point folds back
on itself [49]. We observe that the Dirac point shifts by
about 0.50 eV above the Fermi energy EF compared to
pure graphene, indicating hole doping (charge depletion)
in the graphene layer. This shift of the Dirac point is con-
sistent with a positive value of the calculated difference
in work functions (WRuCl3 −WGraphene ≈ 2 eV).

In contrast to the Mott insulating behavior of bulk
β-RuCl3 [24], the heterostructure β-RuCl3/gr undergoes
an insulator to metal transition due to the chemical shift.
The electronic weights at the Fermi level are mostly of
Ru d orbitals hybridizing with Cl and C p orbitals (see
DOS in Fig. 2 a)). The Ru flat bands pinned near the
Fermi level are a consequence of the tensile strain on β-
RuCl3 which drives the chain towards an atomic limit
with localized bands.

a)

b)

FIG. 2. Band structure and atom-resolved DOS of a) β-
RuCl3/gr under 7.8% tensile strain with FM ordered moments
on the Ru sites. The Dirac point of pristine graphene at the
K point is shifted ≈ 0.50 eV above the Fermi level. b) β-
RuCl3/gr under -13% compressive strain. The Dirac point of
graphene at the Γ point is shifted by ≈ 0.65 eV above the
Fermi surface. In both cases there is charge transfer from
graphene to the β-RuCl3 chain. The results were obtained
with GGA+U, with U − J = Ueff = 3.0 eV.

Using Bader analysis [42] we compute the charge trans-
fer per formula unit between β-RuCl3 and graphene. β-
RuCl3 is electron-doped with δρRuCl3 = 0.085 e/f.u. and
graphene hole-doped with δρC = −0.007 e/C. These val-
ues have been also confirmed for AFM and dAFM config-
urations of Ru, where we observed negligible differences
of less than 5% due to numerical approximations. We
also studied the dependence of the charge transfer on the
presence of Ru magnetic moments by performing non-
magnetic calculations and found a significant increase of
the charge transfer by ≈ 37%, compared to the magnetic
case. This result indicates a strong correlation between
magnetism and charge transfer in this system.

Next, we investigate β-RuCl3/gr under compressive
strain (Fig. 2 b)) by considering a 6 × 6 slab where ini-
tially Ru atoms are positioned at the center of the car-
bon honeycomb in graphene. Structural relaxation with
both, FM and AFM initial magnetic configurations for
Ru lead to the same relaxed non-magnetic solution where
dRu−Ru = 2.459 Å forming regular linear chains (Fig. 1
b)), in contrast to the tensile heterostructure above. The
reduced Ru-Ru distance corresponds to 13% compres-
sive strain compared to the bulk undimerized structure
with dBulk

Ru−Ru = 2.861 Å. The height of the β-RuCl3 to

graphene, ∆ (Fig. 1 a)), increases from 6.5 Å to 6.7 Å go-
ing from tensile to compressive strain as a consequence
of the shortening of the Ru-Ru distance that increases
the angle α changing the value of the height. This height
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FIG. 3. Spatial charge redistribution in the (-13%) compres-
sive strained β-RuCl3/gr, ∆ρ = ∆ρRuCl3/gr−∆ρRuCl3−∆ρgr.
The figure shows in the top panels a two-dimensional projec-
tion of the planer-average charge density (pl. avg. ∆ρ) along
the parallel (d∥) and perpendicular (d⊥) chain directions in
the ab plane. Dots in grey, light blue and dark red symbol-
ize the position of the C, Ru and Cl atoms. The green and
blue curves display the 2D projection of pl. avg. ∆ρ within
the β-RuCl3 and graphene layers, respectively. The central
panel shows a three-dimensional view of ∆ρ. In the bottom
left panel the total charge redistribution along c is shown as
a red curve. The planer-average charge values are multiplied
by a factor of 1000.

profile of the relaxed heterostructures is close to the ob-
tained from experiment [24].

In Fig. 2 b) we show the calculated band structure
and DOS for this case. In contrast to the tensile case,
no Ru states are pinned near the Fermi level. The rea-
son for that is the short Ru-Ru distance due to the
compressed chain structure inducing Ru-Ru bonding-
antibonding band splittings located at -0.5eV and 2.5eV
respectively (see Fig. S6 in SI). The Dirac point of pris-
tine graphene is folded back to the Γ point of the het-
erostructure due to the choice of the super-cell [49] and
shifted ≈ 0.65 eV above the Fermi energy. This indicates
a higher charge transfer compared to the tensile strain.
This result is in agreement to the trends found in the
WDFT differences (Table I), that suggest an increase of
charge transfer from tensile to compressive strain.

The Bader analysis [42] for the compressed β-
RuCl3/gr confirms that the charge transfer is strongly en-
hanced compared to the tensile strained heterostructure.
We observe electron doping in β-RuCl3, δρRuCl3 = 0.134
e/f.u., which is 37% larger than in the tensile case,
and hole doping in graphene with δρC = −0.012 e/C.
This amount of charge transfer coincides with the non-
magnetic estimates for the tensile strained heterostruc-
ture and corroborates the observation of a strong cor-
relation between the absolute value of the Ru magnetic

moment and the charge transfer.
Fig. 3 displays the spatial charge redistribution along

the three directions for the compressive strained β-
RuCl3/gr (results for the tensile strained heterostructure
are shown in SI). Along the c-direction we observe a
strong charge depletion (negative ∆ρ) at the graphene
layer and charge accumulation (positive ∆ρ) at the β-
RuCl3 layer (Fig. 3 bottom left panel). Along the chain
direction (d∥, Fig. 3 top left panel) the charge distribu-
tion follows a uniform pattern, while in the direction per-
pendicular to it (d⊥, Fig. 3 top right panel), the charge
accumulation at the atomic wire sharply decays and goes
to zero within a few Angstroms away from the chain,
similar to what has been observed in α-RuCl3 stripes on
graphene [20]. We further investigated the dependence of
the relative orientation of the β-RuCl3 chains to graphene
keeping the height constant, but we didn’t find any sig-
nificant changes in the charge transfer (see SI).

In order to estimate whether the above considered het-
erostructures are realizable we calculate the formation
enthalpy ∆H defined as

∆H = E(AB)− E(A)− E(B), (2)

where E(AB) is the energy of the β-RuCl3/gr het-
erostructure, and E(A) and E(B) are the energies of the
subsystems A (graphene) and B (β-RuCl3-chain). For
the tensile strained β-RuCl3/gr, ∆HT = -0.230 meV/f.u
and for the compressive strained β-RuCl3/gr, ∆HC = -
0.320 meV/f.u. From this analysis we conclude that both
strained heterostructures are stable and could be realized
in experiments.

We proceed now with the study of a slab of β-RuCl3/gr
(see Fig. 1 c)) corresponding to recently reported strained
heterostructures [24, 47] showing ≈ 2% compressive
strain. Since the analysis performed so far in the 5 × 5
and 6 × 6 slabs suggests no significant dependence on
the relative orientation of the chains and graphene, we
do not relax the full heterostructure, what would lead to
unsustainable heavy calculations due to the large num-
ber of atoms in the slab. Instead, we select for the height
of the chain ∆ (Fig. 1 a)) a value close to the estimates
obtained for the above analyzed heterostructures and we
consider Ru magnetic moments initially in a FM con-
figuration. We find via Bader analysis a charge trans-
fer of δρRuCl3 = 0.113 e/f.u. and δρC = −0.007 e/C.
To compare the results of the three heterostructures we
plot in Fig. 4 a) the dependence of the charge transfer
on the average magnetic moment on the Ru sites. We
observe a direct relation between a decrease of charge
with an increase of magnetic moment. Actually, the
value of the charge transfer for all three cases in non-
magnetic calculations is the same. These results suggest
that strain in first order controls the magnetization which
itself has a strong effect on the charge transfer. Besides
strain, changing the height ∆ offers as well a possibil-
ity to modify the charge transfer. Increasing the layer
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strain

height

b)a)

layer separation

-13%

-1.8%

7.8%
7.8% tensile strain

FIG. 4. Possible charge-transfer tuning parameters. a) De-
pendence between the magnetic moment and the charge trans-
fer. Each colored data point refers to a different heretostruc-
ture setting: purple to tensile strain, orange to experimental
strain and green to compressive strain. The strain symbolizes
a way to control the magnetic moment. b) Charge transfer
in the tensile strained structure as a function of the manually
controlled layer separation distance.

separation between β-RuCl3 and graphene leads to de-
creasing charge transfer. In Fig. 4 b) we show this de-
pendence for the tensile heterostructure. This behavior
is to be expected and has been observed in other van der
Waals heterostructures [50]. Experimentally, it is also
possible to control the distance between two atomic wires
as shown by the synthesis technique of β-RuCl3 used in
Ref. [24]. We therefore analyzed the charge transfer as a
function of interchain distance but no significant changes
were observed as can be already preempted by the fact
that charge accumulation perpendicular to the β-RuCl3
chains sharply drops at the edges (see Fig. 3 top right
panel).

Conclusions.- We have investigated via first principles
calculations, the charge transfer and electronic proper-
ties of heterostructures of graphene with the honeycomb-
based α-RuX3, (X = Cl, Br, I) and chain-based β-RuCl3
by calculating work functions and by performing slab
simulations of the recently reported β-RuCl3/gr het-
erostructure [24]. Our calculations on three exemplary
heterostructures of β-RuCl3/gr including different de-
grees of tensile and compressive strain showed that prox-
imity of the two layers leads to a hole-doped graphene
and electron-doped RuX3 in all cases, which is sensi-
tively dependent on the distance between the two lay-
ers. Furthermore, strain effects due to lattice mismatch,
control the magnetization which itself has a strong ef-
fect on the charge transfer, and charge accumulation in
β-RuCl3 sharply drops away from the chain what opens
the possibility for device development.
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Supplementary Information:
Ab initio study of highly tunable charge transfer in β-RuCl3/graphene heterostructures

Supplementary Note 1: Work function

We calculate via ab initio density functional the-
ory (DFT) the work function W for graphene and
the RuX3 family with X=Cl, Br, I and compare with
the experimental values if they are available (see main
text), as implemented in VASP [35]. The simula-
tions are performed on a 10×10×5 Γ-centered k-mesh
for α-RuCl3, RuBr3, and RuI3 and for β-RuCl3 on a
8×1×22. As exchange correlation functional we use
GGA [36] and include the Coulomb corrections on the
Ru 4d orbitals using the DFT+U scheme [37]. We set
Ueff = 3.0, 2.5, 2.0, and 1.5 eV for β-RuCl3, α-RuCl3,
RuBr3 and RuI3 motivated by constrained random-phase
approximation (cRPA) estimates [30], respectively. Spin
orbit effects are taken into account. The basis set plane
wave cut-off for the expansion is set to 600 eV in each
calculation. For all systems the work function W has
been checked with respect to the size of the void, where
all values are given for a void of the size of 2×c lattice
constant of the responding material.

Supplementary Note 2: Heterostructures calculations

Using DFT we optimize the heterostructure of β-
RuCl3/gr for tensile (+7.8%) and compressive strain
(-13%), where we keep the graphene layer fixed, as
graphene has high stiffness. The tensile strain simulation
is performed with a 2×1-β-RuCl3 chain on 5×5 graphene
layer. In the initial geometry the Ru atoms are centered
alternating above a C atom and in between a C-C bond.
The compressive strain heterostruture consists of a 3×1
β-RuCl3 chain on 6×6 graphene, where each Ru atom is
initially set above the center of a honeycomb built by the
C atoms. The initial geometry of each structure consists
of uniform chain, the simulated unit cells are shown in
Supplementary Fig. 1. The experimental strain (not re-
laxed) consists of 11×1 β-RuCl3 chain on 7×25 graphene.
We include the Coulomb corrections on the Ru 4d or-
bitals using the DFT+U scheme [37], with Ueff = 3.0 eV.
The calculations are carried on a 6×6×1 k-grid for the
compressive and tensile case, and on a 1×2×1 k-grid for
the experimental strain with a basis set plane wave cut-off
for the expansion is set to 600 eV. The graphene layer dis-
tance is set to dlayer = 20 Å with C-C distance within the
graphene layer of dC−C = 1.420 Å. This large layer dis-
tance dlayer ensures that the layer-layer interactions can
be neglected and considered as a 2D system. The het-
erostructure is relaxed until the forces decrease down to
10−3 eV/Å and energy convergence criterion of 1× 10−6

eV.

a)

c)

b)

b

a
c

Supplementary Figure 1. In panel a) we show the unit cell size
used for the tensile strain, b) compressive unit cell size. In c) we
show the unit cell used to simulate the experimental strain.

For each strain the structures are relaxed using ferro-
magnetic (FM), antiferromagnetic (AFM), and double-
antiferromagnetic (dAFM) ordered magnetic, symbolized
in Supplementary Fig. 2. We find that final structure
does not depend on the magnetic order. Starting from

the AFM state we obtain d
(1)
Ru−Ru = 3.137 Å, d

(2)
Ru−Ru =

3.063 Å, and d
(3)
Ru−Ru = 2.951 Å. These values show very

small deviation compared to the FM and dAFM state
(see main text).

The electronic properties of the system are calculated
in each relaxed structure with a more densed k-grid of
12×12×1. When comparing the total energy of each
magnetic configuration, we find that FM state is ener-
getically most favorable state, with 4 meV/f.u. lower
compared to the dAFM order. The AFM state is the en-
ergetic highest state with 84 meV/f.u. above the dAFM
solution.

Supplementary Note 3: Geometry dependence

We study the dependence of the charge transfer and
the relative orientation between the β-RuCl3 atomic wire
and the graphene layer. For this we considered four ad-
ditional chain orientations in the compressed case, see
Supplementary Fig. 3. Here, we keep the height ∆ from
the first relaxed structure and shift manually the chain in
the a-b plane. Via Bader analysis [42] we computed the
charge transfer for each case, the values in the β-RuCl3
layer are noted in Supplementary Fig. 3. We observe
negligible difference in the charge transfer.
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FM

AFM

d-AFM

Supplementary Figure 2. Different magnetic orders investigated
during this study: ferromagnetic order (FM), antiferromagnetic
(AFM), and double antiferromagnetic (d-AFM). The green up
arrows symbolize the magnetic moment with spin up, and the
red arrows the spin down.

a

bc

δρRuCl3=0.13385 e/f.u. δρRuCl3=0.13426 e/f.u.

δρRuCl3=0.13413 e/f.u. δρRuCl3=0.13409 e/f.u.

Supplementary Figure 3. Additional relative geometries that
have been investigated in the compressive setting. Above each
setting we note the charge transfer δρRuCl3 .

Supplementary Note 4: Charge distributation tensile strain

In Supplementary Fig. 4 we show the average charge
redistribution in each direction in the tensile structure
(7.8%). We see very similar behavior for the charge along
c-direction (Supplementary Fig. 4a)) and perpendicular
direction (Supplementary Fig. 4b)) like in the compres-
sive strain (see main text). As in the compressive case the
charge redistribution in the β-RuCl3 atomic wire, shown

by the green curve, sharply decays within few Angstrom
in the perpendicular direction. However, we note a con-
trast along the chain, where the charge does not order
equivalently but has a wave-like behavior (Supplemen-
tary Fig. 4c)). The spatially resolved charge transfer in-
creases in value close to the Ru sites with less magnetic
moment and decreases close to sites with higher magnetic
moment.

a)

b)

c)

Supplementary Figure 4. Spatial charge redistribution for the
tensile strained heterostructure in each direction. Note: the
planer average values ρ are scaled by a factor of 1000.

Supplementary Note 5: Electronic properties, extended
energy range

In Supplementary Fig. 5 and Supplementary Fig. 6 we
show the electronic band structure and atom and orbital
resolved density of states (DOS) within increased energy
window for the tensile (7.8%) and compressive (-13%)
strained structure, respectively. For compressive strained
structure within the increased energy window we see the
bonding and antibonding formation around -0.5 eV and
2.5 eV due to the Ru-Ru bond shortening.
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DOS [states/eV]

Supplementary Figure 5. Electronic properties of the relaxed
single-chain under tensile strain estimated by DFT+U, with U−
J = Ueff = 3.0 eV, in an extended energy window.

Supplementary Figure 6. Electronic properties of the relaxed
single-chain under compressive strain estimated by DFT+U, with
U − J = Ueff = 3.0 eV, in an extended energy window. We see
bonding and anti bonding states for the Ru 4d states, at -0.5 eV
and 2.5 eV, respectively.
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