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In the pursuit of developing routes to enhance magnetic Kitaev interactions in a-RuCls, as well as
probing doping effects, we investigate the electronic properties of a-RuCls in proximity to graphene.
We study a-RuCls/graphene heterostructures via ab initio density functional theory calculations,
Wannier projection and non-perturbative exact diagonalization methods. We show that a-RuCls
becomes strained when placed on graphene and charge transfer occurs between the two layers,
making a-RuCls (graphene) lightly electron-doped (hole-doped). This gives rise to an insulator to
metal transition in a-RuCls with the Fermi energy located close to the bottom of the upper Hubbard
band of the t2y manifold. These results suggest the possibility of realizing metallic and even exotic
superconducting states. Moreover, we show that in the strained a-RuCls; monolayer the Kitaev
interactions are enhanced by more than 50% compared to the unstrained bulk structure. Finally,
we discuss scenarios related to transport experiments in a-RuCls/graphene heterostructures.

INTRODUCTION

Introduction.- A major step towards a realization of a
fault-tolerant quantum computer would be, for instance,
to find materials that support bond-dependent Kitaev in-
teractions [1, 2] leading to a quantum spin liquid (QSL)
[3-6] ground state of itinerant Majorana fermions that
couple to static Zo gauge fields. a-RuCls has been in-
tensively discussed as a possible candidate for Kitaev
physics [7—16], however it orders antiferromagnetically
at low temperatures [9, 17] due to the presence of addi-
tional magnetic couplings [10, 13, 18, 19] extending be-
yond the pure Kitaev interaction. In order to suppress
magnetism and/or enhance pure Kitaev interactions in
a-RuClg, various routes are currently being pursued in-
cluding the application of magnetic fields, external pres-
sure and chemical doping [17, 19-27]. Here we discuss
yet another engineering route: electronic modification of
a-RuCl; due to the proximity to graphene. We show that
the formerly Mott insulating a-RuCls becomes electron-
doped via a charge transfer from graphene, and that the
substrate-induced strain leads to a significant enhance-
ment of the Kitaev exchange.

In bulk a-RuCls, the Ru atoms have a d® electronic
configuration with one hole per site occupying a spin-
orbital coupled jor = 1/2 state. These holes are lo-
calized due to strong Coulomb interactions favoring a
spin-orbit assisted Mott insulating phase. Due to the
specific spin-orbital composition of the j.g states, the ef-
fective magnetic couplings between the localized holes
are strongly anisotropic, and can be described by ex-
tended Kitaev models [10, 13, 28-31]. The underlying
magnetic couplings are however somewhat far away from
the ideal Kitaev point with its desired QSL phase, re-

quiring some structural manipulation to yield more ideal
couplings. In the latter case, physical pressure has proved
to be inappropriate, as it leads to structural distortions
(dimerization) that quench completely the desired prop-
erties [22, 26, 27, 32].

On the other hand, the possibility of lightly charge
doping a-RuCl;3 appears attractive, as doped Heisenberg-
Kitaev models are thought to host a variety of exotic
superconducting states [33-36]. At low energies, such
doped materials, having an average of (1—¢) holes per Ru
atom, can be described by tJ-like models, including both
the hopping of the excess charges and magnetic couplings
between singly occupied sites. Doped materials with
magnetic couplings close to the pure ferromagnetic Ki-
taev model are particularly attractive as potential hosts
for topological superconductivity [37]. However, thus far,
controlled doping has not yet been achieved. The au-
thors of Ref. [23] found that potassium doped Ko sRuCl;
(with a relatively large 6 = 0.5) remains insulating and
appears to have a charge-ordered ground state. In the

FIG. 1. Van der Waals bilayer a-RuCls/graphene in the
hexagonal supercell (see text for description). The blue, ma-
roon and grey spheres represent Ru, Cl and C atoms, respec-
tively.



present work we argue that substrate-RuCls heterostruc-
tures might be able to accomplish all desired features, in
principle: small, controlled doping, and stable structural
tuning through interface strain.

Monolayers of a-RuCls have been previously fab-
ricated through the exfoliation technique either in
restacked geometry or on Si/SiOy substrates [38, 39].
In this paper, we have considered graphene (gr) as sub-
strate, as it has been employed in several recent stud-
ies [40, 41]. We perform ab-initio density functional
theory (DFT) calculations and investigate the struc-
tural, electronic and magnetic properties of a-RuCls on
graphene (see Fig. 1). We find that (i) a-RuCls be-
comes strained when placed on graphene and there is
a charge transfer from graphene to a-RuCls making a-
RuCl; (graphene) lightly electron-doped (hole-doped),
(ii) our magnetic calculation of the strained monolayer
a-RuCls shows enhancement of the Kitaev interaction
by more than 50% compared to the bulk a-RuCls and,
(iii) our electronic structure calculations suggest two al-
ternative scenarios to interpret recent transport mea-
surements of a-RuCls/gr heterostructures [40, 41] which
could be distinguished via application of an in-plane mag-
netic field.

Methods.- We have performed DFT structural relax-
ations of a-RuCl;/gr heterostructures with the pro-
jector augmented wave method [42] using the Vienna
Ab — initio Simulation Package (VASP) [43]. For the
relaxations we considered as exchange-correlation func-
tional the generalized gradient approximation (GGA) in-
cluding a U correction for Ru d orbitals, as implemented
in GGA+U (with U=1.5 eV) [44]. Electronic struc-
ture calculations were performed with various function-
als; GGA, GGA+SOC (spin-orbit) and GGA+SOC+U
with and without inclusion of magnetism. We double-
checked our calculations with the full-potential-linear-
augmented-wave basis (LAPW) as implemented in the
WIEN2k code [45]. Hopping integrals were obtained by
the Wannier projector method [46-48] on the FPLAW
results [49] and the exchange parameters were estimated
using the projection and exact diagonalization method of
Refs. [10, 50]. Charge transfer values were obtained by

FIG. 2. (a) Top views of two supercells of a-RuCls/gr consid-
ered in this study (black lines): (a) hexagonal and (b) rect-
angular. The blue and maroon spheres represent Ru and Cl
atoms, respectively. The grey hexagon indicates the graphene
monolayer.

Bader analysis on the VASP results [51].

Results.- At ambient pressure, bulk a-RuClz has been
reported to have either C2/m or R3 symmetry [17,
52, 53]. While the latter case has perfect Ru hexagons,
in the former case Ru hexagons exhibit a small bond-
disproportionation ({;/ls = 1.05; where [; and [, are the
long and short Ru-Ru bonds, respectively). Owing to
the lattice mismatch (15-17%) between a-RuCls (5.80 A;
considering in-plane Cz symmetry) and graphene (2.46
A), we considered two different heterostructure super-
cells for a-RuCls/gr (see Fig. 2): (a) an hexagonal su-
percell containing 82 atoms (composed of a 5x5 graphene
supercell and a v/3 x v/3 a-RuClz monolayer) and (b)
a rectangular supercell containing 112 atoms. In both
these supercells, due to the strong carbon sp? bonding,
the graphene layer is kept unstrained i.e., all C-C bond-
lengths are 1.42 A. By keeping the lattice parameters
fixed, we performed ionic relaxations of the RuCls layer
within spin-polarized DFT in the GGA approximation.
We included van der Waals corrections. The resulting re-
laxed structures are dependent on the relative stacking of
the layers. In the hexagonal supercell (Fig. 2(a)), each Ru
hexagon is undistorted, i.e., no bond-disproportionation
is observed. The a-RuCl; layer develops a positive (ex-
pansive) strain (2.5% tensile) [54] compared to the corre-
sponding bulk structure. On the other hand, in the rect-
angular supercell Fig. 2(b), the Ru-Ru bonds are slightly
anisotropic (bond disproportionation {;/ls = 1.05) and
the a-RuClj layer mimics scenarios corresponding to neg-
ative (compressive) strain (-5% tensile). Note that this
bond-disproportionation is comparable to the bulk ambi-
ent pressure C2/m structure, and much smaller than the
dimerized high-pressure structures [22, 32]. The van der
Waals distance between graphene and a-RuCls is 3.37 A
in both supercells.

In Figs. 3(a)-(b), we show the band structure and den-
sity of states (DOS) obtained within the GGA+SOC+U
approximation (U = 1.5 eV) for the relaxed hexagonal
supercell structure in the zigzag antiferromangetic con-
figuration. Here, the Ru spin-orbit entangled jog = 1/2
and jog = 3/2 manifolds split into upper and lower Hub-
bard bands (splitting ~ 0.5-0.6 eV for the U value consid-
ered in the calculations), respectively. The Dirac cone of
graphene is shifted up from the Fermi energy Er (com-
pared to the bare graphene) by ~ 0.7 eV, indicating a
charge transfer from graphene to a-RuCls. As a result,
Er lies at the bottom of the rather flat upper Hubbard
band of a-RuCls. In the insets of Fig. 3(a), we ob-
serve that the hybridization occurs between a-RuCls and
graphene only in a small region of the Brillouin zone. Ex-
cept for these points, the a-RuCls bands remain almost
flat. Comparison with non-magnetic calculations [49]
show only small modifications at the hybridization re-
gion. Note that the partial density of states shown in
Fig. 3(b) can be observed in a scanning tunneling mi-
croscopy measurements, along with the structural details.
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FIG. 3. (a) Calculated band structure along the high-
symmetry points (I', K, M) of the hexagonal Brillouin zone for
zigzag antiferromagnetic a-RuCls/gr in the GGA+SOC+U
scheme with U =1.5 eV. The insets show zoomed in regions
near the Fermi level, Er. (b) Atom projected spin-polarized
density of states. The Ep lies slightly above of the upper
Hubbard band in the t24 manifold. (c)-(d) Top of side view of
charge difference, dp plot with charge isosurface 5x10~% ¢/A3.
The peach and cyan colors represent regions with charge ac-
cumulation and depletion (deficiency), respectively. See text
for the definition of Ap.

In order to estimate the degree of charge transfer, we
computed from DFT wavefunctions (within VASP) the
Bader charges of the heterostructure. For the hexagonal
supercell, the amount of charge transfer is § = 0.064 e
per RuCls unit (-0.010 e per carbon). Thus, graphene be-
comes electron deficient and a-RuClz becomes electron-
rich. Note that positive (negative) values of dq refer
to charge accumulation (depletion). To visualize the
charge transfer, in Fig. 3(c)-(d) we have plotted, for
a particular isosurface value, the charge density differ-
ence Ap = p(gr/RuCls) — p(gr) — p(RuCls), where p
is the charge density in e/AS. As expected from the
charge transfer values, the charge deficiency occurs at
the graphene layer with the transferred charge accumu-
lating mostly around the Cl atoms of a-RuCls positioned
close to graphene. Interestingly, the charge distribution
around Ru and the Cl atoms away from the graphene

layer shows regions of charge depletion and regions of
charge accumulation following the Ru and Cl electroneg-
ativity differences (see the charge-difference side-view
displayed in Fig. 3(d)). Calculations for the rectangu-
lar supercell show essentially the same degree of charge
transfer, suggesting that the doping level is not strongly
stacking-dependent [49].

In principle, the low-energy Hamiltonian for an
electron-doped layer of a-RuCls can be expressed in
terms of a tJ-like model with anisotropic magnetic cou-
plings between nearest-neighbor sites ¢ and j:

M= ticle; +HI™ (1)
(ig)
where cj = (c;rT cj 1) creates an electron in the jeg = 1/2

state at site i,,tij is the hopping integral between sites ¢
and j and H;7" describes an extended Kitaev model of
the form:

W™ = ;i S; + Ki;S]S) +Ti;(8987 + 8789 (2)

@ B o B
T (8780 + 5787 + 5087 + 878),

where S corresponds to the jegr = 1/2 operator with
«a, B,y = x,y,2. In order to estimate the hopping and
interaction parameters of H, we performed additional
calculations, as described above, on isolated and charge-
neutral layers of a-RuCls employing the relaxed hexag-
onal geometry of the Ru layer in the a-RuCls/gr het-
erostructure (Fig. 2(a)). These calculations are very use-
ful to identify the position of a-RuCls/gr in the phase
diagram of the doped Kitaev-Heisenberg model away
from half-filling [33-36]. The hopping between nearest
neighbor sites is given by ty = %(2151 +13), in terms
of the hopping integrals defined in Ref. [10]. Our esti-
mates via Wannier projection of the LAPW bandstruc-
ture show that this value is very small, ty ~ 7 meV,
suggesting that the hopping between jeg = 1/2 states
is rather suppressed. Table I displays the values of the
nearest-neighbor magnetic couplings in the strained a-
RuCls monolayer estimated from exact diagonalization of
the ab initio-derived multiorbital Hubbard model on two-
site clusters [10, 49]. Comparing the values with those
of bulk a-RuClj [10], we find that | K| increases by more
than 50% with respect to bulk a-RuCls, while |J| and
IT'| terms decrease and |I'|’ remains almost unchanged.
Note that the case studied here is different from that in
Ref. [55], where no strain effects are taken into account.

These changes can be correlated with the structural
changes: «-RuCls/gr exhibits a larger Ru-Cl-Ru bond
angle (96.54°) compared to the ambient condition bulk
structure (94°). This has the effect of significantly sup-
pressing the direct Ru-Ru hopping. Instead, the dom-
inant hopping occurs via hybridization with the Cl lig-
ands, as considered by the original proposal of Ref. [28].
Since the direct Ru-Ru hopping is simultaneously the



TABLE I. Comparison of magnetic interactions in meV for
strained a-RuCls (see text for description) from current study
and unstrained Z-bond of bulk a-RuCls in C/2m structure
from Ref. [10]. Values are obtained by exact diagonalization
on two-site clusters employing U = 3 eV, Jg = 0.6 eV, A =
0.15 eV.

Bond J K r r’ |K/J|
X, Y 0.5  -168  +1.8  -27  33.60
Z 04  -172 419  -24  43.00

7 (C2/m) -3.0  -7.3  +84 20 243

source of the non-Kitaev magnetic couplings and the tq
hopping in Eq. (1), both are suppressed in the strained
RuCl3 layer.

Discussion.- The phase diagram of the doped Kitaev-
Heisenberg model, as suggested by Refs. [33-35] reveals
a spin-triplet p-wave superconductor [56] at low values
of J;;/to, while at higher values the stable phases are
spin-singlet s- and d-wave superconductors. A nontriv-
ial topological p-wave superconducting phase is reported
to exist in a region between hole doping parameters (1-
d) = 0.25 — 0.4, when the condition, K = tp, is ful-
filled. a-RuCls/gr appears to be close to satisfying this
criterion (K ~ 17 meV and ¢y ~ 7 meV). Assuming
the particle-hole symmetry remains preserved, from the
doped phase diagram of Refs. [33-35], one couldconclude
that a-RuCls/gr shows the possibility to exhibit a trivial
p-wave superconducting state. We note, however, that t,
is very small so that this region may be difficult to access
due to the low mobility of the doped charges.

In this context, we also investigated another het-
erostructure system: «@-RuCly on hexagonal boron-
nitride (a-RuCls/h-BN). Due to the presence of the semi-
conducting substrate, the amount of charge transfer de-
creases compared to the a-RuCls/gr case, the values be-
ing § = 0.011 e per RuClz unit (-0.003 e per BN unit).
An enhanced doping can be realized in both a-RuCls/gr
and a-RuCls/h-BN by the application of gate-voltage
that may shift these heterostructures into a non-trivial
topological superconducting regime. Thus, both systems
have the potential to host trivial and non-trivial topo-
logical spin-triplet superconducting states. Furthermore,
we note, by analyzing Table I, that the strained undoped
a-RuCls geometry satisfies the condition of |K/J| > 8
which is the topologically interesting region where the
Kitaev QSL phase exists. This study emphasizes the high
sensitivity of the properties of a-RuCls on the substrate
that is being chosen.

Focussing now on the interplay of itinerancy and mag-
netism in a-RuCls/gr, two very recent experiments have
reported transport measurements of a-RuCls/gr het-
erostructures [40, 41]. While both of these show evidence
of charge transfer, they differ in several respects. The
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authors of Ref. [40] observe a clear transport anomaly
around a temperature of about 20 K attributed to a mag-
netic transition. However, the precise role of magnetism
in their set-up is unclear due to a possible inhomogeneous
interface between the two layers. In contrast, Ref. [41]
uses encapsulated heterostructures and a similar anomaly
in transport is absent. However, the latter authors ob-
serve clear Shubnikov de Haas oscillations providing clear
evidence of charge transfer. These oscillations have an
unusual non-Lifshitz Kosevich (non-LK) temperature de-
pendence with a maximum at a temperature close to the
bulk T of a-RuCls which is taken as evidence of spin
fluctuation-mediated electron transport scattering aris-
ing from an underlying magnetic transition. An alterna-
tive explanation could arise from the hybridization of the
doped itinerant graphene band structure and the almost
flat upper Hubbard band of a-RuCls, which is similar
to scenarios of anomalous quantum oscillation (QO) as
discussed for SmBg [57, 58]. There, a maximum in the
amplitude occurs at a temperature scale of the hybridiza-
tion giving rise to a similar non-LK dependence. It will
be important to distinguish the scenario of spin scattering
versus anomalous QOs for example via the application of
an in-plane field which is known to suppress the magnetic
phase in a-RuCls [17] which would change the magnetic
scattering but not the hybridization.

Conclusions.- We have studied the electronic and mag-
netic properties of a-RuClz/gr heterostructures by a
combination of ab initio density functional theory cal-
culations, Wannier projection and exact diagonalization
of finite clusters. Our results show that a-RuCl;s in the a-
RuCls/gr heterostructure gets strained due to the lattice
mismatch between a-RuCls and graphene and there is a
charge transfer between the two layers making a-RuCls
(graphene) lightly electron-doped (hole-doped). Recent
experimental realizations of such heterostructures [40, 41]
confirmed the charge transfer character found in our cal-
culations and we proposed measurements under in-plane
magnetic field to disentangle the interplay of itinerancy
and magnetism in the heterostructures.

Calculation of the hopping and exchange interaction
parameters of a putative ¢J model would place this sys-
tem in a region of possible p-wave supperconductivity.
Furthermore, the strained monolayer a-RuCls shows an
enhancement of the Kitaev interaction by a factor of two
with respect to bulk a-RuCls. This suggests that by
means of making the a-RuCls monolayer charge-neutral
in such a heterostructure geometry, for instance by incor-
porating a spacing layer and/or introducing absorbates
to saturate graphene would thus potentially bring this
system close to the classified Kitaev QSL phase. In con-
clusion, the a-RuCls/gr system lies on the boundary of a
myriad of applications with high tunability for exploring
exotic phases and possible technological applications.

We thank Erik A. Henriksen and A. W. Tsen for
useful discussion. This project was supported by the



Deutsche Forschungsgemeinschaft (DFG) through grant
VA117/15-1.

[1] A. Kitaev, Annals of Physics 321, 2 (2006).

[2] A. Kitaev, Annals of Physics 300, 2 (2003).

[3] L. Savary and L. Balents, Reports on Progress in Physics
80, 016502 (2017).

[4] M. R. Norman, Rev. Mod. Phys. 88, 041002 (2016).

[5] Y. Zhou, K. Kanoda, and T.-K. Ng, Rev. Mod. Phys.
89, 025003 (2017).

[6] J. Knolle and R. Moessner, Annu. Rev. Condens. Matter
Phys. 10, 451 (2019).

[7] L. J. Sandilands, Y. Tian, K. W. Plumb, Y.-J. Kim, and
K. S. Burch, Phys. Rev. Lett. 114, 147201 (2015).

[8] H.-S. Kim, V. V., A. Catuneanu, and H.-Y. Kee, Phys.
Rev. B 91, 241110(R) (2015).

[9] A. Banerjee, C. A. Bridges, J.-Q. Yan, A. A. Aczel, L. Li,
M. B. Stone, G. E. Granroth, M. D. Lumsden, Y. Yiu,
J. Knolle, S. Bhattacharjee, D. L. Kovrizhin, R. Moess-
ner, D. A. Tennant, D. G. Mandrus, and S. E. Nagler,
Nature Materials 15 (2016), 10.1038 /nmat4604.

[10] S. M. Winter, Y. Li, H. O. Jeschke, and R. Valenti, Phys.
Rev. B 93, 214431 (2016).

[11] H.-S. Kim and H.-Y. Kee, Phys. Rev. B 93, 155143
(2016).

[12] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Annual Review
of Condensed Matter Physics 7, 195 (2016).

[13] S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den
Brink, Y. Singh, P. Gegenwart, and R. Valenti, Journal
of Physics: Condensed Matter 29, 493002 (2017).

[14] M. Hermanns, I. Kimchi, and J. Knolle, Annual Review
of Condensed Matter Physics (2017).

[15] A. Banerjee, P. Lampen-Kelley, J. Knolle, C. Balz, A. A.
Aczel, B. Winn, Y. Liu, D. Pajerowski, J. Yan, C. A.
Bridges, A. T. Savici, B. C. Chakoumakos, M. D. Lums-
den, D. A. Tennant, R. Moessner, D. G. Mandrus, and
S. E. Nagler, npj Quantum Materials 3, 8 (2018).

[16] H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and
S. E. Nagler, Nature Reviews Physics 1, 264 (2019).

[17] R. D. Johnson, S. C. Williams, A. A. Haghighirad, J. Sin-
gleton, V. Zapf, P. Manuel, I. I. Mazin, Y. Li, H. O.
Jeschke, R. Valenti, and R. Coldea, Phys. Rev. B 92,
235119 (2015).

[18] L. J. Sandilands, Y. Tian, A. A. Reijnders, H.-S. Kim,
K. W. Plumb, Y.-J. Kim, H.-Y. Kee, and K. S. Burch,
Phys. Rev. B 93, 075144 (2016).

[19] R. Yadav, N. A. Bogdanov, V. M. Katukuri, S. Nishi-
moto, J. van den Brink, and L. Hozoi, Scientific Reports
6 (2016), 10.1038/srep37925.

[20] S.-H. Baek, S.-H. Do, K.-Y. Choi, Y. S. Kwon, A. U. B.
Wolter, S. Nishimoto, J. van den Brink, and B. Biichner,
Phys. Rev. Lett. 119, 037201 (2017).

[21] A. Banerjee, P. Lampen-Kelley, J. Knolle, C. Balz,
A. Aczel, B. Winn, Y. Liu, D. Pajerowski, J.-Q. Yan,
C. Bridges, A. Savici, B. Chakoumakos, M. Lumsden,
D. Tennant, R. Moessner, D. Mandrus, and S. Nagler,
npj Quant Mater 3, 8 (2018).

[22] R. Hentrich, A. U. B. Wolter, X. Zotos, W. Brenig,
D. Nowak, A. Isaeva, T. Doert, A. Banerjee, P. Lampen-
Kelley, D. G. Mandrus, S. E. Nagler, J. Sears, Y.-J. Kim,

B. Biichner, and C. Hess, Phys. Rev. Lett. 120, 117204
(2018).

[23] A. Koitzsch, C. Habenicht, E. Miller, M. Knupfer,
B. Biichner, S. Kretschmer, M. Richter, J. van den Brink,
F. Borrnert, D. Nowak, A. Isaeva, and T. Doert, Phys.
Rev. Materials 1, 052001 (2017).

[24] S. M. Winter, K. Riedl, D. Kaib, R. Coldea, and R. Va-
lenti, Phys. Rev. Lett. 120, 077203 (2018).

[25] K. Riedl, Y. Li, S. M. Winter, and R. Valenti, Phys.
Rev. Lett. 122, 197202 (2019).

[26] Z. Wang, J. Guo, F. F. Tafti, A. Hegg, S. Sen, V. A.
Sidorov, L. Wang, S. Cai, W. Yi, Y. Zhou, H. Wang,
S. Zhang, K. Yang, A. Li, X. Li, Y. Li, J. Liu, Y. Shi,
W. Ku, Q. Wu, R. J. Cava, and L. Sun, Phys. Rev. B
97, 245149 (2018).

[27] Y. Cui, J. Zheng, K. Ran, J. Wen, Z.-X. Liu, B. Liu,
W. Guo, and W. Yu, Phys. Rev. B 96, 205147 (2017).

[28] G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102,
017205 (2009).

[29] J. G. Rau, E.-H. Lee, and H.-Y. Kee, Phys. Rev. Lett.
112, 077204 (2014).

[30] E.-H. Lee, R. Schaffer, S. Bhattacharjee, and Y. B. Kim,
Phys. Rev. B 89, 045117 (2014).

[31] R. Schaffer, S. Bhattacharjee, and Y. B. Kim, Phys. Rev.
B 86, 224417 (2012).

[32] T. Biesner, S. Biswas, W. Li, Y. Saito, A. Pustogow,
M. Altmeyer, A. U. B. Wolter, B. Biichner, M. Roslova,
T. Doert, S. M. Winter, R. Valenti, and M. Dressel,
Phys. Rev. B 97, 220401(R) (2018).

[33] Y.-Z. You, I. Kimchi, and A. Vishwanath, Phys. Rev. B
86, 085145 (2012).

[34] T. Hyart, A. R. Wright, G. Khaliullin, and B. Rosenow,
Phys. Rev. B 85, 140510(R) (2012).

[35] S. Okamoto, Phys. Rev. B 87, 064508 (2013).

[36] W. Choi, P. W. Klein, A. Rosch, and Y. B. Kim, Phys.
Rev. B 98, 155123 (2018).

[37] J. Schmidt, D. D. Scherer, and A. M. Black-Schaffer,
Phys. Rev. B 97, 014504 (2018).

[38] D. Weber, L. M. Schoop, V. Duppel, J. M. Lippmann,
J. Nuss, and B. V. Lotsch, Nano Letters 16, 3578 (2016).

[39] B. Zhou, Y. Wang, G. B. Osterhoudt, P. Lampen-Kelley,
D. Mandrus, R. He, K. S. Burch, and E. A. Henrik-
sen, Journal of Physics and Chemistry of Solids 128, 291
(2019).

[40] B. Zhou, J. Balgley, P. Lampen-Kelley, J.-Q. Yan,
D. G. Mandrus, and E. A. Henriksen, arXiv preprint
arXiv:1811.04838 (2018).

[41] S. Mashhadi, Y. Kim, J. Kim, D. Weber, T. Taniguchi,
K. Watanabe, N. Park, B. Lotsch, J. H. Smet,
M. Burghard, and K. Kern, Nano Lett. 7, 4659 (2019).

[42] P. E. Blochl, Phys. Rev. B 50, 17953 (1994).

[43] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).

[44] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J.
Humphreys, and A. P. Sutton, Phys. Rev. B 57, 1505
(1998).

[45] P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka,
and J. Luitz, (2001).

[46] K. Foyevtsova, H. O. Jeschke, I. I. Mazin, D. I. Khomskii,
and R. Valenti, Phys. Rev. B 88, 035107 (2013).

[47] M. Aichhorn, L. Pourovskii, V. Vildosola, M. Ferrero,
O. Parcollet, T. Miyake, A. Georges, and S. Biermann,
Phys. Rev. B 80, 085101 (2009).

[48] J. Ferber, K. Foyevtsova, H. O. Jeschke, and R. Valenti,
Phys. Rev. B 89, 205106 (2014).



Material
which

[49] See Supplemental
(https://journals.aps.org/prl/supplemental /)
contains Refs. 10, 32, 4348, 51, 59-61.

[50] K. Riedl, Y. Li, R. Valent, and S. M. Winter, phys.
status solidi (b) 0, 1800684 (2019).

[61] G. Henkelman, A. Arnaldsson, and Jénsson, Computa-
tional Material Science 36, 354 (2006).

[52] S. Reschke, F. Mayr, S. Widmann, H.-A. K. von Nidda,
V. Tsurkan, M. V. Eremin, S.-H. Do, K.-Y. Choi,
Z. Wang, and A. Loidl, Journal of Physics: Condensed
Matter 30, 475604 (2018).

[653] T. T. Mai, A. McCreary, P. Lampen-Kelley, N. Butch,
J. R. Simpson, J.-Q. Yan, S. E. Nagler, D. Mandrus,
A. R. H. Walker, and R. V. Aguilar, Phys. Rev. B 100,
134419 (2019).

[54] The strains are calculated with respect to the ideal bond

length in the hexagonal «RuCls in order the compare the
values in the two supercell on the same ground.

[65] E. Gerber, Y. Yao, T. A. Arias, and E.-A. Kim, arXiv
preprint arXiv:1902.09550 (2019).

[66] U. F. P. Seifert, T. Meng, and M. Vojta, Phys. Rev. B
97, 085118 (2018).

[57] J. Knolle and N. R. Cooper, Phys. Rev. Lett. 115, 146401
(2015).

[68] L. Zhang, X.-Y. Song, and F. Wang, Phys. Rev. Lett.
116, 046404 (2016).

[59] S. Grimme, Journal of Physics and Chemistry of Solids
27, 1787 (2006).

[60] P. H. Dederichs, S. Blugel, R. Zeller, and H. Akai, Phys.
Rev. Lett. 53, 2512 (1984).

[61] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).



