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Supplementary Note 1: Overview of experimental spe-
cific heat data
In Supplementary Fig. 1 we show a comparative overview of
the low-temperature specific heat data for the RuX3 family,
with data extracted from plots of Supplementary Refs. 1–
4. The specific heat for RuCl3 displays a well-defined peak
at TN ≈ 7K denoting the onset of the zigzag order, while
the onset of long-range magnetic order in RuBr3 is observed
by a kink at TN = 34K [2] (not within plot range of Sup-
plementary Fig. 1). None of this is observed for the RuI3
measurements [3, 4].

Supplementary Note 2: Crystal structural details
The structural details for RuCl3 (C2/m [5] and R3̄ [6]),
RuBr3 (R3̄ [2]), and RuI3 (R3̄ [3]) are summarized in Sup-
plementary Table 1. For RuCl3, some reports are indicating
the low-temperature structures of C2/m symmetry [5, 7],
while others report R3̄ structure symmetry [6, 8]. Given the
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Supplementary Figure 1. Specific heat C for various reported
samples. a C versus T , b C/T versus T 2. Data was extracted
from plots in the following references and labelled by respective
first-author names: RuCl3 (Widmann) [1], RuBr3 (Imai) [2], RuI3
(Ni) [3], RuI3 (Nawa) [4].
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RuCl3 RuBr3 RuI3
C2/m R3̄ R3̄ R3̄

a (Å) 5.981 5.973 6.296 6.791
b (Å) 10.354 5.973 6.296 6.791
c (Å) 6.014 16.93 17.911 19.026
Ru-Ru (Å) 3.448 (3.454) 3.449 3.635 3.921
Ru-X-Ru 93.6◦ (93.9◦) 94.10◦ 92.71◦ 94.13◦

Ru-X (Å) 2.36 2.36 2.51 2.68
2.35 2.35 2.52 2.67

Supplementary Table 1. Crystallographic structural details.
The structures are obtained from references 2, 3, 5, and 6. In
the C2/m structure the values are for Z1 bonds (X1/Y1 bonds).

fragility and easy deformability of the van-der-Waals layer-
ing, it is plausible that the structures may vary qualitatively
between different samples of RuCl3, and the same can be
expected for the new members of the RuX3 family. Recent
measurements on RuBr3 [2] indicate a R3̄ symmetry, while
for RuI3, crystals with R3̄ [3] and P3̄1c [4] symmetries have
been grown. For our electronic structure calculations we
consider the experimentally reported C2/m and R3̄ struc-
tures for RuCl3, and the suggested R3̄ structures for RuBr3
and RuI3. Since the R3̄ structure of RuCl3 yielded very sim-
ilar results and the same conclusions as the C2/m structure,
we only presented the C2/m results in the main text. The
magnetic model extracted for the R3̄ structure is given in
Supplementary Table 3.

Supplementary Note 3: Magnetic ground state prop-
erties within DFT

In Supplementary Table 2 we compare measured magnetic
properties (subscript “exp”) [2–4, 9] to results from total-
energy GGA+SOC+U calculations (“DFT”) and with exact
diagonalization (“ED”) results of the pseudospin models of
Fig. 5 in the main manuscript. φM and θM characterize the
ordered moment direction, as defined in Fig. 1b of the main
manuscript. In the case of RuI3, different magnetic orders
and moment directions are extremely close in energy, with
Néel AFM or Zigzag order as lowest states, while in ED the
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RuCl3 RuBr3 RuI3

GSexp Zigzag Zigzag metal?
θM,exp 32◦ 64◦ −
φM,exp 90◦ 90◦ −
GSDFT Ferro Zigzag Néel/Zigzag
θM,DFT 0◦ 5◦

φM,DFT 0◦ 86◦

MDFT(µB) 0.67 0.47 0.22

δEFM-GS
DFT (meV/Ru) 0 73.61 26.15

δEZZ-GS
DFT (meV/Ru) 3.26 0 0.95

δENL-GS
DFT (meV/Ru) 12.08 6.27 0

δEST-GS
DFT (meV/Ru) 11.08 118.14 22.41

GSED Zigzag Zigzag QSL?
θM,ED 34.4◦ 32.4◦

φM,ED 90◦ 90◦

Supplementary Table 2. Magnetic ground state (GS) proper-
ties of the RuX3 family. Experiment (subscript “exp”) [2–4, 9]
vs total-energy GGA+SOC+U via VASP (with Ueff = 1.5 eV)
results (subscript “DFT”) vs solving magnetic models of Fig. 5
in the main manuscript with exact diagonalization (“ED”). The
angles θM and φM describe the direction of the magnetic ordered
moment, see Fig. 1b,c in the main manuscript. We define δEi-GS

DFT

as the energy difference between the state i [i = FM (ferromag-
netic), ZZ (Zigzag AFM), NL (Néel AFM), ST (stripy AFM)]
and the ground state estimated within DFT total energies.

ground state shows no obvious magnetic order, signifying
possibly a quantum spin liquid (QSL) state.

Supplementary Note 4: RuX3 in the quasimolecular
orbital basis

In Supplementary Fig. 2 we display the GGA calculations
of the DOS for the experimental RuX3 structures projected
on the quasimolecular orbital (QMO) basis [7, 10, 11] that
consists of a linear combination of t2g states of the six Ru
atoms in a hexagon. Such a calculation provides valuable in-
formation on the ligand-Ru hybridizations. We observe that
the hopping backbone of the three materials keeps a well
defined QMO structure since the GGA results are almost di-
agonal in this basis. This is a signature that ligand-assisted
hopping processes play an important role in all three ma-
terials. Interestingly, both RuBr3 (Supplementary Fig. 2b)
and RuI3 (Supplementary Fig. 2c) show almost purely A1g
symmetry near the Fermi level in contrast to RuCl3. Such
a feature is directly related to the enhanced ligand-assisted
hoppings due to the presence of heavier halogens.

Supplementary Note 5: Tabulated values of extracted
jeff=1/2 models

Tabulated values of the pseudospin models plotted in Fig. 5
of the main text are given in Supplementary Table 3. In
addition, we show the model for the RuCl3 R3̄ structure,
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Supplementary Figure 2. Density of states in the quasimolec-
ular basis. The DOS was obtained for RuX3 materials within
GGA calculations projected on the quasimolecular (QMO) basis
using WIEN2k.

which is very similar to its C2/m counterpart.

Supplementary Note 6: Breakdown of SOC atomic
limit

In the Jackeli-Khaliullin mechanism [12] the on-site overlap-
integral matrix Λ is usually assumed to follow the form of
the so-called SOC atomic limit, such that Λ·S̃ = i λeff(L·S̃),
where L is the hydrogen-orbital angular momentum matrix
and S̃ is the electron spin. The RuCl3 Λ-matrix roughly fol-
lows the atomic limit, shown in Supplementary Table 4 for
the z contribution Λz . In the same table, we also display
the values for the sister compounds with increased halogen
atomic number. These RuX3 values were extracted from
Wannier projection of a relativistic band structure calcula-
tion (see “Methods” section of the main manuscript). From
comparing the four matrices in the table, one can make two
important observations: First, with increasing ligand atomic
number the matrix element Λz(xy,x2−y2) (usually associated
with 2λeff) rapidly falls, even changing sign between Br and
I. Evidently, the SOC effects from magnetic ions and ligands
compete in these cases, so that stronger ligand SOC does
not directly lead to increased SOC effects in the effective d
orbital picture. Second, with higher ligand atomic number,
the atomic limit form of the SOC matrix breaks down: In
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RuX3 RuCl3 RuBr3 RuI3
structure C2/m R3̄ R3̄ R3̄

J1 −2.97 −2.92 −2.91 −0.06
K1 −5.30 −6.01 −4.04 −5.81
Γ1 +2.96 +2.69 +2.81 −0.67
Γ′1 −0.75 −0.87 −0.54 −1.94
J2 +0.10 +0.10 +0.15 +0.46

K2 −0.13 −0.14 −0.34 −1.07
Γ2 +0.05 +0.05 +0.08 +0.57

Γ′2 +0.05 +0.04 +0.01 +0.19

J3 +0.11 +0.10 +0.04 −0.08
K3 +0.07 +0.07 +0.15 +0.31

Γ3 +0.03 +0.02 +0.04 −0.03
Γ′3 −0.02 +0.03 −0.06 −0.21
g∥ +2.26 +2.26 +2.32 +2.32

g⊥ +1.95 +1.92 +1.88 +1.80

Supplementary Table 3. Magnetic exchange in the RuX3

family. The parameters (in meV) for the experimental structures
were extracted using the respective cRPA parameters (Uavg, Javg)
for each material. The values for the C2/m structure are C3-
symmetrized (over X, Y, Z bonds). g∥ (g⊥) is the contribution to
the gyromagnetic tensor G parallel (perpendicular) to the hon-
eycomb plane.

that limit, the nonzero matrix elements of Λz would have
a ratio Λz(xy,x2−y2)/Λ

z
(xz,yz) = 2, which is qualitatively sat-

isfied for RuCl3 (ratio ∼ 1.4), but not at all for its heavier
sister compounds RuBr3 (∼ 0.48) and RuI3 (∼ −0.6). Fur-
thermore, additional matrix elements which vanish in the
atomic limit become much more relevant for RuBr3 and
RuI3 (see Supplementary Table 4).
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atomic limit RuCl3 RuBr3 RuI3
Λz dxy dyz dz2 dxz dx2-y2 dxy dyz dz2 dxz dx2-y2 dxy dyz dz2 dxz dx2-y2 dxy dyz dz2 dxz dx2-y2

dxy 0 0 0 0 2λeff 0 −1 0 1 162 0 1 0 5 61 0 −12 1 −5 −75
dyz 0 0 0 λeff 0 1 0 −0 113 1 −1 0 −4 128 3 12 0 4 126 0

dz2 0 0 0 0 0 0 0 0 0 1 0 4 0 1 4 −1 −4 0 −10 10

dxz 0 −λeff 0 0 0 −1 −113 0 0 1 −5 −128 −1 0 0 5 −126 10 0 6

dx2-y2 −2λeff 0 0 0 0 −162 −1 −1 −1 0 −61 −3 −4 −0 0 75 0 −10 −6 0

Supplementary Table 4. Breakdown of the SOC atomic limit for increasing halogen atomic number. Comparison of the z-
component of the d-orbital on-site overlap matrix Λ in the SOC atomic limit (where Λ · S̃ = i λeffL · S̃) versus ab-initio values for
RuX3 (in meV), extracted from relativistic DFT calculations for the indicated compounds.
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