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Alloying has been a tradition in materials science that has enabled groundbreaking discoveries in semicon-
ductor technologies, optics, and photovoltaics, among others. While alloying in traditional systems is relatively
well established, the effects of alloying in the emerging van der Waals (vdW) two-dimensional (2D) magnets
are still in their infancy. Using Co1−xNixCl2 as a testbed system, our results show that chemical vapor transport
of stoichiometric mixtures of TeCl4, Co, and Ni enables the synthesis of highly crystalline vdW magnetic alloys
with excellent control over the Ni concentration (x) without any tellurium impurities or phase separation. The
method is advantageous compared to binary CoCl2 and NiCl2 precursor mixtures which only produce small-
sized crystals with a large compositional variation. Magnetic measurements show that the degree of magnetic
anisotropy, Weiss temperature, and Néel temperature (TN) strongly correlate to the Ni concentration, offering
a tune-knob to engineer the magnetic behavior of transition metal dihalides. First-principles calculations offer
further insights into how the increasing Ni content influences the interlayer and intralayer magnetic couplings
and the resulting magnetic response. Overall, our findings provide an important avenue toward metal cation
alloying in dihalide 2D vdW magnets and offer means to tune their magnetic behavior on demand.
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I. INTRODUCTION

The experimental discovery of two-dimensional (2D) mag-
netic ordering at the monolayer and few-layer limit in FePS3

[1], CrI3 [2], CrCl3 [3], Cr2Ge2Te6 [4], and Fe3GeTe2 [5]
has stimulated intense research activities. Transition metal
trihalides (MX3, M = transition metal, X = halogen) have at-
tracted a lot of attention [4,6–13] with active efforts directed at
tuning their magnetic response on demand by external means.
Authors of recent studies [14,15] have shown that the electric,
optical, and magnetic properties of Cr-trihalides can be tuned
by intermixing the halide anions in ternary CrI3−xBrx [15] or
quaternary CrCl3−x−yBrxIy [16] systems.

While much attention has been paid to trihalides, a related
family of materials, transition metal dihalides (MX2), has
recently emerged as the focus of interest in the context of 2D
magnetism [6,7,17,18]. One significant difference between
these two families is that, whereas trihalides display an under-
lying honeycomb lattice for their magnetic ions, in dihalides,
a triangular lattice is present instead. Two relevant members
of the transition metal dihalide family are CoCl2 and NiCl2,
both of which have CdCl2 trigonal crystal structures (space
group, R3̄m) [19–21], as shown in Fig. 1(a). Below their
ordering temperatures (25 and 52 K for the Co and Ni materi-
als, respectively), both of these compounds adopt a magnetic
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structure consisting of ferromagnetic (FM) layers (with
in-plane moments) coupled antiferromagnetically (AFM) out
of plane [21–24]. Neutron diffraction results indicate that both
CoCl2 (with Co2+: 3d7 electronic configuration) and NiCl2

(with Ni2+: 3d8) favor high-spin states, with S = 3
2 for Co,

and S = 1 for Ni.
In this paper, we show how cation alloying in van der Waals

(vdW) transition metal dihalide magnets can be used to engi-
neer the electronic structure and magnetic properties of these
materials. The Co1−xNixCl2 (0 < x < 1) ternary alloys were
synthesized through chemical vapor transport (CVT) growth.
Comprehensive Raman spectroscopy, energy-dispersive x-ray
spectroscopy (EDS), and x-ray diffraction (XRD) studies
show the synthesized crystals are highly crystalline and are
fully alloyed without any phase separation. Further, vibrat-
ing sample magnetometry (VSM) was employed to probe
the magnetic properties of these materials across the com-
positional spectrum. Combining our experimental findings
with first-principles calculations, in this paper, we offer in-
sights into how engineering the electronic environment in
Co1−xNixCl2 as a function of x influences the magnetic re-
sponse of these materials.

II. RESULTS

Previously, transition metal dihalide crystals were synthe-
sized in their binary form (such as CoCl2 and NiCl2) using
a self-flux technique and CVT [25]. However, their alloys,
whether in halide anion or metal cation form, have not been
realized. The question arises if Co and Ni metal cations could
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FIG. 1. (a) Crystal structure of transition metal (M) dihalides CoCl2 and NiCl2 from side and top views. M atoms are shown as gray spheres,
Cl atoms are shown as green spheres, and the unit cell is indicated by a dotted line. (b) Scanning electron microscopy (SEM)/energy-dispersive
x-ray spectroscopy (EDS) images and mapping of Co1−xNixCl2, where x = 0.25. (c) Optical images of cobalt-nickel dihalides as the Ni
composition (x) increases from 0 to 1. Further experimental details can be found in Appendices A–C.

be intermixed with each other in a predictable and controllable
way across the ternary phase diagram. If possible, this would
enable us to potentially engineer the magnetic response of the
material including its Néel temperature (TN), magnetic sus-
ceptibility (χm), and magnetic anisotropy (α). Co1−xNixCl2

alloys were synthesized using CVT growth with the desired
stoichiometric ratios of cobalt (1−x) (powder, Alfa-Aesar,
99.99%), nickel (x) (powder, Sigma, 99.99%), and TeCl4

(powder, Sigma, 99.8%) as the transport agent. The overall re-
action reads (1−x)Co + (x)Ni + ( 1

2 )TeCl4 = Co1−xNixCl2 +
( 1

2 )Te, where the 1
2 Te is released as a visibly separated

byproduct of the entire reaction.
Stoichiometric amounts of precursors were added to

quartz ampoules (15 × 19 × 180 mm) and vacuum sealed
(∼10−5 Torr). Considering the hygroscopic nature of NiCl2

and CoCl2 crystals [25], the precursors and ampoules were
handled and loaded in a nitrogen-filled glove box before vac-
uum sealing. Sealed quartz ampoules were heated up in a
commercially available three-zone furnace with a temperature
gradient of 750 to 670 ◦C for 72 h to produce highly crys-
talline alloys in the cold zone (670 ◦C) with physical sizes

reaching >1 cm in lateral dimensions, as shown in Fig. 1(c).
The designed x values are correlated with the final obtained
stoichiometry in our crystals, suggesting 100% of the pre-
cursors were involved in the reactions, as evidenced by fully
alloyed vdW sheets [see Fig. 1(b) and Appendix B]. This can
be attributed to the similar vapor pressure values of Co and
Ni and acceptable tolerances of the Hume-Rothery rules. It
is noteworthy that starting with Co, Ni, and TeCl4 is critical
to obtaining high-quality alloys since the sublimation of sto-
ichiometric amounts of NiCl2 (powder, Alfa Aesar, 99.5%)
and CoCl2 (powder, Alfa Aesar, 99.5%) usually produced
phase-separated crystals and a wide compositional variation
within the same crystal.

Our XRD results show that the Co1−xNixCl2 crystals are
single phase without any coexisting phases with XRD (00l)
peaks (Kα1) gradually shifting from 64.16◦ to 64.39◦ with
increasing x values from 0 to 1 [Fig. 2(a)]. The Raman spec-
trum (Renishaw micro-Raman with a 488 nm laser source)
exhibits two prominent peaks located at 153 and 248 cm−1

for CoCl2 and 171 and 266 cm−1 for NiCl2 [Fig. 2(b)]. These
modes are associated with in-plane Eg and out-of-plane A1g
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FIG. 2. Characterization of Co1−xNixCl2. (a) X-ray diffraction results showing a linear shift in 2θ -d-spacing values as a function of x.
(b) Raman spectrum. (c) Ultraviolet (UV)-visible (Vis) absorption spectra for a given compositional value (x) from x = 0 (blue) to x = 1
(yellow), normalized to the first peak. (d) The absorption spectra show the gradual shift of peak 1 (P1) as x increases from 0 to 1.
(e) Absorption spectra showing the reduction in absorption intensity of P3 as x increases from 0 to 1. Further experimental details can be
found in Appendices A and C.

vibrational modes, and both peaks exhibit a very sharp line
width (3 cm−1), further demonstrating the high-crystal quality
of the synthesized materials [26,27]. As the Ni (x) content
is increased, the fundamental vibrational modes (out-of-plane
A1g and in-plane Eg) monotonically shift to higher frequen-
cies. This can be attributed to the higher Ni mass and stronger
cation-anion bonding. We also note that the reduction in
Raman intensity with x might be related to the decreased op-
tical penetration depth. More importantly, the alloyed crystals
[Fig. 2(b)] show distinct Raman spectra without any native
Raman peak contributions from the parent Ni or Co dihalides.
This excludes the possibility of coexisting binary phases.

As the x composition is varied in Co1−xNixCl2, the opti-
cal properties and the electronic structure show appreciable
changes. As shown in Fig. 2(c), multiple subgap absorption
peaks (labeled P1–P4) were identified for the alloy crystals
[28,29]. P1 absorption corresponds to the 4T1(F) → 4T2(F)
crystal-field transition of CoCl2 and the triplet ground state
to the spin-allowed triplet excited state 3A2g(F) → 3T2g(F)
transition for NiCl2. These two absorption peaks are shifted
only by ∼0.15 eV. Thus, as the alloying content (x) in-
creases, the P1 peak of Co 4T1(F) → 4T2(F) gradually shifts
to the Ni related 3A2g(F) → 3T2g(F) transition (black curve) in
Fig. 2(d). P2 at 1.5 eV corresponds to the 4T1(F) → 4A2(F)

transition of CoCl2 and the 3A2g(F) → 3T1g (F)(a) electric-
dipole-forbidden transition of NiCl2 (these two appear at
nearly the same energy). The P3 peak at 2.1 eV corresponds
to the 4T1(F) → 4T1(P) transition of CoCl2, with the small
shoulder at 2.4 eV corresponding to the lowest energy spin-
forbidden 3A2g(F) → 1T2g(D) transition of NiCl2. Indeed,
Fig. 2(e) highlights the sharp decrease in intensity of the
2.1 eV peak for the CoCl2 related 4T1(F) → 4T1(P) transition,
as the alloy system becomes increasingly Ni rich. Lastly, the
P4 peak at 2.8 eV corresponds to the 3A2g(F) → 3T1g (P)(b)

spin-allowed transition of NiCl2.
Figures 3(a)–3(c) show the molar susceptibility (χm) vs

temperature plots that were obtained from magnetization vs
temperature measurements through a physical property mea-
surement system (PPMS) in VSM mode from 1.7 to 300 K at
H‖ = 1 T (field applied parallel to the ab plane). As shown in
Fig. 3(a), χm for each alloy displays a paramagnetic-to-AFM
transition, and its first derivative [Fig. 3(a) inset] highlights
the corresponding Néel temperature (TN). The extracted TN

values monotonically increase from 25 to 53 K with increas-
ing Ni content (x), as shown in Fig. 3(c). The Curie-Weiss
temperature (�W) was extracted using the Curie-Weiss Law,
χ = χ0 + C/(T − �W) [see Fig. 3(b)], where χ0 is a small
diamagnetic background from the sample holder, T is the
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FIG. 3. Magnetic characterization of Co1−xNixCl2. (a) Susceptibility. (b) Inverse susceptibility with respect to temperature for different
Ni concentrations (x). (c) Extracted Néel and Curie Weiss temperatures for a given composition value (x) in the H‖ configuration. (d)–(f)
In-plane and out-of-plane magnetization vs field measurements to show how the degree of magnetic anisotropy evolves with increasing Ni
concentration. Note that both CoCl2 and NiCl2 have in-plane moments.

temperature, and C is the Curie constant. The extracted �W

values also show a monotonic increase from 19 K for x = 0 to
65 K for x = 1.

As shown in Fig. 3(d), the magnetic saturation (Ms) val-
ues depend heavily on the Ni content (x) wherein the Ms

observed at ∼30 kOe in pure CoCl2 (blue line at x = 0)
gradually shifts to higher Ms values [light blue and green
in Fig. 3(d)] until the Ms value reaches well above 7 Tesla
and cannot be observed/measured for compositions x > 0.75
[Fig. 3(d)]. Here, σ denotes the magnetic moment per unit
mass in units of Am2/kg. The M-H measurements were
performed in H‖ and H⊥ configurations to understand how
the magnetic anisotropy evolves for increasing x [Fig. 3(e)].
Here, the term α is introduced as a measure of the degree of
anisotropy which can be expressed as α = |χ⊥−χ‖|

χ⊥
, where χ‖

and χ⊥ are the calculated slopes obtained from the magne-
tization vs field measurements in H‖ and H⊥ configurations,
respectively [Fig. 3(e)]. Our results show that α (the degree of
magnetic anisotropy) is monotonically reduced for increasing
Ni content (x) [Fig. 3(f)]. Note that the anisotropy for x = 1
remains positive.

We note that alloying has been attempted in other vdW
magnets such as RuCl3, M2P2S6 (M = Fe, Ni, and Mn), and
Fe3GeTe2 [30–34]. As an example, in bulk (Fe1−xNix )2P2S6

(x = 0 − 1) alloys, the symmetry of the structure is also
preserved for all x with an AFM ground state being simi-
larly obtained for all crystals [31,32]. However, in contrast
to Co1−xNixCl2 alloys, (Fe1−xNix )2P2S6 offers the possibil-
ity of tuning the nature of the magnetic anisotropy upon
changing the Ni content (FePS3 has an easy-axis out-of-

plane anisotropy, whereas NiPS3 has an easy-plane anisotropy
instead). In this manner, (Fe1−xNix )2P2S6 alloys exhibit a
monotonically increasing TN with increasing nickel content
and an easy-axis out-of-plane anisotropy up to x = 0.9 (with
the degree of anisotropy decreasing with increasing x). For
x > 0.9, the anisotropy changes to the easy plane, breaking
the monotonic TN trend. The possibility of tuning the nature
of the anisotropy of transition metal dihalides upon alloying
should be an exciting future direction to pursue when explor-
ing other transition metals (even though both Ni and CoCl2

have in-plane moments, FeCl2 has an out-of-plane easy-axis
anisotropy instead [21]).

Next, density functional theory (DFT)-based calculations
were performed to offer a detailed understanding of how the
magnetic behavior of Co1−xNixCl2 ternary magnets changes
with x. First, DFT simulations reveal that, for any Ni concen-
tration (x), bulk Co1−xNixCl2 alloys retain an AFM insulating
magnetic ground state wherein the moments are coupled FM
in plane and AFM out of plane. These results are consistent
with the experimental results. The derived magnetic moments
for Co and Ni are consistent with the expected high-spin
state μCo ∼ 2.5 μB and μNi ∼ 1.5 μB, reduced with respect to
their nominal values due to hybridizations. An orbital moment
∼0.1–0.2 μB is found in the Co atoms when the spin-orbit
coupling is included.

To offer further insights into the magnetic properties of
Co1−xNixCl2, we start by building a microscopic model
obtained by fitting the energies of different magnetic con-
figurations to a Heisenberg Hamiltonian, where the nearest-
neighbor in-plane (Jintra) and out-of-plane (Jinter) exchange
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TABLE I. Calculated exchange interaction constants for bulk
and monolayer Co1−xNixCl2 structures, where 0 � x � 1. The con-
vention for J is that the coupling parameter is positive for a FM
interaction and negative for an AFM one. EMAE represents the mag-
netic anisotropy defined as EG(90) − EG(0) where EG(θ ) is the
computed ground state energy as a function of the angle θ that forms
the magnetic moment with the atomic planes. EMAE > 0 describes an
in-plane anisotropy.

Bulk Monolayer

x JintraS2 (meV) JinterS2 (meV) EMAE (meV) JintraS2 (meV)

0.00 2.59 −0.43 0.35 2.51
0.25 2.72 −0.44 0.23 2.68
0.50 2.90 −0.44 0.20 2.82
0.75 3.11 −0.45 0.15 3.01
1.00 3.62 −0.45 0.12 3.66

interactions are found to be the dominant couplings (see
Appendix D for more details). Thus, our effective model
Hamiltonian has the form:

H = −Jintra

2

∑

[i, j]

Si · S j − Jinter

2

∑

〈i, j〉
Si · S j,

where S denotes the spin operators, the summation indices
[i, j] (〈i, j〉) denote sums over in-plane (out-of-plane) nearest
neighbors, and the 1

2 factor in front of each term is introduced
to avoid double counting.

Table I shows the evolution of Jintra and Jinter for the differ-
ent bulk alloys. As anticipated, Jintra is FM, while Jinter is AFM
in nature. For all x values, the nearest-neighbor FM intralayer
coupling is the dominant exchange, with the AFM interlayer
coupling being an order of magnitude smaller. We find that
the intralayer exchange (Jintra) increases monotonically with
the Ni content (x)—from 2.59 meV for CoCl2 to 3.62 meV
for NiCl2. This is a reasonable trend since the magnitude of
the exchange is proportional to the degree of orbital overlap,
which increases with a decreasing in-plane metal-metal dis-
tance (as x increases from 0 to 1). The interlayer exchange,
in turn, remains almost unaffected, as the interlayer distance
does not change significantly enough as to influence the Jinter

term (from −0.43 meV for CoCl2 to −0.45 meV for NiCl2).
Considering these exchange values, and together with a

mean-field model, the Néel temperature is proportional to the
J values. Considering the calculated variation of Jintra and Jinter

with x (Table I), the increase in TN can be attributed to the in-
creasing Jintra value for an increasing Ni content and indicate a
good qualitative agreement with the experimentally observed
trend in TN. We note, however, that a mean-field-approach-
based TN analysis would yield overestimates in TN [35], so we
do not proceed further with quantitative evaluations.

Spin-orbit coupling has further been included to obtain
an estimate of the magnetic anisotropy energy (MAE) EMAE.
Here, EMAE = EG(90) − EG(0), where EG(θ ) is the derived
ground state energy as a function of the angle (θ ) that forms
the magnetic moment with the atomic planes (we have verified
that changes in energy for different in-plane magnetization
directions are small and pick My = 0 for the magnetization).
Table I shows the derived values for EMAE, where EMAE > 0

(describing in-plane moments), and it decreases from CoCl2

to NiCl2, in agreement with experiments (Fig. 3).
While experiments are restricted to the bulk, we follow the

same theoretical procedure described above to ascertain the
magnetic response of Co1−xNixCl2 alloys when going to the
strict 2D limit (i.e., down to the monolayer limit). We find that
the ground state of the monolayer alloys is FM and insulating
with the leading exchange interaction term being the nearest-
neighbor in-plane coupling (Jintra), whose calculated values
for the different monolayer alloys are shown in Table I. Here,
Jintra increases monotonically for increasing x with values that
are nearly the same as those for the bulk. As mentioned above
for the bulk, a mean-field estimate for the transition temper-
ature of the monolayer alloys scales with Jintra. Thus, once
these exfoliated systems become experimentally feasible, FM
monolayers with a Curie temperature that increases with the
Ni content can be anticipated.

In conclusion, our experimental and theoretical studies
have established metal cation alloying and their mag-
netic properties in environmentally stable Co- and Ni-based
Co1−xNixCl2 vdW dihalide magnets. Our results have shown
that centimeter-sized Co1−xNixCl2 vdW magnet alloys can
be synthesized using the CVT technique using elemental
precursors from x = 0 to 1 without any phase separation.
Experimental results have shown that the magnetic anisotropy,
Néel temperature, and other magnetic properties can be tuned
on demand with increasing Ni (x) content. Results of theo-
retical studies further offered microscopic insights into these
magnetic responses through the calculated magnetic exchange
interactions. Overall, our results introduce metal cation alloy-
ing in dihalide magnets and offer ways to tune the magnetic
behavior of these materials on demand.
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APPENDIX A: EXPERIMENTAL METHODS

Materials characterization

The scanning electron microscopy (SEM) and EDS map-
pings were performed using a Hitachi S4700 field emission
SEM. The working distance and the acceleration voltage was
set as 12.9 mm and 15 kV, respectively. The powder XRD
measurements of the as-grown vdW alloys were performed
using Cu Kα irradiation on a PANalytical X’Pert PRO MRD
XRD spectrometer. The Raman spectroscopy was performed
under a backscattering geometry using a green laser (λ =
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FIG. 4. Scanning electron microscopy (SEM)/energy-dispersive x-ray spectroscopy (EDS) images for CoCl2.

532 nm) as the excitation source with an Andor 750 spec-
trometer. During the measurements, the incident light and the
scattered light were aligned parallel to each other. Magnetic
measurements were performed using the PPMS by Quantum
Design Inc. in VSM mode. The specimens were collected
in a diamagnetic capsule, and measurements were performed
from 1.7 to 300 K from 0 to 7 Tesla magnetic fields. The
capsule diamagnetic background correction was done in each
measurement set to account for the constant background. The
measurements were repeated 20 times on various batches of
vdW alloy systems.

APPENDIX B: ENERGY DISPERSIVE X-RAY SPECTRA

In Fig. 1(b), we have shown the SEM/EDS images and
maps for Co1−xNixCl2 wherein x = 0.25. Here, we present
the SEM/EDS images and maps for the whole alloy system
from x = 0 to 1 (Figs. 4–8, respectively). This confirms the
stoichiometry of the crystals and highlights that the crystals
are Te free.

APPENDIX C: POWDER XRD OF NiCl2

In Fig. 2(a), we have shown the linear shift of 2θ values
as a function of x. Here, we present the full powder XRD
spectra of NiCl2 (see Fig. 9) to highlight the high quality of
the synthesized crystals.

APPENDIX D: FIRST-PRINCIPLES CALCULATIONS

1. Computational methods

DFT calculations for Co1−xNixCl2 alloys were performed
with the all-electron, full potential code WIEN2K [36] based
on the augmented plane wave plus local orbitals (APW + lo)
basis set. We used the Perdew-Burke-Ernzerhof (PBE) ver-
sion of the generalized-gradient approximation (GGA) [37]
as the exchange-correlation functional. All calculations were
converged with respect to RmtKmax = 7.0 and the number of
k-points, where the following k-mesh sizes were used in sam-
pling over the Brillouin zones of the bulk (monolayer) cells:
26 × 26 × 14 (41 × 41 × 5) for x = 0 and 1, 21 × 21 × 22
(33 × 33 × 8) for x = 0.25 and 0.75, and 17 × 18 × 30 (7 ×

FIG. 5. Scanning electron microscopy (SEM)/energy-dispersive x-ray spectroscopy (EDS) images for Co0.75Ni0.25Cl2.
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FIG. 6. Scanning electron microscopy (SEM)/energy-dispersive x-ray spectroscopy (EDS) images for Co0.5Ni0.5Cl2.

27 × 48) for x = 0.5. The muffin-tin radii used were 2.46 Å
for Co, 2.43 Å for Ni, and 2.10 Å for Cl. The spin-orbit inter-
action was considered using a second variational method with
scalar-relative orbitals as basis states [36]. We did not add an
onsite Coulomb repulsion (U) since insulating solutions can
already be obtained at the GGA level, and in this manner, the
derived exchange constants are not dependent on the chosen
value of U.

2. Structural data

As a starting point, we used bulk experimental structural
data [22] for CoCl2 and NiCl2. The bulk Co1−xNixCl2 alloy
(x = 0.25, 0.50, and 0.75) unit cells were then constructed
from a 2 × 2 × 1 supercell of the experimental one. Ideally,
larger supercells should be attempted for alloys, but given
the clean trends found experimentally and in our calculations
for the J/TN dependence, we used a minimal model that can
reproduce experimental trends.

Structural relaxations (lattice parameters and atomic co-
ordinates) were performed in the magnetic ground state
(AFM for the bulk) using the GGA-PBE functional and the
computational parameters mentioned above as well as with a

force convergence criterion of 0.5 mRy/Bohr. The optimized
bulk interlayer distances (d) and in-plane lattice parameters
(a) were found to be consistent with experimentally reported
values for CoCl2 and NiCl2 [20–22], and the latter were found
to decrease monotonically with increasing x, as expected (see
Table II for bulk optimized cell parameters and bond lengths).
For the monolayer structures, in-plane lattice parameters were
taken from the optimized bulk structures, and the internal
coordinates were further relaxed with FM order and the same

TABLE II. In-plane lattice parameter (a), out-of-plane lattice
parameter (c), interlayer distance (d), and Co-Cl/Ni-Cl bond lengths
for the Co1−xNixCl2 DFT-relaxed bulk and monolayer structures.

Bulk Monolayer

x a (Å) c (Å) d (Å) Co-Cl (Å) Ni-Cl (Å) Co-Cl (Å) Ni-Cl (Å)

0.00 3.55 11.63 5.81 2.44 – 2.45 –
0.25 3.54 11.60 5.80 2.44 2.41 2.45 2.42
0.50 3.53 11.54 5.77 2.43 2.41 2.44 2.41
0.75 3.52 11.61 5.80 2.43 2.41 2.44 2.41
1.00 3.50 11.58 5.79 – 2.41 – 2.41

FIG. 7. Scanning electron microscopy (SEM)/energy-dispersive x-ray spectroscopy (EDS) images for Co0.25Ni0.75Cl2.
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FIG. 8. Scanning electron microscopy (SEM)/energy-dispersive x-ray spectroscopy (EDS) images for NiCl2.

force convergence value as the bulk (see Table II for mono-
layer optimized bond lengths). Also, a vacuum level of ∼23 Å
was used to ensure no out-of-plane interactions.

3. Energy fittings to Heisenberg Hamiltonian

As mentioned in the main text, we extract the lead-
ing magnetic couplings by fitting the energy differences of

FIG. 9. Powder x-ray diffraction (XRD) spectra of NiCl2.

different magnetic configurations to a Heisenberg model.
We describe here the magnetic configurations we used for
the energy fittings at the bulk and monolayer levels. In the
bulk Co1−xNixCl2 structures, each transition metal atom has
six in-plane nearest neighbors and two out-of-plane nearest
neighbors (the latter corresponding to next-nearest neigh-
bors). We used the following magnetic configurations: (1) FM
configuration wherein the in-plane and out-of-plane nearest-
neighbor spins are FM aligned (corresponding to EFM = E0 −
(6Jintra + 2Jinter )S2). (2) AFM configuration wherein in-plane
nearest neighbors are FM coupled in-plane and AFM out-
of-plane (corresponding to EAFM = E0 − (6Jintra − 2Jinter )S2).
(3) An AFM striped (AFS) configuration in which each
transition metal atom has two in-plane nearest neighbors
with parallel spins and four with antiparallel spins (cor-
responding to EAFS = E0 + (2Jintra − 2Jinter )S2. Note that,
in each of the expressions above, the energy maps cor-
respond to 1 f.u. Using these energy configurations, we
can solve for Jintra and Jinter in terms of the energy dif-
ferences Jintra = 1

8S2 [(EAFS − EAFM) − (EFM − EAFM)], and
Jinter = − 1

4S2 (EFM − EAFM). The bulk values for Jintra and Jinter

in Table I of the main text are obtained using this methodol-
ogy. In the case of the monolayer Co1−xNixCl2 structures, we
use the same energy fittings for EFM and EAFS as for the bulk,
which allows us to obtain Jmono

intra = 1
8S2 (EAFS − EFM).
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