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1. Effect of the second-nearest neighbor interactions

Figure S1. The supercell used in the next-nearest neighbor calculations.

In our model, we have used nearest-neighbor interactions to model the magnetic be-
havior of the materials. However, one could also include interactions that are further
away.

To assess the validity of our model, which includes only nearest-neighbor interac-
tions, we perform additional calculations for CrisPtSe:z (no vacancies), to investigate the
strength of second-nearest neighbor in-plane interactions. We find that the second-nearest
neighbor in-plane exchange parameters are Jiyy; = —0.027 meV/p3 and J5yn, =
—0.013meV/pg . The nearest neighbor in-plane exchange parameters are Jf
—0.16 meV/ p3 and Jf = —0.20 meV/ p3, as listed in Table 1. Thus, the second-nearest
neighbor in-plane interactions are around 1 order of magnitude weaker than the nearest-
neighbor interactions, and we can safely ignore them in our model.

2. Lattice structure and parameters

The intercalation of Ti, V, Cr and Mn between the layers of PtSez influences the lattice
parameters. Additionally, the presence or absence of a Pt vacancy will also affect the lat-
tice parameters. In Table S1, we report the lattice parameters for all our materials.
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Table S1. The lattice vectors and angles for the intercalated PtSez structures with and without Pt
vacancies.

Intercalant Ti \Y% Cr Mn
Pt vacancy Yes/No ‘ No Yes No Yes No Yes No Yes
a ‘ 750 763 747 757 747 750 745 753
b 750 763 747 757 747 750 767 7.53
c 11.01 981 1085 9.80 10.48 9.81 10.09 9.80
«a ‘ 90°  90° 90° 90°  90°  90°  90°  90°
B 90°  90° 90°  90°  90°  90°  90° = 90°

Y ‘ 120°  120° 120° 120° 120° 120° 119° 120°
Table S1 shows the effect of the intercalants and vacancies on the lattice parameters.
The vacancies mainly affect the ¢ lattice constant of the various structures. In all cases, c is
reduced, with the reduction ranging from 2.9% for Mn-intercalated PtSe2 to 10.9% for Ti-
intercalated PtSe2. From the angles between the lattice vectors a, f and y, we conclude

that the vacancies do not change the shape of the cell, except for the reduction in the c
lattice constant.

3. Formation energy
We calculate the formation energy of our materials using,

1
Eform = M (Ecompound - MEpure - NEintercal) (1)

where Ecompound 18 the total energy of the intercalated PtSez, which we obtain from DFT.
Eintercal is the total energy per atom of the intercalant in its pure, metallic form and Epyye
is the total energy of the pure PtSe: unit cell, without any intercalants present. The factor
M accounts for the number of unit cell repetitions in the supercell used in the intercalated
structures. Finally, N represents the number of intercalant atoms in the supercell.
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Figure S2. The formation energy of the different intercalated PtSez structures, with and without
vacancies present.

In Fig. S1, we plot the formation energies of the intercalated PtSe: with and without
the presence of a Pt vacancy in the unit cell. For both cases, the formation energy is lowest
for Ti intercalation. Moving from Ti to Mn along the periodic table, the formation energy
of the intercalated PtSe: rises to a maximum for Cr intercalation, before lowering for Mn
intercalation.

Strikingly, the addition of Pt vacancies in the material lowers the formation energies
by at least 1.32 eV for all our intercalated PtSez systems. The largest drop in the formation
energy (1.70 eV) happens in Ti-intercalated PtSe2, while the smallest drop (1.32 eV) hap-
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pens in Cr-intercalated. A lower formation energy signifies a higher thermodynamic sta-
bility of the intercalated PtSe:. Therefore, we can infer that the Pt vacancies significantly
impact the stability of the intercalants in PtSez.

4. Nature of the magnetic interactions: super super-exchange

Here, we present the spin density of V- and Mn-intercalated PtSe: to provide a visual
representation of the super super-exchange interactions in our materials. As mentioned
in the main text of our paper, the super super-exchange mechanism connects two inter-
calant atoms by a chain of TM - Se — Pt — Se — TM atoms, where TM stands for the Transi-
tion Metal intercalant atoms. The super super-exchange interaction is ferromagnetic, with
an antiferromagnetic coupling at each step in the chain. For example, if the TM atoms are
ferromagnetically coupled and have a positive spin density associated with them, the
chain is structured as follows: TM (+) —Se (-) - Pt (+) — Se (-) - TM (+), where (+) means
that the spin density around the atom is mostly positive.

Figure S3 (a) shows the spin density of the ferromagnetic state of V-intercalated PtSes,
with positive spin density represented by the yellow regions and negative spin density
represented by the blue regions. We observe antiferromagnetic coupling between the V
atoms and the neighboring Se atoms. Additionally, we observe that the Pt atoms and V
atoms both have positive spin density. The super super-exchange coupling is achieved in
the V (+) - Se (-) - Pt (+) — Se (-) - V (+) chain, and the out-of-plane exchange constants are
ferromagnetic and large, JZ = 3.07 meV/ u§ and J§ = 3.25 meV/uf (see Table 1). There-
fore, the ferromagnetic state is the most stable state in V-intercalated PtSe.

Fig. 53 (b) shows the spin density of the ferromagnetic state Mn-intercalated PtSe:.
We see that here, the Pt atoms are antiferromagnetically coupled to the Mn (intercalant)
atoms, and we can represent the chain as Mn (+) — Se (-) — Pt (-) — Se (-) - Mn (+). From the
discussion above, we understand that the antiferromagnetic coupling is not favored and
disrupts the super super-exchange interactions and destabilizes the ferromagnetic state of
Mn-intercalated PtSez. The lack of super super-exchange interaction can also be seen in
the out-of-plane exchange constants, which are relatively low: J# = —0.09 meV/ u§ and
J¥ = 0.07 meV/u3, see Table 1. The result is an energy penalty for the ferromagnetic state,
and the ground state is antiferromagnetic in Mn-intercalated PtSez.

Figure S3. (a) Spin density for V-intercalated PtSez. (b) Spin density for Mn-intercalated PtSeo.



