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Platinum diselenide (PtSe,) is a recently-discovered extrinsic magnet, with its magnetism attributed to the
presence of Pt vacancies. The host material to these defects itself displays interesting structural and electronic
properties, some of which stem from an unusually strong interaction between its layers. To date, it is not clear
how the unique intrinsic properties of PtSe, will affect its induced magnetism. In this theoretical work, we show
that the defect-induced magnetism in PtSe, thin films is highly sensitive to: (i) defect density, (ii) strain, (iii)
layer thickness, and (iv) substrate choice. These different factors dramatically modify all magnetic properties,
including the magnitude of local moments, strength of the coupling, and even nature of the coupling between the
moments. We further show that the strong interlayer interactions are key to understanding these effects. A better
understanding of the various influences on magnetism can enable controllable tuning of the magnetic properties
in Pt-based dichalcogenides, which can be used to design novel devices for magnetoelectric and magneto-optic

applications.
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I. INTRODUCTION

The recent discovery of magnetism in two-dimensional
(2D) layered materials [1—4] has sparked renewed interest
in one of the oldest and most well-studied emergent phe-
nomenon within solid state physics: collective magnetism.
Not only do these 2D magnets circumvent the Mermin-
Wagner theorem, which forbids long-ranged order in lower
dimensions through magnetic anisotropy, but they also pos-
sess an interesting tunability of their magnetic properties that
is facilitated by their 2D nature. For instance, magnetic or-
dering in Crl; thin films [2,5] has been shown to depend
on the number of layers. It was also shown that the nature
of magnetic coupling in a Crl; bilayer [6] can be tuned by
electric fields (gating). Theoretical work on CrX3; (X = Cl,
Br, I) monolayers [7] also indicates that strain can be used
to tune magnetic properties. Hence, 2D magnets and their
tunable properties offer opportunities to study the phenom-
ena of local moment formation and collective magnetism in
low dimensions, as well as to design devices for spintronics,
magneto-optics, quantum-information and -sensing applica-
tions. These 2D magnets can be: (i) intrinsic in nature, such
as Crls, or (ii) extrinsic in nature. In the latter category, we
include all 2D materials, otherwise nonmagnetic, in which
magnetism can be induced through: (i) defect engineering (va-
cancies, substitutionals, creating edges/nanoribbons) [8—11],
(ii) intercalation between layers by magnetic species [12-16],
or (iii) proximity effects (2D crystal placed on a magnetic
substrate) [17,18]. With only a few known intrinsic 2D mag-
nets, there is a strong motivation to use the aforementioned
strategies to induce collective magnetism in nonmagnetic 2D
crystals.

Amongst extrinsic 2D magnets, long-ranged magnetism
was recently discovered in platinum diselenide (PtSe;) thin
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films [19]. In this joint experimental-theoretical work, Avsar
et al. attributed the observed magnetism to the presence of
platinum vacancies (Vp) [19], which had also been previ-
ously investigated using density functional theory (DFT) [20].
In addition, several theoretical works have proposed other
strategies for inducing a magnetic moment in PtSe, mono-
layers, such as: (i) combining strain with hole doping to
induce magnetism [21], (ii) Se vacancy in the simultaneous
presence of strain [22], (iii) hydrogenation on Se sites [23],
and (iv) doping with transition metal elements [24]. Most of
these theoretical works used freestanding monolayers of PtSe;
placed in vacuum, ignoring the effects of layer thickness or the
presence of a substrate. However, experiments indicate that
the magnetic properties in 2D crystals are strongly affected
by layer thickness and substrates [19,25,26]. For example, in
a more recent paper by Avsar et al. [26], the authors discov-
ered that magnetic ordering in PtSe, is antiferromagnetic in
a monolayer, while it is ferromagnetic in a bilayer. This is
an important result, showing layer-thickness dependence of
Vpe-induced magnetism in PtSe,. The importance of taking
layer thickness and/or substrates into account in studies of 2D
materials, in general, was also recently highlighted in other
careful theoretical studies of different 2D crystals [27,28].

In this work, out of the different proposed ways of inducing
magnetism in PtSe, thin films, we chose to use platinum va-
cancies, as these defects have been experimentally implicated
in the observed magnetic ordering in PtSe, [19,26,29]. We
explored the dependence of the defect-induced magnetism
on several factors: (i) vacancy concentration, (ii) strain, (iii)
layer thickness, and (iv) substrate choice. Using DFT-based
calculations, we find that the magnitude of the magnetic mo-
ment and the exchange coupling between the moments are
modified with vacancy concentration as well as strain. More-
over, the magnetic properties depend significantly on layer

©2021 American Physical Society


https://orcid.org/0000-0002-6884-6737
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.144403&domain=pdf&date_stamp=2021-04-02
https://doi.org/10.1103/PhysRevB.103.144403

MANCHANDA, KUMAR, AND DEV

PHYSICAL REVIEW B 103, 144403 (2021)

(a) (b) 4.0

(c)

Energy (eV)
{ w §
o

PtSe, monolayer

Conulcca

4.0

PtSe, bilayer

2'0‘ o

_____r______
Energy (eV)

FIG. 1. Pristine PtSe, properties. (a) Structure (top view) of pristine 7-phase PtSe, monolayer. The dashed area shows the primitive unit
cell for PtSe,. Band structures for a PtSe, (b) monolayer and (c) bilayer, showing layer dependence of electronic structure properties. The
charge density difference plot, Ap = p(bilayer) — p(top layer) — p(bottom layer), for (d) PtSe, and (e¢) WSe, bilayers, respectively, showing
larger interlayer interaction in the former structure versus the latter structure. The pink and yellow isosurfaces represent charge accumulation

and depletion, respectively.

thickness/substrate due to the strong interlayer interaction
between the layers in the presence of Pt vacancies. Our results
show that accounting for the “real-world conditions,” such
as layer thickness, strain, and the presence of a substrate,
is imperative when predicting the magnetic properties of 2D
materials.

II. CALCULATION DETAILS

Our spin-polarized DFT calculations were performed us-
ing the Vienna ab initio simulation package (VASP) [30]. A
small subset of the calculations was also performed using
the Quantum Espresso package [31]. In all of the calcu-
lations, the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) [32] was used to account for
exchange correlation effects. To correctly describe the in-
terlayer interactions in PtSe, thin films, Grimme’s DFT-D3
van der Waals (vdW) corrections was used [33]. The kinetic
energy cutoff was set to 500 eV. To study the effect of defect
concentrations, we created Vp; in n X n x 1 supercells, with
n =3, 4, and 5, corresponding to the defect concentrations
of 11.11%, 6.25%, and 4.00%. For the 11.11%, and 6.25%
vacancy concentrations, we varied the layer thickness (up to
four layers), placing the vacancy in the topmost layer. The
k-point sets used in all of our calculations were equivalent to at
leasta 21 x 21 x 1 grid for the unit cell of PtSe,. To study the
effects of substrates, we considered three representative sub-
strates: graphene (used in the experiment by Avsar et al. [26]),
hexagonal boron nitride (hBN), and copper [Cu(111)]. For the
PtSe, /hBN and PtSe,/graphene heterostructures, we used a
4 x 4 x 1 supercell PtSe, placed on a 6 x 6 x 1 supercell of

hBN or graphene (lattice mismatch: 0.33% and —1.60%, re-
spectively). For PtSe,/Cu(111), we used 4 x 4 x 1 supercell
of PtSe, on a four-atom-thick layer of Cu(111), with a lattice
mismatch of 2.62%. For all the structures, energy convergence
criterion was set to be better than 10~® eV and the atomic re-
laxations were carried out until the Hellmann-Feynman forces
were smaller then 1072 eV/A. The layers were separated by
25 A of vacuum to eliminate spurious interactions between the
periodic images.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the optimized structure of a pristine
PtSe, monolayer, for which the lowest energy phase is
the octahedrally-coordinated T phase. Before investigating
defect-induced magnetism in 1T-PtSe,, it is instructive to
consider the unique properties of the pristine structure, which
set PtSe, apart from more extensively-investigated group-
VI TMDs. Recent experimental [34] and theoretical [35,36]
studies showed a dramatic change in its electronic structure
properties as a function of thickness. This material, which
prefers AA stacking, is metallic in bulk, semimetallic as a
trilayer, and semiconducting as a bilayer or a monolayer.
Figures 1(b) and 1(c) are plots of the band structures of a pris-
tine monolayer and a bilayer, respectively, showing the layer
dependence of the indirect band gap, which changes from
about 1.40 eV for the former structure to about 0.20 eV in the
latter structure. This strong dependence of electronic structure
properties on the sample thickness stems from a strong inter-
layer interaction, resulting in much smaller distances between
the layers. For example, in the case of a PtSe, bilayer, the
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FIG. 2. Properties of platinum vacancies in a PtSe, monolayer. (a) The isosurface plot of spin density distribution for Vp, = 6.25% and
11.11%. (b) Band structure for different defect concentrations, showing overall increase in the bandwidths (yellow highlight) with increasing
defect concentration. (c) Density of states (DOS) for defective structures, showing the defect states (yellow highlight) around the Fermi level
(used as the reference energy). (d) Spin polarization energy per defect (left) and exchange coupling constant (right) as a function of defect
concentration. Spin polarization energy shows a decrease in spin polarization as the overlap between the spin-split defect states increases with
increasing defect concentrations. (e) The computed AE; = Expv, — Erw, as a function of strain at defect concentrations of 6.25% and 11.11%

for PtSe, monolayers.

binding energy Ej is —0.199 eV/f.u. (with Ep = Epijayer —
Eiop layer — Ebottom layer» £x = total energy of system X, and
formula unit abbreviated as f.u.), and the calculated interlayer
distance is about 2.30 A. For comparison, the calculated bind-
ing energy for a WSe, bilayer is —0.148 eV /f.u., and the
interlayer distance is about 3.15 A, where we have chosen
WSe, as a representative material from group-VI TMDs. The
strong interlayer interaction in PtSe, can also be seen from
the charge density difference (A p) plot for the PtSe, bilayer
shown in Fig. 1(d). Here, Ap = p(bilayer) — p(top layer) —
p(bottom layer) is a measure of the extent to which there is a
charge redistribution upon formation of a bilayer, and hence,
a measure of the interlayer interactions. In contrast, for the
case of WSe, bilayer shown in Fig. 1(e), the interaction is
mostly van der Waals in nature and the structure shows min-
imal charge redistribution. In the subsequent discussion, we
will show how the greater strength of interlayer interactions
profoundly affect defect-induced magnetism in PtSe, layers.

A. Defect-induced magnetism in PtSe, monolayer

In PtSe,, the platinum vacancy results in a unique recon-
struction around the defect, in which the nearest-neighbor
Se atoms move outwards away from the vacancy. The Se-Se
distance increases both in-plane and out-of-plane as com-
pared to those in a pristine PtSe, monolayer. The extent of
the outward movement depends on the defect concentration
itself. In contrast to this outward movement in PtSe,, in the
case of a group-VI TMD, such as a WSe, monolayer, Se
atoms surrounding the defect move closer to each other, as

compared to a pristine WSe, monolayer. This inward move-
ment of atoms leads to an increased overlap between the
dangling bonds, resulting in a nonmagnetic structure. As a
result, one does not associate metal vacancies in group-VI
TMDs with induced magnetism, unlike those in PtSe;,.

In a PtSe, monolayer, once we remove a platinum atom
from the matrix, we find that the spin-polarized configuration
is lower in energy than the nonmagnetic configuration, with
most of the magnetic moment originating from the partially
occupied 4p orbitals of the six neighboring Se atoms. We also
find that there are two possible spin-polarized configurations,
corresponding to alignment of the local moments in the two
Se planes. This is in agreement with the theoretical results
reported by Avsar et al. [26]. The spins in the two Se planes
around the defects can be oriented parallel to each other, or
they can be oriented antiparallel to each other. We refer to
the former configuration as FM;, and latter as AFM,. Here,
the subscript L is used to indicate that we are referring to
the distribution of the local moment in each defect center and
not to collective macroscopic magnetism in the system. For a
monolayer with 11.11% defect concentration, the FM;, con-
figuration is lower in energy than the AFM; configuration by
about 9.10 meV. For the lowest energy (FM,) configuration,
we find that a total magnetic moment of 4 up is introduced
in the freestanding PtSe, monolayer. This value of total mag-
netic moment per defect is expected as the formal oxidation
state of platinum is +4 in 1T-PtSe,. Most of the magnetic
moment originates from the partially occupied 4p orbitals of
the six neighboring Se atoms (~0.58 up per atom), as shown
in Fig. 2(a). For the two smaller defect concentrations, 6.25%
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and 4.00%, AFM_, is lower in energy than the FM; configura-
tion by 8.64 meV and 21.81 meV, respectively. Spin density
isosurfaces for the 6.25% and 11.11% defect concentrations
are plotted in Fig. 2(a), showing their respective preferred
AFM; and FM_, spin alignments. The spin density distribution
is defined as: Ap (= p' — p'), where p' and p' are charge
densities in the two spin channels.

Figure 2(b) shows the band structures of defective PtSe,
monolayers with three different defect concentrations. For
the 4.00% and 6.25% concentrations, spin-up (majority) and
spin-down (minority) states overlap due the antiferromagnetic
coupling between the Se atomic planes, whereas the band
structure for the largest defect concentration (11.11%) shows
spin splitting of the defect states into the spin-up (major-
ity) and spin-down (minority) states. For the largest defect
concentration, the bandwidths of defect states [highlighted
in Fig. 2(b)] are larger due to the high defect concentra-
tion, which results in an increased interaction between the
defects. This large dispersion can be seen in the widths of
the highlighted defect-induced states around the Fermi level
in the density of states (DOS) plot for the largest defect
concentration in Fig. 2(c). As a result of the large disper-
sion, there is a considerable overlap between the two spin
channels, resulting in a smaller spin-polarization energy (per
defect) of 44.27 meV [see Fig. 2(d)]. Here, the spin polariza-
tion energy is defined as a difference in total energies of the
nonmagnetic (Enxy) and the most stable spin polarized con-
figuration (Eapm, /rM, ) structures: AEg, = Exm — Earm, /FM; -
For the smaller defect concentrations, the defect states are
nearly dispersionless, as can be seen in the band structures
and DOS plots in Figs. 2(b) and 2(c), respectively. In turn,
this results in larger spin polarization energies. The calculated
values of spin-polarization energies (per defect) for the 6.25%
and 4.00% concentrations are 103.80 meV and 349.46 meV,
respectively [see Fig. 2(d)]. These are large energies [com-
pared to room temperature (kg7 =~ 25 meV)], implying that
the local moments will survive at room temperature.

Formation of defect-induced local moments does not nec-
essarily result in collective magnetism, with the latter being a
result of the exchange interaction between the moments on
different defect centers. In order to determine the strength
and the nature of magnetic exchange coupling between the
defect-induced moments, we determined the energy differ-
ence between the ferromagnetic (FM) and antiferromagnetic
(AFM) alignments of the moments. In order to do so, we
doubled the size of the supercells in one of the lateral direc-
tions, and depending upon how we initialized the moments,
we obtained either the AFM or the FM alignment of mo-
ments on the neighboring defect centers. The difference in
total energies for the two stable magnetic structures, AE =
Exrm — Epm, was then mapped onto an effective Heisenberg
spin model, which gives the distance-dependent values of
the exchange coupling constant. According to the Heisenberg
model, taking into account only nearest-neighbor interaction:
H=-J, Z<i i) S; - S;, where Jy is the nearest-neighbor ex-
change coupling constant and S; is the spin induced by the i"
platinum vacancy. This yields the expression: Jy = AE /852.
The strength of the interaction between moments itself de-
pends on the distance between the interacting moments and
hence, on the distance between the defects. The vacancy

concentrations, 4.00%, 6.25%, and 11.11%, considered here,
correspond to defect-defect distances of 18.75 A,15.00 A, and
11.25 A, respectively. Figure 2(d) (right) shows that exchange
coupling parameter is positive for all three distances, although
it becomes smaller with distance. Even for defect-defect dis-
tance of 15.00 A (6.25% Vp,), the exchange coupling constant
is non-negligible (0.12 meV), which indicates that there exists
long-range magnetic ordering in defective PtSe, monolayers.
In addition, a positive value of Jy means that for smaller defect
concentrations, all atomic moments from one Se atomic plane
will be aligned in one direction, which will be antiparallel to
those on the other Se atomic plane.

As pointed out earlier, in a recent joint experimental-
theoretical study [26], where PtSe, monolayer was placed on
graphene, Avsar et al. reported an experimentally measured
antiferromagnetic ground state. They further estimated that
their monolayer had a Vp, close to 6.25%. At this defect
concentration, we find that the macroscopic (collective) anti-
ferromagnetic ground state corresponds to all moments on Se
atoms (surrounding every defect) on one face in an antiparallel
direction relative to those on the other face of PtSe,. This
collective magnetic behavior corresponds to the antiparallel
distribution of local moments on the two Se planes (AFM) at
each defect center. Hence, our results for the 6.25% defect
concentration agree with their experimental and theoretical
results. However, their theoretical work predicted AFM;, or-
dering to be the lowest energy configuration for all defect
concentrations, in contrast to our results for the structure
with 11.11% defect concentration. A possible reason for this
discrepancy can be due to the use of experimental lattice con-
stants in their theoretical study, which may have introduced
compressive strain in their structures. To further investigate if
strain affects the ordering of local moments between the two
Se faces, we calculated AE;, = Eapv, — Epym, for monolayers
with 6.25% and 11.11% defect concentrations by varying the
strain from —2% to +2%. The strain percentage is defined as
(a — ag)/ay, with ay and a referring to the equilibrium and
strained lattice constants, respectively. Figure 2(e) is a plot of
AE; as a function of strain. It shows that the magnetic order-
ing is very sensitive to applied strain, and even a small strain
can switch the magnetic ordering. Overall, the ferromagnetic
ordering becomes more favorable under applied tensile strain
whereas antiferromagnetic ordering is preferred when com-
pressive strain is applied, showing that any spurious strain in
the calculation and/or experiment can affect the outcome.

Long-ranged magnetism in 2D materials requires magnetic
anisotropy in order to survive at finite temperature. In order
to verify that collective magnetism will survive in PtSe,, we
calculated the magnetic anisotropy energy (MAE). MAE is
defined as the difference in the total energies of the struc-
tures with magnetization that is parallel and perpendicular
to the atomic plane: MAE = E; —E,. Here, E| and E|
are obtained from noncollinear DFT calculations that take
spin-orbit coupling (SOC) into account and employ fully-
relativistic pseudopotentials. A positive (negative) value of
MAE indicates a perpendicular (in-plane) easy axis. These
calculations are computationally demanding and thus were
performed only for the two highest defect concentrations. The
calculated MAE values are 13.73 meV and 7.96 meV for
the defect concentrations of 6.25% and 11.11%, respectively.
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FIG. 3. Magnetic properties of defective PtSe, thin films. Thickness-dependent (a) magnetic moment and (b) spin-polarization energy per
defect (AE,,) of PtSe, thin films with Vp of 6.25% and 11.11%. (c) Band structure of the bilayer with 11.11% defect concentration. (d) and
(e) DOS projected on the top (defective) and bottom layers of a bilayer with 11.11% and 6.25% defect concentrations.

These results suggest that PtSe, monolayers should possess a
magnetic ground state with out-of-plane magnetization.

B. Thickness dependence of defect-induced magnetism in PtSe,

The defect-induced magnetic properties of PtSe, are ex-
pected to be affected by not only the vacancy concentration
and strain but also the layer thickness due to strong interlayer
interactions. In this work, we considered up to four-layer-thick
PtSe; films. Due to the computational costs, we restricted
this part of the study to only two Vp concentrations: 6.25%
and 11.11%. In each case, Vp; was created on the topmost
layer only since our calculations indicated that a vacancy in
one of the inner layers of a PtSe, stack does not yield a net
magnetic moment due to strong interlayer interaction between
the layers, and the system remains nonmagnetic. Figure 3(a)
shows the effect of PtSe, layer thickness on the magnetic
moment for the considered systems. As discussed in the pre-
vious section, in the case of a monolayer, the value of the
net magnetic moments are 4.00 up and 0.00 pup for 11.11%
and 6.25% defect concentrations, respectively [see Fig. 3(a)].
For the higher defect concentration of 11.11%, the structure
remains magnetic as we add more PtSe; layers, although the
moment decreases with the number of layers. For example, the
magnetic moment reduces from 4.00 pp in a monolayer to a
value of 1.99 up in a bilayer. On the other hand, in the case of
6.25% defect concentration, the system becomes nonmagnetic
for all thicknesses beyond a single layer [see Fig. 3(a)].

Figure 3(b) gives spin polarization energy as a function
of layer thickness for different concentrations of vacancies.
For the smaller defect concentration of 6.25%, the structure
becomes nonmagnetic as thickness is increased beyond a sin-
gle layer. This is reflected in the spin polarization values that
reduce to zero [see the black curve in Fig. 3(b)]. The behavior

of spin polarization energy values for the higher defect con-
centration (11.11%) is more interesting. At this concentration,
the calculated spin-polarization energy for a bilayer shows an
unexpected increase as compared to that obtained for a free-
standing monolayer. The band structure for the bilayer with
11.11% defect concentration, plotted in Fig. 3(c), reveals the
inter-related factors that explain the unexpected increase of
the spin-polarization energy. It shows a large reduction in the
bandwidth of the defect-induced states (within the band gap)
as compared to those in the band structure for the freestanding
monolayer [see Fig. 2(b)] with the same defect concentration.
The resulting spin splitting between the two spin channels is
relatively larger, explaining the increase in spin polarization
energy. The change in the bandwidth of the defect states in the
bilayer as compared to those in the free-standing monolayer
[shown in Fig. 2(b)] can be attributed to the differences in
structural distortions around the defect. In turn, this is due to
the substrate friction from the bottom layer, which changes
the extent of relaxation around the defect in the defective
top layer within a bilayer. Figure 3(d) is a plot of DOS for
bilayers with 11.11% defect concentrations, projected onto
the top (defective) and the bottom layers. As was also seen in
the band structure for the system, the highlighted defect states
[see Fig. 3(d)] around the Fermi level (used as the reference
energy) are narrower as compared to those for the freestanding
monolayer with the same defect concentration [Fig. 2(c)].
This again implies greater localization of the defect states
in the bilayer as compared to the monolayer. In the case of
smaller defect concentration (6.25%), the DOS projected onto
the top and bottom layers within a bilayer reveals a symmetric
DOS in the two spin channels [Fig. 3(e)], and hence, the
quenching of magnetism for lower defect concentrations. This
result is at variance with the bilayer results by Avsar et al.
[26], where they experimentally find that the PtSe, bilayer
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FIG. 4. (a) Side and top views of the spin density distribution of a PtSe, bilayer with Vp, concentration of 11.11%. (b), (c) Charge density
difference plot of PtSe, bilayer with Vp, concentrations of 11.11% and 6.25%, showing larger rearrangement of charges for two of the defect
concentrations. The pink and yellow isosurfaces represent charge accumulation and depletion, respectively. The isosurface value is taken as
0.001¢/A3. (d) DOS projected onto a defective PtSe, layer within a bilayer with 6.25% defect concentration as a function of the rigid shift
Ad between the two layers. The rigid shift is given by: Ad = dey, — deq, Where d.q is the distance between the two layers at equilibrium. Also
shown is the DOS for the defective monolayer for comparison. The spin-split states induced by the defect are highlighted.

with 6.25% defect concentration to be ferromagnetic. Their
theoretical calculations also show that the structure is spin
polarized, with the local moments in the two Se atomic planes
arranged in parallel configuration, and a net magnetic moment
of 1.33 up. A possible reason for this discrepancy between our
results and their reported theoretical results is that Avsar et al.
did not include the vdW correction in their calculation and
fixed the interlayer distance to the experimental bilayer value.
However, the presence of defects increases the interlayer in-
teractions, reducing interlayer distance [compare Figs. 4(a)
and 1(d)]. We will discuss a possible reason for discrepancy
between our results for a bilayer with 6.25% defect concentra-
tion and the experimental results [26] in the following section.

To further understand how the presence of additional layers
affects the magnetism in the top layer, we considered the spin
density distribution A p. Figure 4(a) is a plot of the calculated
Ap for PtSe, bilayers with 11.11% defect concentration. It
shows a reduction in magnetic moment contributed by each of
the Se atoms that surround the defect. The magnetic moment
contributed by each of the three surrounding Se atoms located
at the interface of the bilayer is about 0.11 pp, while that con-
tributed by each of the surrounding Se atoms on the surface is
~0.39 up [see Fig. 4(a)]. This is quite different from the spin
density profile of the PtSe, monolayer [Fig. 2(a)], where all
six Se atoms surrounding the Pt vacancy contribute equally to
the total moment. This near quenching of the magnetism for
the larger defect concentration, and its complete quenching
for the bilayers with smaller defect concentrations, can be at-
tributed to the following different, yet interdependent, factors:
(i) changes in the structural distortion around the defect within
a bilayer due to substrate friction (here the substrate is another

PtSe, layer), (ii) charge transfer from the bottom layer, and
(iii) interface states due to strong interaction between the two
layers. To investigate each of these effects sequentially, we
followed the steps taken in Dev et al. [27] and conducted
the following series of tests on structures with 11.11% defect
concentration:

(i) We first investigated the effect of the changed structural
distortion in the defective layer, with these changes arising due
to the presence of a neighboring layer. For this calculation, we
considered a freestanding, defective PtSe, monolayer with the
“frozen-in” atomic positions obtained from the defective top
layer at equilibrium within a bilayer. The magnetic moment
remains 4.00 up in this monolayer. These results indicate
that the changes in the structure around a vacancy within a
composite (as compared to a freestanding relaxed structure)
do not play a role in reducing the magnetic moment.

(i) Another factor that can contribute to the reduction in
moment is the calculated » doping of the defective top layer by
the bottom PtSe, layer. Using Bader charge analysis [37], the
calculated charge transfer to the defective layer from its neigh-
boring layer is 0.19 e/supercell for the defect concentration
is 11.11%. Again starting with the hypothetical monolayer
described in the previous paragraph, we doped the structures
with 0.19 e. Our calculations show charge doping results in a
small reduction in magnetic moment to a value of 3.81 up.
Therefore, we find that although n doping of the top layer
reduces the magnetic moment, this reduction is not significant.

(iii) The third factor that we investigated is the stronger
interlayer interaction within a bilayer in the presence of a
defect. Our calculations show that the binding energies for the
bilayers with 11.11% defect concentration is —0.287 eV /f.u.
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This is significantly higher than the binding energy for a pris-
tine bilayer (—0.199 eV/f.u.). The importance and strength
of interlayer interaction can be seen in the charge den-
sity difference plot [Fig. 4(b)]. There is an enhancement of
charge rearrangement upon forming a bilayer when one of
the PtSe, layers contains a defect [cf. Fig. 1(d) for defect-
free bilayer]. In addition, our calculations also show that the
binding energy of the 6.25% defect concentration is also high
(—0.264 eV /f.u.), resulting in large charge rearrangement in
the structure. The structure with the 6.25% defect concentra-
tion can be seen to have gone through even a larger charge
rearrangement [Fig. 4(c)], compared to the structure with the
larger defect concentration [Fig. 4(b)]. This might explain
the complete quenching of magnetism for the structure with
6.25% defect concentration.

In order to further test the effect of strong interlayer inter-
action, we started with the fully relaxed structure for a PtSe;
bilayer with 11.11% defect concentration with equilibrium
interlayer distance d.q and moved the two layers apart in the
steps of 0.2 A. The magnetic moment increases as a function
of the rigid shift Ad, and the system recovers the mag-
netic moment calculated for a freestanding layer (4.00 up)
when Ad = 1.0 A. This can be seen from Fig. 4(d), which
shows the DOS projected onto the top defective layer (with
11.11% Vp,) at different values of Ad. As Ad increases,
the spin-splitting reappears, and the defect states around the
Fermi energy become narrower, approaching the case of a
freestanding monolayer. These results indicate that the strong
interlayer interaction in a bilayer is a major contributing factor
responsible for the reduction in magnetic moment.

C. Substrate effects

Lastly, in most applications, the PtSe, layer(s) will be part
of 2D or mixed-dimensional heterostructures. In fact, in the
experimental report by Avsar et al. [26], the authors used
graphene as a substrate. Therefore, we investigated the effect
of using conventional 2D or 3D substrates on the magnetic
properties of defective PtSe,. We chose three representative
substrates: #-BN and graphene, which are a 2D insulator and
semimetal, respectively, and Cu(111), which is a 3D metal.
The heterostructures are shown in Fig. 5. We find that when
a defective PtSe, monolayer (6.25% defect concentration) is
placed on graphene [see Fig. 5(a)], the system is spin polar-
ized, with the FM;, configuration lower in energy as compared
to the AFM_, configuration by 24.24 meV. This is in contrast
to the experimentally-observed antiferromagnetism reported
by Avsar et al. [26] for the monolayer-PtSe,/graphene het-
erostructure. Hence, our results agree with the experiment
when we consider a freestanding defective PtSe, mono-
layer with 6.25% defect concentration but not when we take
graphene into account. At this point, the exact reason for
this difference with experiment remains unknown. However,
we find that the lowest energy state for the PtSe,/graphene
heterostructure is also very sensitive to strain, and even a
small compressive strain (—1%) makes the system antifer-
romagnetic. Therefore, the presence of strain (e.g., due to
other defects and/or substrate) might result in antiferro-
magnetic ground state, which was reported by Avsar et al.
for a PtSe,/graphene heterostructure. To further mimic the

(a) PtSe,/graphene (b) Bilayer PtSe,/graphene

(c) PtSe,/h-BN (d) PtSe,/Cu(111)

)\}\A/\

l \'( 7(;'_5_'_'2_ 29 A

FIG. 5. Effect of 2D and 3D substrates. (a), (b) Defective PtSe,
monolayer and bilayer on graphene and their spin density distri-
butions. (c) PtSe, on #-BN. At equilibrium, the Se atoms of the
top and bottom layers surrounding the Vp form bonds within the
2D PtSe,/h-BN heterostructure. (d) Within the mixed dimensional
heterostructure consisting of PtSe, on a Cu(111) substrate, the strong
interaction leads to the formation of covalent bonds.

experimental setup, we also considered a structure where a
defective PtSe; bilayer with 6.25% defect concentration in the
top layer is placed on graphene. In this case, no matter how the
moments were initialized, we find that the structure is always
ferromagnetic [see Fig. 5(b) for the spin density distribution]
with a total magnetic moment of 0.71 up. Hence, in contrast
to our results for the freestanding PtSe, bilayer, once we
take the substrate into account, the structure is magnetic, in
agreement with the experiment. We attribute the emergence
of magnetism to competing interactions experienced by the
buffer PtSe, layer sandwiched between the top layer and
graphene.

In the cases of the #-BN and Cu(111) substrates, the in-
teractions of the substrates with the defective PtSe, layer
result in the quenching of magnetism. We find that even
though the interlayer distance between PtSe, and A-BN is
large (~3.43 A) as compared to PtSe, bilayers, 2-BN strongly
modifies the magnetic properties of PtSe;, films. When PtSe,
is placed on A-BN, the reconstruction around the defect in the
PtSe, layer results in bonding between Se atoms from the
top and bottom faces around the vacancy [see Fig. 5(c)]. In
order to investigate if the structure distortion in PtSe; on A-
BN results in nonmagnetic structure, we studied the distorted
PtSe, with “frozen-in” atomic positions obtained from the
PtSe,/h-BN heterostructure. We find that such a structure is
nonmagnetic. When the PtSe; layer is placed on Cu(111), the
monolayer interacts strongly with the copper substrate, which
results in the formation of bonds between the two subsystems
in the composite structure [see Fig. 5(d)]. This strong inter-
layer interaction results in quenching of the magnetism in the
monolayer.

Hence, we find that substrates can profoundly affect the
observed magnetic properties. In experiments, the outcome
of using a substrate may change depending not only on the
substrate-PtSe, interactions but also a number of other factors,
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such as the defect concentration, local strain, and the num-
ber of PtSe, layers in the heterostructure. Nevertheless, our
proof-of-principle study for the 2D and mixed-dimensional
heterostructures shows that a careful choice of substrates may
be important to ensure survival of magnetism in the defective
PtSe,.

IV. CONCLUSIONS

Using first-principles calculations, we studied magnetism
in PtSe, layers that is induced by platinum vacancies. In a
monolayer, the presence of Vp, results in a magnetic ground
state, irrespective of the defect concentration. The dangling
bonds around the defect are responsible for the local moment,
with the largest contribution coming from the 4p orbitals of
Se atoms. These orbitals are an unusual source of unconven-
tional magnetism, which is typically associated with unpaired
electrons within the localized 2p orbitals of the second row
elements [38—40]. On the other hand, the 4p orbitals give
rise to highly dispersive bands and are not implicated in local
moment formation in 3D solids. In PtSe,, however, the 4p-
derived defect states surrounding the vacancy were found to
be sufficiently localized to give rise to a magnetic structure.
In fact, it was recently shown that the unpaired electrons in
the 3p and 4p orbitals in 2D materials can indeed give rise to
localized orbitals and hence, to a net magnetic moment due

to the quantum-confinement effects in a 2D structure [41].
We showed that this magnetism in defective PtSe, layers is
strongly affected by the vacancy concentration, strain, and
thickness of the PtSe, layers, as well as the choice of the
substrates. These different factors dramatically modify all
magnetic properties, including the magnitude of local mo-
ments, distribution of local moments, strength of the coupling
between the moments on different defect centers, and even
the nature of the coupling between the moments. Our results
explain the dependence of the magnetic properties on differ-
ent factors. Pt-based dichalcogenides are important candidate
extrinsic magnets that can be used to design novel devices
for magnetoelectric and magneto-optic applications. A better
understanding of the various influences on magnetism will be
important for controllably tuning their magnetic properties.
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