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ABSTRACT: Insertion of metal layers between layered transition- ©00 Cr,Mn
metal dichalcogenides (TMDs) enables the design of new pseudo- \ \ \

2D nanomaterials. The general premise is that various metal atoms
may adopt energetically favorable intercalation sites between two
TMD sheets. These covalently bound metals arrange in metastable
configurations and thus enable the controlled synthesis of
nanomaterials in a bottom-up approach. Here, this method is
demonstrated by the insertion of Cr or Mn between VSe, layers.
Vacuum-deposited transition metals diffuse between VSe, layers
with increasing concentration, arranging in ordered phases. The
Cr’* or Mn** ions are in octahedral coordination and thus in a
high-spin state. Measured and computed magnetic moments are
high for dilute Cr atoms, but with increasing Cr concentration the
average magnetic moment decreases, suggesting antiferromagnetic ordering between Cr ions. The many possible combinations of
transition metals with TMDs form a library for exploring quantum phenomena in these nanomaterials.

KEYWORDS: 2D materials, intercalation, surface science, materials modifications, molecular beam epitaxy

C reating artificial van der Waals (vdW) materials by lattices in Cry,5Te,,' " magnetic 6properties of self-intercalated
restacking 2D sheets on top of each other has been TaS,"* and in VSe,'® and VTe,,'® proposed superconductivity
recognized as an opportunity for materials design.l_3 Recently in Niy,sTe,'” layer-dependent magnetism in CrCuSe, and
it has been proposed that a special class of non-vdW materials demonstration of heteroepitaxy of CuCr,Te,.'* In contrast to
can also be isolated in pseudo-2D ultrathin crystals by these reports, a novel synthesis approach is discussed here that
exfoliation from bulk crystals® or grown as ultrathin flms.° enables incorporation of various TMs between TMD sheets.
These non-vdW materials have in common that they exhibit a The methodology can be described by a two-step process: (i)
layered “backbone” structure that gives them a a preferred synthesis of ultrathin TMD sheets and (ii) intercalation of TM
cleavage plane. These materials can be considered as a class of between the TMD layers. The two separate steps enable
2D sheets augmenting the existing family of 2D materials. Here control over the amount of inserted TM from dilute atoms to

several ordered superstructures. Importantly, this approach is
fundamentally different from synthesis methods that provide
the constituent elements of the films simultaneously, e.g., by
codeposition in molecular beam epitaxy (MBE). Under such
conditions the elements can arrange in any structure with their
preferred chalcogen concentration; this may, for instance,
result in alloyed TMDs rather than an intercalation compound.
In contrast, forming a TMD with a single TM first will define
the chalcogen concentration and the TMD “backbone”

we demonstrate a bottom-up synthesis approach that enables
the synthesis of pseudo 2D crystals that may not have any bulk
counterpart.

We focus on the modification of transition-metal dichalco-
genides (TMDs) by insertion of transition metals (TM)
between TMD layers. TMDs are a versatile family of 2D
materials,” with many early-transition-metal chalcogenides also
known to exhibit various ordered self-intercalation com-
pounds,8’9 illustrated in Figure 1. For different concentrations,
in-plane ordered 2 X 2, \/3 X \/3 R30° or 2 X 1

superstructures are known.'’ Previous studies of ultrathin Received: August 22, 2023
pseudo 2D crystals of this class are based on known bulk Revised:  October $, 2023
phases or self-intercalation compounds (i.e., only one kind of Published: October 11, 2023

TM).'”'"'* Bulk-exfoliated sheets or thin films of these
materials have demonstrated important phenomena, such as
concentration-dependent magnetic anisotropy” and skyrmion
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Figure 1. lustration of the relationship between 1T-TMDs and various compounds with TM,,sX, (TM = transition metal and X = chalcogen)
compositions. The § indicates the concentration of TM inserted between TMD layers. In the figure metal atoms in the TMD layer are illustrated as
red, metal atoms in the interlayer region as blue, and chalcogen atoms as green circles. For § = 1, i.e,, a completely filled inter-TMD-layer region,
the NiAs structure is obtained. For lower concentrations of interlayer atoms, periodic in-plane superstructures with a 2 X 2, \/ 3 X \/ 3 R30, or 2 X
1 structure may be observed for § = 1/4, 1/3, or 1/2, respectively. The superstructures are indicated in the top-view images (top), and the cross-
sectional views are shown at the bottom. The arrows illustrate the sequential increase in the amount of interlayer atoms.
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Figure 2. Scanning tunneling microscopy (STM) of bilayer VSe, with increasing Mn (a) and Cr insertion (b). For both elements formation of
initially a 2 X 2 and then a 2 X 1 superstructure is observed, before the surface becomes disordered and eventually forms clusters at the surface. For
Cr insertion the experimental STM images are also compared to simulated STM data for dilute amounts of Cr atoms, 1/4 monolayer (ML) of Cr
atoms (2 X 2), and 1/2 ML of inserted Cr atoms (2 X 1). The simulated data are shown as insets in the zoomed-in experimental data. In addition
to the STM, low-energy electron diffraction (LEED) has been conducted on another set of samples grown on single-crystalline MoS, substrates.
With increasing Cr deposition, a transition from the 1 X 1 structure to a 2 X 2 diffraction pattern is observed. For low Cr concentrations the LEED
pattern initially increases in “sharpness” before it becomes more diffuse, consistent with the STM data (note that we cannot distinguish a 2 X 1
structure with 3 rotational domains from a 2 X 2 superstructure).

structure. These TMD layers will act as the “scaffold-structure” Synthesis and Film Characterization. The growth of
for the subsequent low-temperature intercalation of the second VSe, monolayers and few-layer samples by MBE has been
TM. Here this approach is demonstrated for both Cr and Mn reported previously.'”~>* In previous work it was demon-
insertion into bilayer VSe,. strated that insertion of V atoms between bilayers is possible
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Figure 3. Determination of insertion of Mn (a) and Cr (b) in intercalation sites of bilayer VSe,. LEIS and XPS measurements for sequential
deposition of Mn on VSe, are shown in (a). XPS intensity increased with increasing Mn deposition, while an increase of the Mn peak intensity in
LEIS is only observed after a threshold amount of Mn is deposited at roughly 1/2 ML, indicating that initially there is no Mn in the topmost surface
layer and all Mn is incorporated subsurface. Additional information on the deconvolution of the LEIS spectra into V and Mn contributions is
provided in Figure SS5. The XPS peak shape exhibits a characteristic shakeup satellite (yellow) for Mn** throughout the deposition. STEM images
of a bilayer VSe, grown on a MoS, substrate and subsequently modified by Cr adsorption are shown in (b). It demonstrates that the TMD
structure is maintained but additional atoms are inserted between the TMD layers, as is illustrated by the line profiles in Figure S6. Quantitative
EDS compositional analysis shown in Figure S6 confirms the Cr/V ratio in the epilayer to be that of V,Cr ,.

by postgrowth vacuum annealing which eventually resulted in a
2 X 1 superstructure that is easily discerned by STM."" High-
temperature growth may directly result in a 2 X 1 structure™
with the insertion of V atoms between VSe, layers." Figure S1
shows scanning tunneling microscopy (STM) images of bilayer
VSe, without superstructure. Generally, avoiding the insertion
of homoatoms in MBE-grown early-transition-metal TMDs is
challenging, but low growth temperatures minimize the
incorporation of homoatoms between TMD layers."’

To examine modifications of bilayer VSe,, Cr or Mn atoms
are sequentially deposited onto VSe, at ~200 °C under an
ultrahigh vacuum. STM images acquired after each deposition
step do not show any disruption of the VSe, atomic lattice and
or any indication of metal clusters at the surface. This
illustrates that for bilayers small amounts of deposited Mn/Cr
atoms diffuse subsurface. After the first deposition, some
additional corrugation is observed with brighter atomic
contrast for some surface Se atoms. Some protrusions may
be identified by simulated STM images as single Cr atoms
inserted between VSe, layers as indicated in Figure 2b.
Generally, however, at a low concentration there exists
significant disorder which prevents clear identification of
isolated Cr atoms. With a further increase of the Mn/Cr
concentration ordered superstructures are observed in STM,
which can also be observed by low-energy electron diffraction
(Figure 2 and Figure S4). This signals that the inserted Cr
atoms are periodically arranged and cause a buckling and/or
local electronic variation. Similar surface corrugation in STM
has been reported for self-intercalated compounds.”'”'" For
small Cr/Mn deposition a 2 X 2 superstructure is identified in
good agreement with simulated STM images of 1/4 monolayer
(ML) of Cr (here we define one ML as the amount of
transition metal within a VSe, TMD layer). Further Mn/Cr
addition results in a 2 X 1 structure, in agreement with
simulated STM images for a 1/2 ML Cr. The simulated
relaxed structures for the different compositions are given in
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Figure S2. Further Cr addition results in nonperiodic
modulations. Finally, even more Mn/Cr causes surface
roughening and Mn/Cr cluster formation (shown in Figure
S3). In the experiments the critical Mn/Cr concentration for
which surface clusters are formed is for approximately 1/2 ML
of TM deposition.

The STM results are consistent with the TM inserted
between the TMD layers and forming an intercalation
compound. To verify that the deposited elements are diffusing
subsurface, we conducted low-energy ion scattering spectros-
copy (LEIS) with 1200 eV He" ions for Mn deposition on
bilayer VSe,. LEIS is an extreme surface-sensitive technique
that probes the elemental composition of the topmost surface
atoms.”* Combining LEIS with X-ray photoemission spectros-
copy (XPS), with the latter having a probing depth of ~10 nm,
we can compare the Mn concentration in the entire film with
that in the top layer. LEIS and XPS measurements for
increasing Mn concentration are shown in Figure 3a. Initially
only the Mn XPS signal is increasing while no indication of Mn
in LEIS is observed (see Figure SS for additional spectra and
LEIS peak fitting); only after an XPS intensity that corresponds
to 1/2 + 1/4 ML of Mn is reached do we also detect Mn in
LEIS. This verifies that Mn is only present at the surface after a
threshold coverage of ~1/2 ML is reached.

For Cr insertion the LEIS studies are not possible because of
the similar masses of Cr and V. Instead, we performed high-
resolution scanning transmission electron microscopy (STEM)
on a bilayer VSe, sample grown on a MoS, substrate. The
sample was intercalated with Cr until a 2 X 1 superstructure
was observed. The STEM data in Figure 3b show that the
TMD structure is conserved but additional atoms are present
between the TMD layers. Quantitative compositional analysis
of the film by electron dispersive spectroscopy (EDS) finds a
Cr/V atom ratio of 0.22, which is close to the ideal ratio of
0.25 for 1/2 ML of Cr sandwiched between two VSe, sheets
(see Figure S6 for the EDS maps and compositional analysis).

https://doi.org/10.1021/acs.nanolett.3c03169
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Figure 4. Energy evolution along the reaction path predicted in nudged elastic band calculations (a). Images 0 and 13 correspond to Cr adsorbed
on the surface and inserted in an octahedral position, respectively. Energy gain for adsorption on the surface (green) or insertion between layers
(red) as a function of Cr concentration § (b). For § = 1/16 several adsorption and insertion sites are identified from computations. They are
associated with local minima on the energy surface. The insets illustrate the two high-symmetry octahedral and tetrahedral coordinations. We note
that insertion sites that lie below octahedral sites yield structures with a slide between the layers and are not realized under our experimental
conditions. The green band gives the energy range associated with surface adsorption. The blue symbol gives the energy for the local minimum
when Cr resides inside the top layer. The energies for different ordered superstructures for their corresponding concentrations & are shown as red
dots and are connected to guide the eye. The dashed line indicates the tie line between the 2 X 2 and 2 X 1 structures. (Computational structures
for the different concentrations are visualized in Figure S2). All computational structures are provided in https:// github.com/USFmatscilab/VSe2-

Cr.)

Thus, the experimental evidence indicates that Mn and Cr
atoms can readily diffuse through the topmostVSe, layer and
occupy interstitial sites in between VSe, layers. Moreover, the
intercalation results in 2 X 2 and 2 X 1 superstructures, while a
\/ 3 X /3 R30° superstructure, which may be associated with
a 1/3 ML Mn/Cr concentration, has not been observed in
LEED or STM. To gain insight into these experimental
observations, nudged elastic band technique within density
functional theroy (DFT) simulations was used to assess the
feasibility of vapor-deposited Cr atoms to reach the region
between two VSe, layers. Figure 4a shows a diffusion path of a
single Cr atom through a VSe, layer. In this case the VSe,
bilayer remains in a 1T stacking: i.e., the two TMD layers are
not allowed to translate relative to each other. Figure S7 shows
calculations with this restriction removed, which leads to
barrierless diffusion. For VSe, in a fixed 1T stacking, we find
modest diffusion barriers that can be overcome at the Cr-
deposition temperature of ~200 °C. At this temperature the
estimation based on transition state theory gives a hopping rate
for Cr of 10°—10° s™" over the predicted 0.64 eV barrier. Once
Cr is inserted between the layers the hopping rate to diffuse
back to the surface is a negligible 107" s™". Importantly, the
adsorption energy for Mn/Cr between the two VSe, layers is
significantly lowered over the adsorption energy on the surface,
as can be seen from Figure 4b (for Cr) and Figure S8 (for
Mn). The calculations also confirm that an octahedral
configuration between the VSe, layers is energetically preferred
by 1.25 eV over the tetrahedral configuration.

With increasing Mn/Cr concentration different periodic Cr
arrangements are possible (Figure 1). Keeping Mn/Cr at the
octahedral sites, the insertion energies for Mn/Cr atoms in 2 X
2 (1/4 ML occupancy), X \/3 R30 (1/3 ML occupancy),
2 X 1 (1/2 ML occupancy) arrangements and occupancies
with 2/3 and 3/4 are considered and the insertion energies per
Cr atom are plotted in Figure 4b and for Mn in Figure S8. For
0 =1/2 or less the computed energies are below the “green
band” in the figure, indicating that the energy gain due to
intercalation is greater than that due to adsorption on the
surface. Interestingly a 2 X 2 ordered structure is lower in

9582

energy/atom than for Mn/Cr atoms farther apart. This
indicates an attraction between inserted metal atoms and a
preferred occupation of next-nearest-neighbor sites with twice
the VSe, lattice spacing separation. With increasing Mn/Cr
concentration, the energy benefits of inserting metal atoms
into the gap become less. Importantly, the energy for the \/ 3 X

3 R30° structure lies above a tie line between the energies
for the 2 X 2 and 2 X 1 structures. This explains why the

3 R30° structure has not been observed in the experiments.
Another important observation is that at Cr concentrations of
~2/3 ML the insertion energies are within the green band,
suggesting that insertion and adsorption become energetically
competitive and both processes will coexist. This indicates a
limit of the amount of metal atoms that can be inserted
between VSe, layers, in agreement with the experiments.

Chemical Properties. The chemical integrity of VSe, and
the charge state of the inserted Cr atoms is assessed by
synchrotron X-ray absorption spectroscopy (XAS). The
evolution of the V and Cr L edges are shown in Figure Sa,b.
It is apparent that the line shape of the V L edge is not
changing significantly for inserted Cr and only broadens once
Cr adsorbs on the surface. A similar broadening of the V L
edge of VSe, has been reported after Co and Fe adsorption on
VSe, surfaces.”**°

The Cr L edge increases in intensity with increasing Cr
deposition. Again, a notable change in the line shape occurs
once Cr adsorbs on the surface, with a shoulder developing at
higher photon energy. A similar Cr surface species has also
been observed in Cr-doped Bi,Se;.”” Moreover, the line shape
and energy position for the Cr insertion is like that of Cr-
doped Bi,Se;, which was also associated with octahedrally
coordinated Cr atoms (see Figure S9a). Another sensible
comparison is to XAS spectra of Cr,Se; (Figure S9b),”*
compound with a similar structure. The Cr L edge is similar to
these reference data, indicating octahedral coordination of the
Cr atoms in a Cr*" charge state. For thick Cr films (3 ML) the
XAS is consistent with that of metallic Cr, indicating metal
clusters at the surface. The charge state can be further justified
by calculating the branching ratio, which is given by the

https://doi.org/10.1021/acs.nanolett.3c03169
Nano Lett. 2023, 23, 9579-9586


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03169/suppl_file/nl3c03169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03169/suppl_file/nl3c03169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03169/suppl_file/nl3c03169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03169/suppl_file/nl3c03169_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03169/suppl_file/nl3c03169_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03169?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03169/suppl_file/nl3c03169_si_001.pdf
https://github.com/USFmatscilab/VSe2-Cr
https://github.com/USFmatscilab/VSe2-Cr
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03169?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Cr0.00 ML, Cr0.01 ML
a) |v Cr-0.01 ML b) |cr ——Cr-0.20 ML
L L ——Cr020 ML Cr-0.40 ML
3 2 Cr-0.40 ML L L Cr0.75 ML
. Cr-0.75 ML 3 2 Cr-3.00 ML
%) Cr-3.00 ML I —
2 E =
S S
g o
s 8
2 > /\
7] ‘@ \
c c \ B =
g I} /
£ g\
T T r T T T T
510 515 520 525 570 575 580 585 590
Photon energy (eV) Photon energy (eV)
c) e
=/ 20| Cr when Cr-02 ML s ) 14 —
@ |
= Cr
5o —° (d w0
£ s 1.2
Kot x fa ’ 0
2> Qo .
005 ' 4 105 = e T e
o \ N 21.04 a
€ g It ~—— 115 o " M\ A
= 0004 _ . ~3 ,g g j\/r‘ \ ‘u \,
i —chv',.sn il 20 g 084 x g_ﬁ\w,‘\ )| W i
>5 0 575 580 585 590 g N 10 Y‘ ‘
| 001 ML
Photon energy (eV) o " \ ) [ cro20m]
S f ——Cro40 ML
d) . 806 @ W/ ity
2o [CTrWhON Cr-0Z L 3 . ® Cr-3.00 ML
2 . / o5 E 04 I 50 s75 ss0 s85 5%
15 108 L 0.4
2 { “IJ"' , © S ° I Photon energy (eV)
Son LT ‘7-“"“’!‘ N P =} !
> ‘/1’\“4{ Y -r‘\l,,\" 1} A Y00 O 1
% o0s ‘\"\\,\‘4 1 g 0.2 qinsertedy Surface
£ ! ./ . 105 Crop Cr
£ o00f_J — ] — ®
e S\ L o0 00 05 10 15 20 25 30
570 575 580 585 590 N N i i B B :
Photon energy (eV) Amount of Cr (ML)
f) 0.8 {Mn, when Mn - 0.55 ML s g) 0.6 [Mn, when Mn - 0.55 ML 1
w f\ { »
2 (2N \. 0 10
gusf\",.‘\ - -0 S 08
a8 W ! o 3 <05
s \ s 2 &®
2o \ va L RO | e
> 4 ,‘ —_ _wg ;34 aog
] M s Xuco¥ 73 25
§o2 M| x So2 D% x
£ |- PA £
004— ‘I — ~— 00 —
| ST, NIj-20 04T, NIT 18
635 640 645 650 855 635 640 645 650 655
Photon energy (eV) Photon energy (eV)

Figure 5. X-ray absorption (XAS) and X-ray magnetic circular
dichroism (XMCD) spectroscopy of bilayer VSe, modified with Cr or
Mn. (a) XAS for the V L,; absorption edge. It demonstrates the
chemical integrity of VSe, as Cr is being deposited. The solid lines
indicate spectra with Cr expected to be mostly inserted between the
VSe, layers, while dashed lines are for spectra on samples for which
the deposited Cr amount exceeds the amount of Cr that can be
incorporated between VSe, layers. The VSe, spectra remain almost
unchanged and only broaden once the Cr amount exceeds the
amount that can be inserted between the layers. (b) Corresponding
Cr L, ; absorption edge for the same samples as in (a). Again, the Cr
spectra change little (apart from intensity) with increasing Cr
deposition as long as the Cr is inserted between the VSe, layers. Once
Cr adsorbs on the surface, an additional component is observed
(indicated by an arrow). For thick films (3 ML) the spectrum
resembles that of metallic Cr. The branching ratio B is also indicated
for each spectrum. Cr L-edge XMCD spectra for 0.2 ML Cr inserted
in VSe, are shown (c) in a 6 T applied field and (d) in a2 0.1 T field.
The average magnetic moment per Cr atom as a function of
intercalated Cr is shown in (e) with the inset indicating the measured
XMCD signal. The Mn L edge XMCD for the 6 T applied field is
shown in (f) and at low field (0.1 T) in (g). Note the different scale
for the XMCD signal.

intensity ratio of the L, and L; excitations and is calculated as
B = I(L3)/[I(L3) + I(L2)]. For Cr in an octahedral crystal
field (10Dg = 1.5 €V)* the branching ratio is expected to be B
=0.593 for Cr** (3d®) and B = 0.672 for Cr** (3d*). The ratios
for samples with Cr inserted between VSe, are close to 0.6
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(Figure 5b), indicating that Cr is in a 3d® state. For the thick
film, Cr is metallic and thus the branching ratio is very different
(B = 0.56). At first glance a Cr’* charge state with vanadium
maintaining a V*' charge state appears to violate charge
neutrality. However, this is consistent with previous measure-
ments of self-intercalated VSe,."" In that case, high-resolution
XPS showed that the charge state of V is not significantly
altered by introduction of V atoms but that Se core levels are
exhibiting a chemical shift, suggesting a change in the
chalcogen charge state.

Cr ions in a 3d® electronic configuration and in an
octahedral crystal field suggests a high-spin state from crystal
field theory. A high spin of 2.6 yy is also computed by DFT,
which gives further support for a Cr 3d* state. Experimentally
the magnetic properties have been investigated by X-ray
magnetic circular dichroism (XMCD), discussed next.

Magnetic Properties. Pristine VSe, is paramagnetic.
However, defects’"** and self-intercalated V'® in VSe, have
been shown to induce weak ferromagnetic properties.
Consistent with these reports, the as-grown bilayer VSe, only
exhibits a small magnetic moment in a 6 T magnetic field at a
temperature of 4 K. Moreover, the weak vanadium XMCD
signal decreases further (see Figure S10) with Cr insertion. In
contrast, inserted Cr atoms exhibit a significant average
magnetic moment at high field (6 T) but negligible
magnetization (less than 0.5% of the XAS signal) at low field
(0.1 T), as shown in Figure Sc,d for 0.2 ML Cr concentration
and for other concentrations in Figure S11. The average
magnetic moments per Cr atom in a 6 T applied field is
calculated from the XMCD spectra using the sum rule and
plotted in Figure Se as a function of Cr concentration. The
strongest XMCD signal is observed for very small amounts of
Cr with a magnetic moment of ~1.4 uy. With increasing Cr
insertion, the average magnetic moment per Cr atom
decreases. This decrease may suggest that certain structural
configurations have different exchange interactions possibly
related to the different ordered structures. The decrease of the
magnetic moments of the inserted Cr atoms with increasing Cr
concentration may indicate antiferromagnetic ordering, and
the measured average magnetic moment may be related to
defects and structural domain boundaries in the Cr arrange-
ments. It is known that the magnetic exchange interaction
depends sensitively on the Cr—Cr separation in Cr
chalcogenides; for instance, Cr,Se; is antiferromagnetic’®
while Cr,Te; is ferromagnetic.’* The similar lattice constants
of VSe, and CrSe, may thus support an antiferromagnetic
ordering. Similar magnetic behavior is also observed for Mn
intercalation. The XAS and XMCD spectra for ~0.5 ML
inserted Mn are shown in Figure 5f,g for high and low applied
magnetic fields, respectively. XAS indicates that the inserted
Mn is in a 2+ charge state (also consistent with the XPS
spectra shown in Figure 3 that exhibit the characteristic shake-
up satellite structure for Mn®") and the measured magnetic
moment in a 6 T applied field is ~0.4 py (using a spin
correction factor of 1 for Mn). In a low applied field (0.1 T)
the average magnetic moment is very small.

For Cr, the magnetic moments have been verified by DFT
calculations. In computations the magnetic moment only varies
between 2.4—2.8 pg per atom for dilute Cr or Cr in different
periodic structures. Such a magnetic moment is consistent with
Cr being in a high-spin state and is comparable with the
con}}gutational value of 2.7 uy for the antiferromagnetic Im3m

Cr.” The fact that the magnetic moment per atom is not
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changed significantly with increasing Cr content in the
computation also supports the notion that the decreased
average magnetic moment in the measurements must be due to
antiferromagnetic exchange interactions of the Cr atoms. To
further assess the exchange interactions of Cr in the 2 X 2 and
2 X 1 structures the energies for different spin configurations
are calculated and the difference between the lowest energy
antiferromagnetic configuration and the ferromagnetic config-
uration is shown in Figure S12. These calculations predict that
2 X 2 and \/ 3 X 4/3 R30° exhibit a tendency to arrange
ferromagnetically, while a 2 X 1 structure is indeed
antiferromagnetic. The associated average magnetic moments
are 2.5, 2.6, and 0 pg. These larger average magnetic moments
compared to those in experiment may be explained by disorder
in the Cr layer and a larger fraction ordering in the
antiferromagnetic 2 X 1 structure. Moreover, more complex
spin textures may develop,”® especially in a single-atom 2D
sheet, and this warrants further investigation.

While Cr and Mn inserted into VSe, have large magnetic
moments, they appear antiferromagnetically ordered. Previous
studies on pure VSe, have shown that ferromagnetic ordering
can be induced by proximity with a ferromagnetic layer.”>*°
Similar proximity-induced ferromagnetic properties are also
observed in the Cr:VSe, structure when a metallic ferromagnet
(iron) is deposited onto the Cr:VSe, film. The element-specific
XMCD hysteresis loops show that both Cr and V become
ferromagnetically ordered, with their magnetic moments
aligned antiparallel to that of the iron film (see Figure S13).
This demonstrates potential for the Cr:VSe, structure for
implementation in magnetic van der Waals heterostructures.

In conclusion, insertion of transition metals between TMD
layers opens a new approach for designing vdW materials. For
bulk TMD materials, doping by transition-metal insertion has
been used to induce new functionalities, e.g., Cu doping of
TiSe, to induce superconductivity.”” In addition intercalated
magnetic elements in TMD bulk crystals, which may be
exfoliated as thin layers, have attracted interest for spintronics
applications.”® The approach demonstrated here enables
precise control over the amount of inserted TM from single
dispersed atoms to ordered superstructures. The low
processing temperatures imply that metastable phases are
accessible; i.e., while inserted TM between TMD layers may be
energetically favored over other adsorption sites in the
material, it may not be the global minimum for the element
combination. Synthesis of metastable phases enables the design
of new materials that are not accessible by exfoliation from
bulk crystals. For instance, the Cr/Mn:VSe, system studied
here is not a known bulk phase. While it is anticipated that this
process is applicable for a wide range of TM and TMDs
(especially the early-transition-metal dichalcogenides with
octahedral TM coordination), future studies will need to
explore the vast parameter space of TMDs and the insertion of
possible TMs. Others are also actively searching by computa-
tional screening for magnetic materials® in this kind of
compound, and the synthesis approach discussed here will
enable testing of these predictions.
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