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In graphene, the linear dependence of the density of states on energy and the low density of these
valence band states around the Fermi energy make this material an ideal candidate for the observation
of the proximity effects, when it is placed in contact with other functional materials. In this work, we
explore the possible effects of the magnetic proximity and charge transfer on the interfacial properties
of a graphene layer adsorbed on the (001) surface of CosSn,S,, the bulk phase of which is known as a
topological quasi-2D semimetal in the half-metallic ferromagnetic state. Both counterparts mutually
influence the properties of the heterostructure. Thus, formation of the interface allows tuning the
electronic and magnetic properties of graphene over a wide range depending on the composition of the
CosSn,S; interface layer. A synergy between graphene and CoszSn,S,(001) enhances the perpendicular
magnetic anisotropy energy of the systems, which is highly promising for the development of new
magnetic recording media. As a reference for future experimental studies, the C 1s core-level shifts and

rsc.li/materials-c

1. Introduction

The development of new heterostructures is currently one of the
most important and competitive areas of research.' This is due
to the fact that such systems, consisting of two or more different
components, are functional materials with complementary advan-
tages that cannot be realised using a single component.®” Such a
synergistic effect allows them to be used as important integrants
in various types of devices.>**° Seeing that the design of new
generation of devices is aimed at miniaturisation and low weight,
the use of two-dimensional (2D) materials in these developments
comes to the forefront.>***

Among 2D materials, graphene occupies a special place.
This is due to its unique physical properties. Many of them,
including excellent charge and spin transport properties, are
determined by the behaviour of graphene-derived n-states near
the Fermi level, which have a linear dispersion around K points
of the graphene Brillouin zone."® At the same time, this unique
electronic structure of graphene leads to some limitations for
application of this material in real electronic and spintronic
devices."'” Yet, the low density of the valence band states
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C K near-edge X-ray absorption fine structure spectra are calculated for all considered cases.

(DOS) of graphene around the Fermi energy (Eg) and the linear
dependence of the DOS on energy make this material an ideal
candidate for creating proximity-induced effects when placed in
heterostructures with other functional materials.

In particular, studies on the magnetic proximity effect were
carried out in the graphene/Ni(111)**** and graphene/Co(001)**>*
interfaces. The induced magnetic moment of carbon atoms due to
the close contact with the ferromagnetic (FM) metal was detected
by means of X-ray magnetic circular dichroism (XMCD) and spin-
resolved photoemission experiments'®'®** and confirmed by
theory.”*** This phenomenon is explained by the high degree of
the n-3d hybridisation of the valence band states at the interface
between graphene and the FM metal. However, as a result of such
interaction, graphene loses its free-standing character®**” and the
carriers in the vicinity of the Fermi level cannot be described as
massless Dirac particles. The latter limits the use of these inter-
faces for the design of electronic and spintronic devices.

One possible way of decoupling graphene from the underlying
FM material is intercalation of different species in the graphene/
FM interface,”®?° which leads, however, to the blocking of the
effective magnetic coupling of graphene and FM metal with a loss
of the induced magnetic order in a graphene layer. Another
interesting approach to realising a graphene/FM interface with
linear energy dispersion for electrons in graphene is to intercalate
Mn into the graphene/Ge interface, which leads to formation of
the metallic FM Mn;Ge;, layer at the graphene/Ge interface.***! In
this system, only spin-up electrons of graphene at the K point and
at Er conserve the Dirac-electron-like character and for the spin-
down electrons the band gap is found at Ep.*
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Interestingly, in the graphene-FM heterostructures not only
the graphene electronic properties can be tailored, but also the
graphene layer itself can have a tremendous effect on the
second material. For example, graphene coating on Co films
can dramatically enhance the perpendicular magnetic aniso-
tropy in ferromagnetic films and to induce modification of its
magnetic configuration.?* 3¢

Here, we explore the possible effects of the magnetic proxi-
mity and charge transfer on the interfacial properties of the
graphene-Co3Sn,S, heterostructure. Bulk CozSn,S, is a
shandite-type half-metallic ferromagnet (HMF) with a magnetic
moment of ~0.3ug per cobalt atom below Curie temperature
Tc ~ 177 K>’ The ferromagnetic state is characterised by
strong, easy-axis anisotropy favouring magnetisation in the out-
of-plane direction.’® The crystal structure of Co;Sn,S, can be
viewed as a quasi-2D structure stacked along the ¢ axis, thus
allowing the bulk crystal to be cleaved perpendicular to the
(001) direction. It has been experimentally shown that different
surface terminations of Co;Sn,S,(001) likely determine electronic,
magnetic and catalytic properties of the possible interfaces.’*** In
this work we consider the resulting surfaces, which can serve as
substrates for graphene deposition. When acting as a substrate,
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Co35n,5,(001) is expected to induce new properties in the gra-
phene overlayer. The graphene itself can also modify the proper-
ties of the underlying material. In the present work we examine
the adsorption of graphene on the pristine Coz;Sn,S,(001) sur-
faces, taking different terminations into account. Particular atten-
tion is paid to the change in the electronic and magnetic
properties of both components of the graphene/CozSn,S, inter-
face. As a reference for future experimental studies, the C 1s core-
level shifts and C K near-edge X-ray absorption fine structure
spectra were calculated for the considered heterostructures.
Comparison is made with the freestanding graphene and with
the graphene/Co(001) interface.

2. Methods

Spin-polarised DFT calculations based on plane-wave basis sets
of 500 eV cut-off energy were performed using the Vienna ab
initio simulation package (VASP).**** The Perdew-Burke-Ern-
zerhof (PBE) exchange-correlation functional®® was employed.
The electron-ion interaction was described within the projector
augmented wave (PAW) method*® with C (2s, 2p), Co (3d, 4s), Sn
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(a) Hexagonal crystal structure of CozSn,S, with the rhombohedral primitive cell highlighted by light green colour. The in-plain and out-of-plane

lattice constants are indicated with letters a and ¢, respectively. (b) Schematic representation (side view) of various surface terminations of the clean
Co3Sn,S,(001) surface. Two alternating layers, CosSn and SnS,, are shown in blue and orange shading. The layer thickness and interlayer distance are
indicated with letters h and d, respectively. (c)-(e) Surface structure (top view) of the respective pristine terminations (cf. (b)): (c) CosSn—R, (d) SNnS-R, (e)
SnS,—R. All atoms lying below the topmost layer are faded. The calculated surface energy is given below each individual subplot. (f)-(n) Graphene/
Co3Sn,S,(001) interfaces considered in this work as obtained when graphene is adsorbed at (f)—(h) CosSn—R, (i)—(k) SnS—R, ()-(n) SnS,—R. Relative
energy calculated as the difference between the total energy of the given structure and the lowest energy structure in the respective row is given below
each individual subplot.
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(5s, 5p), and S (3s, 3p) states treated as valence states. Brillouin-
zone integration was performed on I'-centered symmetry
reduced Monkhorst-Pack mesh using a Methfessel-Paxton
smearing method of first order with ¢ = 0.2 eV, except for the
calculations of total energies. For those calculations, the tetra-
hedron method with Bldchl corrections®” was used. 12 x 12 x 6
and 12 x 12 x 1 k-meshes were used for the bulk Co;Sn,S, and
the supercell Brillouin zone, respectively. Dispersion interac-
tions were included by means of the DFT-D3 correction
method.”® When necessary, the spin-orbit coupling (SOC) was
taken into account. The spin quantisation axis was rotated from
the xy plane (in-plane) to the z-axis (perpendicular) for MAE
calculations. To get a more accurate value for MAE, the con-
vergence criterion was raised to 107 ° eV for self-consistent
calculations including SOC.

The (001) CosSn,S, surfaces were modelled by symmetric
slabs with a vacuum gap of approximately 26 A. The lattice
constant in the lateral plane was set according to the optimised
value of bulk Co3Sn,S,. In total, three pristine Coz;Sn,S,(001)
terminations were considered (Fig. 1b and c-e). The used super-
cells contain 13 layers of Co3Sn,S,(001). Thus, the slab composi-
tions are CozSn—[SnS,—CosSn]s and SnS,—[Co3zSn—SnS, s in the
case of CosSn-termination (Fig. 1c) and SnS,-termination
(Fig. 1e), respectively. The slab composition in the case of SnS-
R (R = [Co3Sn—SnS, g, Fig. 1d) is identical to SnS,-R where the
terminal S-sublayers are omitted. To study the graphene/
Co3S1,5,(001) interfaces, the graphene layer was adsorbed on
both sides of the slab. The used supercells have (1 x 1) lateral
periodicity with respect to Co;Sn,S,(001) and a (2 x 2) lateral
periodicity with respect to graphene. This way the graphene layer
is uniformly stretched by about 7.8%. Yet, the free standing
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graphene adopting this lattice parameters retains its gapless
band structure, and the Dirac point is at the Fermi energy. For
each surface termination, three different models have been
considered for the adsorption sites of carbon atoms (Fig. 1f-n).
For all these structures the ions of the 9 middle inner layers were
fixed at their bulk positions during the structural optimisation
procedure, whereas the positions of all other ions were fully
relaxed until forces became smaller than 0.02 eV A~*. For compar-
ison reasons, for selected cases thicker (consisting of 19-layers)
slabs were considered and the calculated quantities (surface
energies, magnetic moments) stayed unchanged as compared
with the results obtained for the 13-layered slabs. Note, however,
that using a number of layers less than 13 does not allow one to
correctly describe the properties of the inner layers.

To quantify the structural stability of different surface
terminations, we define the surface free energy per unit cell y
G({Ni}) = > N:u;. Here, G({N;}) is the Gibbs free energy

1

of the slab, and N; with i = Co, Sn, S are the numbers of cobalt,
tin, and sulfur atoms. The chemical potentials of Co (o), Sn
(usn), and S (us) obey the constraint 3uc, + 2usn + 2/ts = fico,sn,s,»
where pUcosn,s, i the chemical potential of one Co35n,S,
formula unit in the bulk compound. Here G is replaced by
the total energies from DFT calculations, neglecting contribu-
tions from configurational or vibrational entropies.*® In this
approximation fico sn,s,, is equal to the DFT total energy of bulk
Co3Sn,S, per primitive unit cell. pco, tisn, ts are the chemical
potentials of Co, Sn, S according to the energy per atom in the
bulk Co, bulk S, and bulk Sn, respectively. The calculations for
bulk Co, Sn and S were carried out with the same computa-
tional settings as for Co;Sn,S,, and the k-meshes used were

asy =

Table 1 Results for the atomic structure of bulk CozSn,S,, clean CosSn,S; surface, and the graphene/CosSn,S; interface

C035n,5,(001) graphene/Co;5n,S,(001)

Co3Sn,S, bulk CosSn-R SnS-R SnS,-R CozSn-R SnS-R SnS,-R
Ricosn 0 0.481 0.104 0.543 0.374 0.090 0.498
Risns, 1.321 1.439 0.575 1.470 1.467 0.554 1.406
d, 2.168 2.230 2.285 2.021 2.003 1.931 2.017
d, 2.168 2.242 2.100 2.389 2.188 2.093 2.361

— — — — 2.332 3.375 3.140
mgt:“‘ +0.340 +0.343 +0.343 +0.338 +0.341 +0.343 +0.337
miurt — +0.168 +0.347 —0.020 +0.332 +0.338 +0.011
me — — — — +0.020/—0.015 +0.001 0.000
y — 120 41 23 — — —
Eine — — — — —273 —31 —40
AQ — — — — +0.068 +0.009 —0.001
Ep—Ex — — — — — —449 +255
Eg — — — — — 66/222 85/61
MAE 162 93 141 58 108 188 67

hco,sn and hsps, with x =1 or 2 (in A) are thicknesses of the Co;Sn and SnS, layers, respectively (¢f Fig. 1b); d, (in A) is the mean distance between
the surface (S ) and the subsurface, (S — 1), layers of Co35n,S,(001) (¢f- Fig. 1b). ds (in A) is the mean distance between the (S — 1) and (S — 2) layers
of C038n282(001) (¢f. Fig. 1b). d,, (in A) is the mean distance between the graphene overlayer and the interface sublayer of the substrate. m2a™ and
m&® (in up per atom) are magnetic moments of Co lying in the middle of the slab and in one of the surface layers, respectively. mc (in up per atom)
is an average magnetic moment of C-atoms in graphene overlayer (several values for the nonequivalent carbon atoms are indicated). y (in meV per A?) is

the surface energy. Ei, (in meV per C-atom) is the interaction energy between graphene and Co,;5n,S,(001). AQ (in e ") is the charge transfer between the
graphene and the substrate from the Bader charge analysis per C atom (negative value represents transfer of electron from the graphene to the substrate,
i.e., p-doping of graphene). Ep — Er (in eV) is the position of the Dirac point with respect to the Fermi energy. E, (in meV) is the band gap at the Dirac
point (two values are given for the spin-up and spin-down channels, respectively). MAE (in peV per atom) is the out-of-plane magnetic anisotropy energy.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C, 2025, 13, 11789-11799 | 11791
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(a) bulk CozSn,S, (b) CosSn-R
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Fig. 2 (a) Spin-resolved atom-projected DOSs calculated for bulk Co3zSn,S,. (b—d) Spin-resolved DOS projected on atoms occupying the two topmost

surface layers of (b) CozSn—R; (c) SnS—R; (d) SnS,—-R.

24 x 24 x 16,8 x 8 x 14 and 4 x 4 x 2, respectively. Taking into
account the slab composition in each particular case the sur-
face energy per surface area can be written as

1

YCossn—R = ﬂ(EC(BSn—R — 6 X Ecossn,8, — Mgn — 3 X ﬂco)
1

Ysns—R =~ = ﬂ(ESnsfk — 6 X ECosnys, — Hsn)
1

Ysns,-R = —(ESnSz—R — 6 X Ecoysnys, — Usp — 2 ¥ .Us)

24
1)

where A is the surface area, the factor 2 accounts for the
presence of two identical surfaces in the structural slab model.

The interaction energy between graphene and Co;Sn,S, per
C atom is defined as

1
Ein = W(Egr/Co;;SnzSz(OOI) =2 X Ey — Ecoysmsy001)),  (2)

where Egy/co,sn,s,001) 1S the total energy of the graphene/
Co35n,5,(001) system, and Eg; and Eco sn,s,(001) are the energies
of the fragments at the same coordinates as in the graphene/
Co35n,5,(001) system. N is the number of C atoms and the
factor 2 accounts for the presence of two identical interfaces in
the structural model.

The Bader charge analysis
of charge distribution, allowing determination of the doping of
graphene.

The MAE is extracted from the difference between the total
energies of the two configurations - in-plane versus out-of-plane
orientations of the magnetic moments:

50752 was used in the calculations

MAE:EH *EL.

(3)

A positive value indicates a preference for the out-of-plane
orientation of the magnetic moments.

Changes in the core level energies were estimated in the so-
called final-state approximation, as follows: first, a standard
calculation is performed on the fully relaxed system (bulk or

1792 | J Mater. Chem. C, 2025, 13, 11789-11799

slab). Then, in a subsequent calculation, an electron from the
chosen core level of a particular atom is excited to the lowest
conduction band, and the valence electronic structure is
relaxed at fixed atomic configuration. The energy difference
between these two calculations provides an estimate of the core
level binding energy. This approach was previously used for
graphene-metal systems and the obtained results are in good
agreement with the experimental data.>

The NEXAFS spectra simulations were obtained with ELSA-
software®® according to the procedure described in ref. 55 and
56. To obtain an input for the NEXAFS spectra simulations, we
employed large supercells of (6 x 6) and (4 x 4) periodicity
when studying free-standing graphene and gr/Co(0001) or gr/
Co3Sn,S,(001) systems, respectively.

3. Results and discussion

The crystal structure of the shandite Co;Sn,S, is displayed in
Fig. 1(a). It is discussed in detail in ref. 37, 38, 57 and 58. In the
context of the present study, we consider this structure as
consisting of two alternating layers, each of which is stacked
in the ABC sequence (Fig. 1b). One of this layers is formed by Co
atoms and one of the Sn atoms (Sn1), which are organised in a
hexagonal-planar structure (hC03Sn =0, Table 1). Another layer is
formed by the second Sn atom (Sn2) which is surrounded by six
S atoms in a trigonal-antiprismatic configuration. Thus, this
layer consists of three sublayers (formed by Sn2 and two S
atoms) and has an overall thickness of 1.321 A (Asns,, Table 1).
The ideal vertical distance between Sn1 and Sn2 is 2.168 A
(dy = d,, Table 1).

To start our studies, we revisited the electronic properties of
bulk Co;5n,S,. The optimised lattice constants a = b = 5.3125 A,
¢=13.0009 A and calculated magnetic moment of 0.99ug f.u. ™
are in good agreement with the experimental values a = b =
5.3680 A, ¢ = 13.1830 A and 0.93ug f.u.7*,***° respectively.

This journal is © The Royal Society of Chemistry 2025
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The calculated magnetic anisotropy energy (MAE) is equal to
160 peV per Co atom, which is in good agreement with the
previously published value of 190 ueV.*® [Note: the difference in
the calculated values can be attributed to different computational
settings used in previous and present studies.] The calculated
atom-projected DOSs for the ferromagnetic bulk Cos;Sn,S, are
shown in Fig. 2a. At low binding energies the valence band states
are dominated by the Co 3d states weakly hybridised with Sn and
S states. Below E — Ex~ — 3.5 €V the Sn 5s and S 3p states start to
contribute to DOS where they effectively hybridise with Co 3d
states. As can be seen from these data, bulk Co;Sn,S, is HMF with
only spin-up electrons at Er and the band gap of 0.340 eV for spin-
down electrons is formed. These results are in very good agree-
ment with previous works.*$%>7

The quasi-layered lattice structure of bulk CozSn,S, in the xy
plane (Fig. 1b) makes it easy to obtain the (001) surface in
experiments. At that, three surface terminations are possible: Sn
atoms surrounded by (i) six S atoms (SnS, - term., Fig. 1e), (ii)
three S atoms (SnS - term., Fig. 1d), and (iii) six Co atoms (Co;Sn -
term., Fig. 1c). When an initially ideal, unreconstructed surface is
cleaved, the structure of the system is relaxed under the unba-
lanced forces produced by the removal of a part of the crystal. The
driving force behind relaxation is thus the reduction in surface
energy. Table 1 shows surface energy, y, and details about layer
relaxation of the terminated surfaces under study.

SnS,-R (R = [Co3Sn-SnS,Js, for computational details see
Section 2) (Fig. 1e) is clearly the energetically most favourable
surface termination with ysns =23 meV A~ =0.22 Jm 2. To
achieve this, the structure undergoes major changes during the
structural optimisation. Firstly, this is an inward relaxation of
the SnS, surface layer, which becomes thicker. The subsurface
CosSn layer, on the contrary, goes through an outward relaxa-
tion. At that, the z-coordinates of Co and Sn change by different
amounts (Azc, = 0.5% and Azg, = 4.5%) and the layer loses its
flat structure. As a result, Co is hidden deeper in the layer,
which yields the reduction of its magnetic moment (Table 1).

In the case of the CosSn-termination (Fig. 1c) with a surface
energy of yco sn-r = 120 meV A% = 1.15 ] m™2, the relaxation
effects are also well pronounced (Table 1). However, unlike the
previous case, both the surface and subsurface layers are
relaxed in the outward direction. Nevertheless, the Co atoms
are buried in the subsurface layer and their magnetic moments
are reduced as compared to the bulk values.

The SnS-termination (Fig. 1d) has the lowest polarity among
the considered cases. Consequently, its relaxation is insignif-
icant, and the bulk properties remain almost unchanged
(Table 1). It is noteworthy that in this case the Co atoms move
closer to the surface and end up ca. 0.1 A above the tin-sublayer.
Despite such minor changes, the calculated surface energy of
Pens_r = 41 meV A2 = 0.40 J m 2 is comparable to the value
obtained for SnS,-R.

The above changes in the structure and magnetic properties
of the systems under study are reflected in the calculated DOS
(Fig. 2). Thus, we observe a very small exchange splitting of Co-
d states in the case of SnS,-R; a picture characteristic for the
passivated Co in the case of Coz;Sn-R; and DOS, which retains

This journal is © The Royal Society of Chemistry 2025
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all the features of that known for the bulk Co;Sn,S, in the case
of SnS-R.

The presented results on the relative stabilities of the pris-
tine Co3Sn,S,(001) surfaces are in very good agreement with
experimental results obtained using scanning tunneling
microscopy,*' where in most studied cases the cleaved surfaces
demonstrate a triangular atomic structure characteristic for the
Sn and the S atomic layers; whereas the formation of the Coz;Sn
termination is also possible and characterized by the charac-
teristic kagome atomic structure.

The reduced symmetry of surface atoms as compared to bulk
atoms gives rise to a magnetic anisotropy, which is different
from the respective bulk value and the MAE calculated for the
surface terminations under study is always lower than the bulk
value. Thereby, the easy axis keeps its direction for all termina-
tions of Co3Sn,S,(001) under study. In accordance with the
strength of the structure deformation caused by the formation
of the surface, calculated MAE decreases from SnS-R through
Co;zSn-R to SnS,-R (Table 1).

In the next step we investigate graphene adsorption on the
(001) surface of CosSn,S,. In each case, three different models
are considered for the adsorption sites of carbon atoms (Fig. 1f-
n). The atomic structure of the most stable interface is deter-
mined on the basis of the relative energy, which is defined as
the difference between the total energies of a given structure
and the structure with the lowest energy (the relative energy
values are given under each structure in Fig. 1f-n).

When considering the adsorption of graphene on CozSn-R
(Fig. 1f-h), the carbon atoms tend to arrange themselves so as
to cover all the surface Co and Sn atoms (Fig. 1f). Thereby, the
interaction between graphene and substrate is strong enough
to pull out Co-atoms from the surface by 0.374 A. In fact, Ejp =
—273 meV per C-atom obtained for this case (see Table 1) is
typical for the strongly interacting graphene-based systems, like
e.g. graphene/Co(001).>*®® The above-mentioned structural
changes lead to an increase in the magnetic moment of surface
Co atoms almost to the initial bulk value. Close contact of
graphene with such a source of spin-polarised electrons (d, =
2.332 A, see Table 1) leads to the induction of a magnetic
moment of carbon atoms. The m values obtained in this case
(mc = +0.020/—0.015u5, see Table 1) are two times lower than
those known for the graphene/Co(001) interface,** that corre-
lates with the smaller number of carbon atoms in close contact
with the surface Co, which in turn carry a smaller magnetic
moment than in the case of the clean Co(001) surface. Con-
tinuing the analogy with the already mentioned graphene/
Co(001), the band structure of graphene on CosSn-terminated
Co035n,5,(001) also undergoes similar changes and the mecha-
nism behind these changes is the same.”>*” Thus, the charge
transfer from the substrate to graphene (Fig. 3a) leads to
effective overlapping of the orbitals of carbon atoms (C-p,)
and the substrate, especially Co 3d states with an out-of-plane
component (Co-d,2, Co-d,;, Co-dy,). This in turn leads to the
emergence of hybrid interface states (highlighted in Fig. 3a)
and complete destruction of the Dirac cone in the adsorbed
graphene layer.

J. Mater. Chem. C, 2025,13,11789-11799 | 11793


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc04933k

Open Access Article. Published on 24 April 2025. Downloaded on 8/2/2025 1:39:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(a) graphene/Co3Sn-R
spin-down

View Article Online

Journal of Materials Chemistry C

spin-up

Ap (e/A3)
0.010

0.005
0.000

-0.005

-0.010

(c) graphene/SnS,-R

Ap (e/A3)
0.0010

0.0005
0.0000

-0.0005

-0.0010

e Lt la. 4

Ap (elA3)
0.0010

0.0005
0.0000

-0.0005

-0.0010

Fig. 3 Band structures of graphene/Co3zSn,S,(001) in the vicinity of the K point of the graphene-derived Brillouin zone obtained for three different
terminations of CosSn,S,: (a) graphene/CosSn-R; (b) graphene/SnS-R; (c) graphene/SnSsS,-R3Sn. The weight of the C-p, character is highlighted by the
size of filled circles superimposed with the plot of the band structure. Side views for graphene/CosSn,S,(001) overlaid with electron charge difference

maps: Ap = pag — (pa + pp) with A: graphene and B: CosSn,S,(001).

The interaction of graphene with the SnS- and SnS,-
terminated CozSn,S,(001) is significantly weaker: the calculated
Eine (Table 1) are typical for the weakly interacting graphene-
based heterostructures. In both cases, the lowest-energy struc-
tures have C atoms located above the interface Sn atoms and S
atoms of the lower sublayer (¢f. Fig. 1j and m). Weak interaction
of graphene with the substrate leads to minor changes in the
structure of Co3Sn,S, as compared to the pristine surface and
the graphene layer remains flat. Yet, upon graphene adsorp-
tion, some charge redistribution is observed and atoms of the
top two substrate layers are involved in this process. Interest-
ingly, one can notice local charge transfer from graphene to the
substrate, and also in the opposite direction (Fig. 3b and c).
Overall, this interplay results in n-doped graphene in the case

1794 | J Mater. Chem. C, 2025, 13, 11789-11799

of SnS-terminated substrate (Fig. 3b) and p-doped graphene in
the case of SnS,-terminated Co3Sn,S,(001) (Fig. 3c). This con-
clusion is also supported by Bader analysis Table 1).

In the case of the SnS-terminated Co;5n,S,(001), the linear
dispersion of the graphene-derived n-states is preserved and the
position of a Dirac point (Ep) of graphene is well below the
Fermi energy, at Ex — Ep = —449 meV (Fig. 3b). The broken
sublattice symmetry for carbon atoms of the graphene lattice
and the effect of hybridisation between valence band states of
graphene and underlying surface leads to the gap opening in
the electronic spectrum of the graphene-derived n electrons
directly at the Dirac point. Due to the vdW-type distance
between graphene and substrate (d, = 3.375 A, see Table 1)
and insignificant magnetic moment of Sn-atoms at the

This journal is © The Royal Society of Chemistry 2025
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(upper panel) C 1s core level shifts obtained for the energetically most stable configuration of graphene interfaced with CozSn,S,(001) (three

surface terminations, see text for details). (lower panel) The crystallographic structures (with the highlighted interface layer and obscured deeper layers)
used in the calculations. Inequivalent carbon atoms in the graphene layer are indicated.

interface layer (ms, = —0.036u3), the magnetic moment of C-
atoms keep their initial value unchanged (mc = —0.001ug).
Consequently, the position of Dirac point is identical for both
spin channels. Yet, the size of this gap is different for the spin-
up and spin-down channels, as a consequence of the difference
in the exchange splitting of states in the DOS of a substrate (see
Fig. 2a and 3b and Table 1).

The effect of hybridisation between valence band states of
graphene and underlying CozSn,S,(001) is also visible when
considering the SnS,-terminated surface (Fig. 3c). However, due
to the negligible magnetisation within the topmost substrate
layers (Fig. 2d), the difference in the band gap width for the
spin-up and spin-down channels is less pronounced. In this
system graphene is p-doped and the position of Dirac point is
at Er — Ep = 1255 meV.

We find an increase in MAE for all surface terminations
studied after the graphene deposition (Table 1). At the same
time, MAE calculated for the graphene/SnS-R interface is by
16% higher than the bulk value, which is important for
spintronic and magnetoelectronic applications.

To make a reference to future experimental studies, the C 1s
core-level shifts and C K near-edge X-ray absorption fine
structure spectra (NEXAFS) were calculated for the considered
graphene/Co;Sn,S, interfaces.

The C 1s spectral line shape is known to be strongly affected
by the interaction between graphene and substrate. The corres-
ponding C 1s photoelectron spectrum of pristine graphene
contains only one component. For the weakly interacting
graphene/substrate interfaces, the C 1s line consists of only
one component, which position is determined by the doping

This journal is © The Royal Society of Chemistry 2025

level of graphene. So, in the case of the quasi-free-standing
graphene adsorbed on the SnS- and SnS,-terminated
C0351,5,(0001), the core-level shifts (CLS) calculated for the 4
nonequivalent carbon atoms in the graphene unit cell only
slightly differ from each other, falling within the range of 10
meV and 80 meV, respectively (Fig. 4). At that, the calculated C
1s signals are shifted to more negative energies by 131 meV for
graphene/SnS-R as compared to graphene/SnS,-R, corroborat-
ing the respective n-doping of a graphene layer in the former
system. In the case of strongly interacting graphene/Coz;Sn-R,
the calculated CLS are within the range of 860 meV and the
individual signals can be attributed to two groups separated by
ca. 170 meV (Fig. 4): one of them is from atoms C1 and C3
(occupying the positions straight above the Co and Sn atoms of
the topmost substrate layer (see Fig. 4, lower panel) located at
lower relative energies and another peak at higher energies is
composed of signals from C2 and C4. Overall, the C 1s
spectrum is shifted by 264 meV to more negative relative
energies for graphene/Coz;Sn-R as compared to graphene/
SnS,-R.

The method of NEXAFS spectroscopy is used to study the
electronic structure of the unoccupied valence band states
above Er and it is a complementary method to X-ray photoelec-
tron spectroscopy and angle-resolved photoelectron spectro-
scopy used for the investigation of the energy distribution of
the occupied states. Fig. 5 shows a series of the calculated C K-
edge NEXAFS spectra for free-standing graphene, graphene/
Co(001), and graphene/Co3Sn,S,(001) interfaces. In the consid-
ered NEXAFS spectra the core-level 1s electron of the carbon
atom in a graphene layer is excited on the unoccupied valence
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the surface (see ref. 56).

band states above Er and being the atomic- and orbital-selective
it allows getting information about the energy distribution of
the n* and o* states in a graphene layer. All NEXAFS spectra are
presented in the relative photon energy scale with the position
of the main peak for the C 1s — 7* transition of a free-standing
graphene at 0 eV.

Let us first consider the reference spectra for the free-
standing graphene and graphene/Co(001). The NEXAFS spec-
trum of free-standing graphene can be separated on two energy
regions (see Fig. 5e): (i) 1s — n* contribution originating from
transition of 1s core electron on C p, orbitals and (ii) 1s —» c*
one originating from transition of 1s core electron on C sp”
hybrid orbitals. Fig. 5e shows the spectrum calculate for the
graphene adopted the same lattice constant as in graphene/
Co35n,5,(001). In this case, the region of —13 eV of the relative

1796 | J Mater. Chem. C, 2025, 13, 11789-11799

photon energy corresponds to the 1s — m* transitions and
higher energy region above 4 eV corresponding to the 1s — c*
transitions. [Note: the energy splitting between the C 1s — n*
and 1s — o* transitions is reduced as compared to the pristine
graphene in its equilibrium structure].

The structure of graphene/Co(001) widely accepted in the
literature has the carbon atoms arranged in the so-called top-
fcc configuration on Co(001): one carbon atom from the
graphene unit cell (C1, see Fig. 5a) is placed above the Co
interface atom and the second one (C2, see Fig. 5a) occupies the
hollow fcc site of the Co(001) surface. As was mentioned
already, this system belongs to the class of strongly interacting
graphene-metal interfaces. Consequently, after graphene
adsorption on Co(001) the C K NEXAFS spectrum (Fig. 5a) is
strongly modified with respect to that of free-standing

This journal is © The Royal Society of Chemistry 2025
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graphene. First, the position of the n* feature is shifted to lower
energies as compared to the spectrum of free-standing gra-
phene that is a result of strong n-doping (the downward shift
of n* states for graphene/Co(001) compared to free-standing
graphene). Then, in the region of the 1s — =n* transition the
graphene/Co(001) absorption spectra have a multiple-peak
structure compared to those of graphene that is explained by
the transitions of C 1s core electron into two unoccupied states
(interface states), which are the result of hybridisation of the
graphene n and Co 3d valence band states. These hybrid states
have slightly different energy depending on the type of C-atom
(C1 or C2) and on the spin-orientation. Finally, the visible
reduction (by ca. 0.5 eV) in the energy separation between the
n* and o* features are observed for the graphene/Co(001)
spectrum compared to that in the spectrum of free-standing
graphene that is a result of strong interaction between gra-
phene and a substrate, involving hybridisation between their
valence band states. Thus, the reference spectra for the free-
standing graphene and graphene/Co(001) are in reasonable
agreement with previously calculated NEXAFS spectra for these
objects (where available) as well as with the respective experi-
mental data.'®?*°"°> The observed quantitative deviations are
due to the stretched lattice constant of graphene.

When interacting with the SnS,-terminated Co;Sn,S,, gra-
phene maintains its quasi free-standing nature. As a result, its
absorption spectrum (Fig. 5d) looks very similar to that of free
standing graphene. The most important difference is a shift of
the whole spectrum to more positive energies that is the
consequence of charge transfer from graphene to the substrate
resulting in graphene p-doping. In the case of graphene/SnS-R,
the opposite picture is observed: The absorption spectrum
exhibiting the features of the free-standing graphene is shifted
to the region of lower energies (Fig. 5¢). This correlated with n-
doping of graphene observed for this interface. The adsorption
of graphene on the CosSn-terminated Cos;Sn,S, also leads to n-
doping, which results in the shift of the 1s — n* peak to
negative energies (Fig. 5b). At that, the interaction between
graphene and a substrate in this case is significantly stronger
than for two other terminations, that results in a double peak
structure of the n* feature and reduction in the energy separa-
tion between the n* and o* features, which is very similar to the
results for the graphene/Co interface.

4. Conclusions

Relative stabilities of the pristine Cos;Sn,S, surfaces were stu-
died by density functional theory. Among the three termina-
tions of the (001) surface, SnS-R and SnS,-R were shown to be
more stable than CozSn-R. This result is in a very good
agreement with the experimental results,*’ where most of the
cleaved surfaces exhibit a triangular atomic structure charac-
teristic for the Sn and the S atomic layers (Fig. 1d and e). Still,
the formation of Cos;Sn-termination, indicated by the charac-
teristic kagome crystal structure (Fig. 1c), is also possible.*' The
latter is confirmed by the calculated surface energy, which falls

This journal is © The Royal Society of Chemistry 2025
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within the range of energies obtained for known stable surfaces
(see e.g. ref. 63).

Cleavage of the crystal reduces the coordination number of
surface atoms, which leads to a change in the structure of the
initially ideal surface. Consequently, this also leads to a mod-
ification in the electronic and magnetic properties of the formed
system. In bulk CozSn,S,, the magnetic ordering arises from Co
atoms, which form a kagome lattice network with one Sn atom
located at the center. Disordering of this planar structure leads
to the changes in the electronic and magnetic properties of the
systems under study (Table 1). Thus, in the case of Co;Sn- and
SnS,-terminated surfaces, the Co atoms relax in the depth of the
layer, which contributes to the reduction of their magnetic
moments. The DOS in the vicinity of the Fermi level is mainly
composed of the 3d-state of Co (Fig. 2). As a result, CozSn-R
becomes ferromagnetic, and in the case of SnS,-R the magnetic
moment of Co located in the subsurface layer decreases so much
that this surface almost completely loses its magnetic properties.
Only SnS-R, where the relaxation effects are negligible, the HMF
behaviour is preserved.

When graphene is deposited onto the Co35n,S,(001) surface,
the C-atoms tend to occupy all possible positions above the
surface Sn and Co (when available, see Fig. 1f, j and m) and the
formation of a heterostructure is accompanied by changes in
properties of the both counterparts. So, the interaction of
graphene with the surface of Coz;Sn,S, results in the flattening
of the Co;Sn layer and an increase in the Co magnetic moment,
which in the case of SnS,-R still remains quite low (Table 1).
When focusing on graphene, the result is intriguing. Although
the behaviour of the graphene n states in the vicinity of the
Fermi level are determined by the interplay of two factors -
charge transfer from/onto graphene-derived n states and hybri-
disation of the electronic valence band states of graphene and
Co3Sn,S,, the result is different for the three cases considered.
In the case of graphene/Co;Sn-R, the n-doping of graphene
leads to the positioning of Ep, within the Co-d band and several
hybrid states are formed around the K point from the Co 3d
states and graphene-derived m-states. As a result of this inter-
action, the linear dispersion of graphene  states in the vicinity
of the Fermi level and the K point is completely destroyed
(Fig. 3a). The absence of Co in the surface layer of SnS-R and
SnS,-R makes the formation of 3d—n hybrid states impossible
and the linear dispersion of the graphene-derived m-states
remains intact. Nevertheless, the hybridisation of the valence
band states of graphene and Co;Sn,S, far away from the Dirac
point leads to the opening of a sizeable band gap exactly at the
Dirac point, which is located below Ey in the case of graphene/
SnS-R (Fig. 3b) and above Ep in the case of graphene/SnS,-R
(Fig. 3c). Thus, the formation of the graphene-Co;Sn,S, hetero-
structures allows one to get a virtually full spectrum of
systems - strongly bonded graphene, weakly bonded graphene
with p- or n-doping, and also detect the formation of a gap
exactly at Ep. All these features of the interaction of graphene
with CozSn,S, are reflected in the calculated C 1s core-level
shifts (Fig. 4) and C K NEXAFS spectra (Fig. 5), which can be
directly compared with available experimental results.
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A final note relates to the magnetic anisotropy energy, which
is of crucial importance from the fundamental or technological
point of views since it provides an energy scale for the stability
of magnetic domains, where for example magnetic information
is stored. As mentioned above, bulk Co;Sn,S, is known for its
stable perpendicular magnetic anisotropy. The reduced sym-
metry of surface atoms as compared to bulk atoms gives rise to
reduction of a magnetic anisotropy with respect to the bulk
value (Table 1). Yet, the easy axis keeps its direction for all
Co3Sn,S,-terminations under study. Deposition of graphene,
which can protect the underlying material from the environ-
ment, enhances the perpendicular magnetic anisotropy for all
heterostructures under study (Table 1). At that, the MAE
calculated for graphene/SnS-R is by 16% higher than the bulk
value. Keeping in mind that SnS-R can be easily obtained by
cleavage of the bulk CosSn,S,, this new interface shows pro-
mise for development as a stable magnetic recording media.
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