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ABSTRACT: The effect of Y intercalation on the atomic, T =S wamsy ¥ 4 Y»ka X 7 -E"T-VI
electronic, and magnetic properties of the graphene/Co(0001) E N

interface is studied using state-of-the-art density functional theory ™ i B —~

calculations. Different structural models of the graphene/Y/
Co(0001) interface are considered: (i) graphene/Y/Co(0001),
(i) graphene/1ML-YCo,/Co(0001), and (iii) graphene/bulk-like- kR
YCo,(111). It is found that the interaction strength between =" N
graphene and the substrate is strongly affected by the presence of Y

at the interface and the electronic structure of graphene (doping l 1 i \?
and the appearance of the energy gap) is defined by the Y e Lo
concentration. For the Co-terminated interfaces between graphene and the metallic support in the considered systems, the electronic
structure of graphene is strongly disturbed, leading to the absence of the linear dispersion for the graphene 7 band; in the case of the
Y-terminated interfaces, a graphene layer is strongly n-doped, but the linear dispersion for this band is preserved. Our calculations
show that the magnetic anisotropy for the magnetic atoms at the graphene/metal interface is strongly affected by the adsorption of a
graphene layer, giving a possibility for one to engineer the magnetic properties of the graphene/ferromagnet systems.

H INTRODUCTION state at the Fermi level’””" On the other hand, the

Graphene (gr), a single atomic layer of graphite, has been in ferromagnet experiences a huge interfacial magnetic aniso-

the focus of a large number of experimental and theoretical tropy;z,zs and its rpagnetic configuration changes dramati-
studies due to its unique physical properties.' ™ Many of these cally.”™ The electronic structure of the gr/FM interface can be
properties are defined by the behavior of the graphene-derived further modified via intercalation of different species with the
7r states in the vicinity of the Fermi level (EF); which have a aim to prepare different graphene—based heterostructures.
linear dispersion around the K points of the graphene Brillouin Here, e.g, the intercalation of Fe leads to an increase of the
zone. This also leads to the zero-level density of states (DOS) induced magnetic moment in graphene;'*** the intercalation
at Ey, attributing graphene to a class of solids called semimetals. of noble metals and halogens decouples graphene from the FM
Such properties make graphene an ideal material for the material with a controllable modification of the graphene band
fabrication of different low-dimensional devices, which were structure around the Dirac point.”*™** The intercalation of
already made or proposed.” Any application of graphene in oxygen in gr/Ni and gr/Co interfaces leads to the formation of
the real electron- or spin-transport devices requires that at thin layers of antiferromagnetic (AFM) metal oxides and the
some point a graphene layer is contacted by a metallic or resulting epitaxial graphene-protected AFM/FM systems,
semiconducting channel. When graphene is considered on an which can be used in future spintronics :1pplica.tions.29_31
arbitrary support, one can expect, in the general case, a strong Moreover, the insertion of other magnetic atoms with open d-
modification of its valence band electronic structure. Here, shells into the gr/metal interface might lead to the formation
several factors have to be taken into account: charge transfer of ordered gr/FM-alloy systems with interesting proper-
from/onto graphene-derived 7 states, hybridization of the ties.”” > Therefore, the studies of such gr/FM hybrid systems

electronic valence band states of graphene and the support,

and the lattice match between the graphene and metallic or

semiconducting surface.””'" These factors determine the

behavior of the 7z states in the vicinity of Ep as well as the -

appearance of an energy gap in the spectrum of the graphene- Received: December 17, 2021

derived electronic states at the so-called Dirac point, Ep.'>~'° Accepted: February 11, 2022
When graphene is brought in contact with a ferromagnetic Published: February 17, 2022

(FM) material (as in the particular case of a graphene/metal

interface), a magnetic moment can be raised in carbon

atoms'®”"? together with the appearance of a spin polarized

have a huge implications from both the basic scientific and
technological standpoints.

© 2022 The Authors. Published b
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Figure 1. Top and side views of different Y-based intercalation structures: (a) parent gr/Co(0001), (b) gr/IML-Y/Co(0001), (c) gr/0.33ML-Y/
Co(0001), (d) gr/0.2SML-Y/Co(0001), (e) gr/1IML-YCo,/Co(0001) with Co-terminated YCo,(111), (f) gr/1ML-YCo,/Co(0001) with Y-
terminated YCo,(111), (g) gr/bulk-like-YCo,(111) with Co-terminated YCo,(111), and (h) gr/bulk-like-YCo,(111) with Y-terminated
YCo,(111). Spheres of different sizes and colors represent atoms of different types (C: black; Co: gray; Y: dark gray). Side views for all structures
are taken along the graphene arm-chair edge, and they are overlaid with electron charge difference maps Ap(r) = pgr/s(r) - (pg,(r) + py(r)) with gr:
graphene; s: substrate. Ap is color coded as blue (—0.01 e/A?), green (0), and red (+0.01 e/A3).

Table 1. Results for the Atomic Structure of the Graphene/Substrate Interface Models and for the Clean Metal Surfaces”

system E dy d,
gr/Co(0001) -214 2.09 1.92
gr/1ML-Y/Co(0001) -322 2.55 2.61
gr/0.33ML-Y/Co(0001) -242 2.28 231
gr/0.25ML-Y/Co(0001) -178 2.32 2.19
gr/1IML-YCo,/Co(0001)" -195 2.01 116
gr/1IML-YCo,/Co(0001)* —-209 2.27 0.93
gr/YCo,(111)® -210 2.03 1.19
gr/YCo,(111)° —147 2.34 1.73

“Ejn (meV/C atom) is the interaction energy, defined as E;,, = Egy/q

dy
1.93
1.93
1.95
1.95
0.77
0.85
0.77
1.53

- (Egr + E,), where E

mc Mmco My MAE
—0.043/0.038 1.51/1.63 0.34
—0.02/0.01 1.54/1.64 -0.10 1.35
0.01/0.01 1.50/1.64 -0.11 1.11
—0.00/0.00 1.44/1.63 —-0.18 —1.10
—0.03/0.02/—0.02 1.27/1.53 —-0.28 —1.38
—0.01/0.01/0.01 1.28/1.53 -0.25 —-1.2§
—0.02/0.01/—0.03 1.27/0.02 -0.15 —-0.58
—0.00/0.00/-0.01 1.11/0.01 —0.26 0.33

«/s 1S the total energy of the graphene/substrate system

and E, and E are the energies of the fragments at the same coordinates as in the graphene/substrate system; d, (in A) is the mean distance
between the graphene overlayer and the interface substrate layer; d; (in A) is the mean distance between the interface substrate layer and the
second substrate layer; d, (in A) is the mean distance between the second and third substrate layers; m¢ (ug) is the interface C spin magnetic
moment (several values for the nonequivalent carbon atoms are indicated); mc, (ug) is the Co spin magnetic moment (two values are given for the
interface/bulk atoms); my (ug) is the interface Y spin magnetic moment; MAE (meV/u.c.) is the out-of-plane magnetic anisotropy energy. bCo

termination of YCo,(111). Y termination of YCo,(111).

Here, we present the systematic density functional theory
(DFT) studies of the electronic and magnetic properties of the
systems obtained upon intercalation of yttrium (Y, atomic
electronic configuration [Kr] Ss* 4d') in gr/Co(0001). Our
study is motivated by the possibility to intercalate Y in gr/
Co(0001) and to form a graphene-protected FM-YCo, layer
on top of the paramagnetic (PM) bulk. The existence of the
1ML-FM-YCo,/PM-YCo,, where unwanted electron scatter-
ing can be avoided, is confirmed by the previous works.***’
Different structural models of the gr/Y/Co(0001) interface
that can be formed after Y-intercalation are considered, which
include several concentrations of Y-intercalant and the possible
formation of an YCo, alloy at the gr/metal interface. We found
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that in the case of the sharp gr/Y/ Co(0001) interface the
presence of the realistic amount of Y preserves the linear
dispersion for the strongly n-doped graphene-derived 7-bands.
In the case of the YCo, alloy formation at the interface, the
adsorption of graphene on the Co-terminated alloy leads to the
strong hybridization of the graphene 7 and Co 3d states,
similar to the adsorption of graphene on Co(0001). For the Y-
terminated gr/YCo, interface, the linear dispersion is
preserved, leading to the formation of a strongly n-doped
graphene. Our theoretical findings can be of interest for the
future spectroscopic experiments of the discussed systems and
also in the studies of the spin-related phenomena in the gr/FM

https://doi.org/10.1021/acsomega.1c07136
ACS Omega 2022, 7, 7304-7310
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Figure 2. Spin-resolved band structures and C-p,-projected density of states for (a) parent gr/Co(0001), (b) gr/IML-Y/Co(0001), (c) gt/
0.33ML-Y/Co(0001), and (d) gr/0.25ML-Y/Co(0001). Band structures are presented around the K point for the graphene-derived (1 X 1)
Brillouin zone. The weight of the graphene-derived p, character is highlighted by the size of filled circles superimposed with the plot of the band

structure.

systems and for the discussion of the possible realization of
different spintronics devices.

B RESULTS AND DISCUSSION

As was shown in the previous experimental and theoretical
works™**7** and also confirmed by the present results (see
Table S1 and Figure S1), a single graphene layer is adsorbed
on Co(0001) in the so-called top—fcc configuration, where one
carbon atom of the graphene unit cell is adsorbed above the
Co interface atom and second carbon atom is located at the fcc
hollow site of the Co(0001) surface (Figure la). Such
adsorption geometry leads to a small distance of 2.09 A
between graphene and the topmost metal layer (denoted as
M(S) further in the text), and the adsorption energy for
graphene on Co(0001) is equal to —214 meV/C atom (see
Table 1).

The adsorption of graphene on Co(0001) leads to the n-
doping of graphene due to the charge transfer from Co to
graphene (see Figure la) with a downward shift of the
graphene-derived 7 states, followed by the strong hybridization
of the graphene-z and Co 3d valence band states (Figures 2a
and S2). As a result, several hybrid states are formed in the
vicinity of Ep with the predominant Co 3d character (Figure
S3). As a further consequence of the interaction between
graphene and Co valence band states, the magnetic moment
on carbon atoms appears as m(C") = —0.042 ug and m(C%)
= 0.039 pp, respectively, indicating a small net magnetic
moment in graphene. Simultaneously, the magnetic moment of
the interface Co atoms is reduced to 1.51 py (Table 1)
compared to the values of 1.73 pg and 1.63 py for the clean
Co(0001) surface and Co bulk, respectively (also see Figure S4
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for the distribution of magnetic moments in all considered
systems). This can be assigned to the strong overlap of the
electronic states of graphene and Co interface atoms leading to
the redistribution of magnetic moments of cobalt interface
atoms, as was also previously observed for the gr/Ni(111)
system.'”'®* Furthermore, the out-of-plane magnetic aniso-
tropy energy (MAE) is increased from 0.15 meV/u.c. for a
clean Co(0001) surface to 0.34 meV/u.c. for gr/Co(0001) due
to the graphene adsorption and the effect of hybridization
between gra4phene-7r and Co 3d orbitals with a predominant z-
orientation. "'

When considering the intercalation of Y under graphene on
Co(0001), several scenarios are possible. Let us start with an
assumption that Y atoms form a 2D hexagonal layer
commensurate with the (1 X 1)-Co(0001) substrate (Figure
SSa—c, Tables S2 and S3). Here, for the gr/1IML-Y/Co(0001)
system, in the case of the most energetically favorable
configuration, the Y intercalant occupies the fcc hollow sites
above Co(0001) (Figure 1b). In such a structure, the lateral
Y-Y distance is 2.49 A, which is too short as compared to the
respective distance in the bulk Y (3.65 A) and will be
considered only for comparison reasons. In addition, we took
into account more realistic concentrations of Y atoms equal to
0.33- and 0.25ML, which correspond to dy_y = 4.32 and 4.98
A, respectively (Figure SSd—f,g—i). In these two cases, Y atoms
prefer to occupy the hcp hollow sites of the Co(0001) slab so
that each Y atom is surrounded by a carbon ring (Figure 1c,d,
Tables S2 and S3).

In the case of gr/IML-Y/Co(0001), graphene is n-doped
and the formation of the [C*-p, + M(S)-d,] and [CF-p, +
M(S)-d,,, -d,.] hybrid states leads to a massive rearrangement

yz
of bands (Figures 2b and S6). As a consequence in the

https://doi.org/10.1021/acsomega.1c07136
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Figure 3. Spin-resolved band structures and C-p,-projected density of states for (a) gr/IML-YCo,/Co(0001) with Co-terminated YCo,(111), (b)
gr/IML-YCo,/Co(0001) with Y-terminated YCo,(111), (c) gr/bulk-like-YCo,(111) with Co-terminated YCo,(111), and (d) gr/bulk-like-
YCo,(111) with Y-terminated YCo,(111). Band structures are presented around the K point for the graphene-derived (1 X 1) Brillouin zone. The
weight of the graphene-derived p, character is highlighted by the size of the filled circles superimposed with the plot of the band structure.

modification of the adsorption geometry, caused by the
reduction of Y concentration, the nature of the interaction
between graphene and the metal valence band states is also
modified. While graphene remains to be n-doped also for the
gr/0.33ML—Y/C0(0001) and gr/O.ZSML—Y/Co(OOOl) sys-
tems, hybridization between C-p, states and Y-d? is not
realized (missed space overlap) (Figures 2c,d and S7-—S9).
Consequently, the linear dispersion of the graphene-derived
bands is preserved with an energy gap at the Dirac point for
both gr/Y/Co(0001) systems with 0.33- and 0.2SML of
intercalated Y (see Figures 2¢,d and S7). After intercalation of
Y, the magnetic moment of graphene is significantly reduced.
The presence of Y at the interface yields an increase of MAE in
magnitude, which decreases together with the intercalant
concentration. Finally, in the case of gr/0.2SML-Y/Co(0001),
the easy axis changes its direction (Table 1).

As a further outcome of Y intercalation in the gr/Co(0001)
interface, the formation of an ordered YCo,(111) alloy
underneath a graphene layer was considered. Bulk YCo,
crystallizes in the cubic Laves (C15) structure (Figure S10),
and it is a paramagnetic material (Figure S11a).*%**** It was
found that the (111) surface of YCo, becomes ferromagnetic,
independent of its termination by Co or Y atoms, with large
magnetic moments in the topmost Co layer (Figure
S11b,c).>**” The calculated magnetic moments for the Co
and Y atoms in different layers of the YCo,(111) slab of
different terminations are presented in Table S4, and one can
see that they quickly decrease with distance from the surface,
which is in a good agreement with previously published data.*®
Due to an uncertainty in the thickness of YCo,, which can be
formed in the experiment, we consider here two possibilities:
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(i) gr/1ML-YCo,/Co(0001) and (ii) gr/bulk-like-YCo,(111)
slab. In each case, two possible terminations are taken into
account: Y- and Co-terminated (111) slabs (Figures 1, S12,
and S13).

The obtained results weakly depend on the alloy thickness
and are defined by the composition of the interface layer. In
the case of the Co-terminated interfaces, graphene adopts the
top—hcp configuration with respect to the substrate (Figure
le,g, Tables SS—S8). These results are very similar to that of
gr/Co(0001): Followed by the initial charge transfer from Co
to graphene, the formation of the [C*-p, + M(S)-d;?] and
[CFp, + M(S)-d,,, -d,.] hybrid states destroys the linear
dispersion relation of graphene (Figures 3a,c, S14, S15, S17,
and S18). Due to the interaction between the graphene-z and
Co 3d states, the graphene is weakly magnetized (m is about
+0.02 yg). The magnetic moment of the interface Co is 1.27
g, while the magnetic moment of Co in the inner layers of the
slab is close to zero. Furthermore, these two systems with a
Co-terminated YCo,(111) surface show larger in-plane
anisotropy (1.38 and 0.58 meV/u.c., respectively) (Table 1).

In the case of the Y-terminated gr/YCo, interfaces, the
energetically most favorable structures correspond to the fec—
hep configuration with respect to the substrate (Figure 1£h,
Tables SS—S8). The further observations are comparable to
those of the gr/0.2SML-Y/Co(0001) system, which has the
same concentration of Y atoms at the interface as the Y-
terminated YCo,(111) slab. In the case of gr/1ML-YCo,/
Co(0001) and gr/bulk-like-YCo,(111), only [C*-p, + M(S)-
d,,, -d,.] hybrid states can be formed, which does not lead to
the rearrangement of bands but to an opening of a band gap of
about 0.35 eV with E, — Ex & —1.2 eV for gr/YCo,(111)
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(Figures 3b,d, S14, S16, S17, and S19). As for the other
systems under consideration, graphene is n-doped. Similarly to
the results obtained for gr/0.2SML-Y/ Co(0001), the magnetic
moment of C atoms does not exceed 0.001 pg. The outermost
Co in gr/IML-YCo,/Co(0001) and gr/bulk-like-YCo,(111)
has a rather high magnetic moment equal to 1.28 and 1.11 g,
respectively. At the same time, the magnetic moments of Co
atoms in the middle layers of the YCo, slab are close to zero.
Against the background of all this similarity, the two systems
under discussion demonstrate different directions of easy axis:
it lies in-plane in the case of gr/IML-YCo,/Co(0001) and out-
of-plane in the case of gr/bulk-like-YCo,(111).

B CONCLUSIONS

In summary, we present the systematic DFT analysis of the
crystallographic, magnetic, and electronic properties of differ-
ent graphene/Y/Co(0001) interfaces. In the case of the sharp
interfaces between all components, the n-doping level of
graphene in the intercalation-like system strongly depends on
the Y atoms’ concentration, and in all cases, the formation of
the band gap directly at the Dirac point is found for the
graphene-derived 7 band. Such an effect is assigned to the
hybridization of the respective valence band states of Y and
graphene. For the more realistic case of the YCo, alloy
formation at the interface, the graphene-protected ferromag-
netic layer of the Y/Co alloy is formed either on ferromagnetic
Co(0001) or on paramagnetic bulk alloy (independent of the
termination by Y or Co atoms). In such a case, the electronic
structure of a graphene layer strongly depends on the
termination of a formed YCo, layer: for the Co-terminated
or Y-terminated interfaces, it is similar to the cases of the
graphene adsorption on bulk Co(0001) or on 0.25ML-Y/
Co(0001), respectively. The obtained results for the
modification of the electronic structure of graphene adsorbed
on different Y/Co systems are in agreement with the general
scheme used for the description of the graphene/metal
interfaces, and these results are important for the engineering
of the graphene-based interfaces, which can further be used in
different electronics and spintronics applications.

B COMPUTATIONAL DETAILS

Spin-polarized DFT calculations based on plane-wave basis
sets of 500 eV cutoff energy were performed with the Vienna
ab initio simulation package (VASP).**”* The Perdew—
Burke—Ernzerhof (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), and Y (4d,Ss) states treated as valence
states. The Brillouin zone integration was performed on I'-
centered symmetry reduced Monkhorst—Pack meshes using a
Methfessel—Paxton smearing method of first order with ¢ =
0.15 eV, except for the calculation of total energies. For these
calculations, the tetrahedron method with Blochl corrections®
was employed. The k mesh for sampling the supercell Brillouin
zone was chosen to be as dense as at least 24 X 24 when folded
up to the simple graphene unit cell. Dispersion interactions
were included by means of the DFT-D3 correction method.>
During structure optimization, the convergence criteria for
energy was set equal to 107 eV. The band structures
calculated for the studied systems were unfolded (if necessary)
to the graphene (1 X 1) primitive unit cell according to the
procedure described in refs 51 and 52 with the code BandUP.
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The interfaces are modeled by a symmetrical slab composed
of 23 layers of Co atoms in parent gr/Co(0001). In the case of
the gr/Y/Co(OOOl) systems, the outer Co on both ends of the
Co(0001) slab is replaced by one Y layer. For the YCo,(111)
surface, we used a repeated periodic slab geometry with up to
41 (43 with Y cap) layers of Y and Co atoms per slab. In all
cases, graphene is adsorbed both on the top and bottom side of
the slab with a vacuum gap of at least 20 A (see Figure S20 for
details). During structure relaxation, the z-coordinate positions
of all carbon and yttrium atoms as well as those of the top and
bottom three layers of the Co(0001) layer are relaxed until
forces became smaller than 0.02 €V/A. In order to describe the
surface magnetism of the YCo,(111) alloy, the x-, y-, and z-
coordinate positions of the Co and Y atoms in the outer 6
layers were relaxed.

B ASSOCIATED CONTENT
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