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Due to high carrier mobility and long spin diffusion length graphene is a promising ma-
terial for spintronics applications. In order to achieve effective spin transport and in-
crease spin injection efficiency, graphene interfaces with highly spin-polarised materials,
such as Heusler alloys, are needed. In this work, first-principles calculations of gra-

phene/Coz2FeSi electronic structure are done in the frame of density functional theory. It
is shown that the high percent of spin polarization in this system is combined with the
linear dispersion of the n-states of graphene. The results suggest that the Co2FeSi Heusler
alloy is a promising candidate for graphene-based spintronic devices.
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1. INTRODUCTION

Thanks to its exceptional physical properties, such as high
carrier mobility and long spin diffusion length, graphene
is a prospective material for use in spintronics [1]. For its
practical applications, a graphene/ferromagnet hetero-
structure with effective spin transport is needed. One ap-
proach for increasing spin injection efficiency is the use of
highly spin-polarized materials, such as Heusler alloys.
Heusler alloys have a unique electronic structure that is
different for the majority and minority spin bands. While
the majority band shows metallic behavior with non-zero
density of states, the minority band has a gap at the Fermi
level, causing nearly 100% spin polarization.

The synthesis of the graphene/Heusler alloy interface
has been demonstrated in several works [2—5]. In Ref. [2],
graphene was grown using CVD onto a magnetron-sput-
tered single crystalline Co.Fe(GeosGaos) substrate. The
spin-dependent properties of the heterostructure were con-
firmed using depth-resolved X-ray magnetic circular di-
chroism measurements. Density functional theory (DFT)
calculations showed that the intrinsic electronic properties

of graphene and Co,Fe(Geo sGao s) are preserved in the vi-
cinity of the interface.

Another way of implementing graphene/Heusler alloy
to spintronics consists of utilizing graphene as an inter-
layer between a semiconducting channel and a Heusler al-
loy electrode [3,4]. A graphene tunnel barrier between the
Heusler alloy and the channel modulates the Schottky bar-
rier height and decreases the resistance—area product of
the spin diode. Graphene/Heusler alloy interfaces are also
interesting from the fundamental point of view: graphene
interlayer between the substrate and Heusler alloy films
allows investigation of the interplay between different
mechanisms of Heusler alloy epitaxy [5].

One of the potential approaches to the direct synthesis
of the graphene/Heusler alloy interface consists in interca-
lation of graphene with atoms of ferromagnetic metals and
silicon. It has been shown that the use of an intercalation
approach allows synthesis of ferromagnetic cobalt and iron
silicides under CVD graphene [6] and graphene grown on
silicon carbide [7]. Preliminary information about elec-
tronic structure and magnetic properties of such systems can
be obtained from first principles. Here, we report ab initio
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calculation of the electronic structure of graphene on the
surface of the Co,FeSi Heusler alloy.

2. CALCULATION DETAILS

The calculations were carried out using the spin-polarized
DFT as implemented in the Quantum ESPRESSO open-
source package [8]. The energy cutoff for the plane waves
was set to 100 Ry. The electron-core interaction was de-
scribed using the projected augmented wave (PAW) [9]
pseudopotentials within the general gradient approximation
(GGA) [10,11]. The Brillouin zone was sampled using an
8%x8x1 mesh of the Monkhorst-Pack k-points [12]. Before
the electronic structure calculations, the geometry optimi-
zation was done using the Broyden—Fletcher—Goldfarb-
Shanno (BFGS) algorithm. The dispersion interaction was
taken into account with the use of the semi-empirical dis-
persion correlation DFT-D2 method of Grimme [13]. For
the convenience of data interpretation, wave functions were
expanded in the basis of atomic orbitals.

3. RESULTS AND DISCUSSION

In the first stage, the electronic structure of bulk CoFeSi
Heusler alloy (space group Fm3imn) was calculated. The lat-
tice constant was set to 5.64 A following the experimental
data [14]. The resulting electronic structure has shown good
agreement with previous calculations [15]. To simulate the
graphene/CoFeSi system, we put graphene on top of the
CoyFeSi(111) face to match the symmetry of graphene and
the substrate. The supercell consisted of 3x3 graphene unit
cells (18 C atoms) and a Co,FeSi(111) slab (18 Co atoms, 9
Fe atoms, and 9 Si atoms). The size of the vacuum gap was
15 A. We used Co- and Si-terminated layers of Co,FeSi to
investigate the effect of different surface structures on gra-
phene electronic states. Then we carried out geometry re-
laxation for the case of graphene placed on top of Co-termi-
nated CoFeSi. The geometry optimization has led to an
out-of-plane corrugation of the graphene lattice. The differ-
ence between the C atoms positions lies in the range of
0.2 A (Fig. 1a). The distance between C and Co atoms is
2.15 A, which corresponds to the typical distance between
graphene and metal surface [16]. Then, calculations for the
case of graphene placed on Si-terminated Co,FeSi were
done. Geometry optimization has shown that graphene is
flat and the distance between graphene and the substrate is
equal to 3.15 A (Fig. 1b), which is close to the case of gra-
phene on cobalt silicide [17].

In the second stage, we carried out the self-consistent
calculations of the band structure of the optimized super-
cells. The fragments of the electronic structure near the K-
point of the graphene Brillouin zone are shown in Figure 2.
For convenience, graphene states are highlighted. In the
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Fig. 1. The supercells used for calculation of the graphene/CozFeSi
electronic structure with graphene on top of Co- (a) and Si-termi-
nated (b) surfaces.
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Fig. 2. Comparison of electronic structure for graphene on Co- (a)
and Si-terminated (b) faces of CoxFeSi.

case of graphene on the Co-terminated layer of Co,FeSi, the
interaction of graphene with the substrate is determined by
the hybridization of the p_ states of C and d states of Co
atoms (Fig. 2a). The hybridized states are shown in red
color. These states lie 2 eV below the Fermi level, as in the
graphene/Co(0001) system [17]. However, for those C at-
oms, which are not placed directly above Co atoms, linear
dispersion of p_ states around the K point is preserved and
the Dirac cone is seen. These states are shown in Fig. 2a in
blue color. Dirac point is located in the vicinity of Fermi
level. A different situation is realized when graphene is lo-
cated on top of a Si-terminated surface. The electronic
structure for this case is shown in Fig. 2b. Graphene states
are shown in blue color. Only states with linear dispersion
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Fig. 3. Comparison of densities of states (DOS) for graphene on Co- (a) and Si-terminated (b) faces of Co2FeSi.

exist which indicates the quasi-freestanding nature of gra-
phene. Graphene is slightly p-doped with the Dirac point
located 0.5 eV above the Fermi level.

Spin-resolved densities of states are shown in Figure 3.
Spin polarization at the Fermi level is 75% for both types of
surface terminations. The values of the magnetic moments
in the bulk crystal and at the boundary differ insignificantly.

4. CONCLUSIONS

In this work, ab initio calculations of the graphene/Co,FeSi
system electronic structure are done. It is shown that differ-
ent graphene states can be observed depending on the sur-
face termination. The electronic structure of graphene on
Co-terminated Co,FeSi demonstrates both strong hybridi-
zation for the C atoms located above metal and linear dis-
persion for the rest C atoms. This duality may find its appli-
cation in spin injection into graphene. Therefore, the
combination of the high percent of spin polarization with
the linear dispersion of the nt-states of graphene at the vicin-
ity of the Fermi level makes the Co,FeSi a promising mate-
rial for graphene-based spintronic devices. For the further
evaluation of spin-injection efficiency, nonequilibrium spin
transport calculations are to be done.
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YK 537.9

DJIeKTPOHHAS CTPYKTYpa rpadeHa Ha moBepxHocTH ciiasa [eiiciepa
Coz2FeSi

E.IO. Jlo6anosa'?, E.K. Muxaiinenko™, I'.C. I'pe6entok’
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Cankr-IlerepOypr, Poccust
2Qtaenenne QUMK TBEPAOro Tena, Ou3nko-rexaudeckuil uHcTUTyT uM. A.D. Modde, yi. [Tonmurexuuueckas, 1. 26, 194021,

Cankr-IlerepOypr, Poccust

3 Otyenenne HEWTPOHHBIX HCCNENOBaHMH, HalmoHANBHEIN HecneoBaTenbekuii nenTp “Kypaarosckwmii urcTuTyT”, TleTepOyprekuit
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5 Otyenenne GU3NUKH MIA3MBI, aTOMHOM (u3wKn U acTpodusuky, OusuKo-TexHUUecKuit mHCTUTYT uM. A.D. Uodde,
Cankr-IlerepOypr, 194021, Poccnst

AHHoTauus. braronaps BEICOKOI MOABIMXHOCTH HOCHTENEH 3apsiia U OONBIION UIMHE CTUHOBOM Auddy3uu rpadeH sBiseTcs nep-
CIEKTUBHBIM MaTepUajIoM ISl IPUMEHEHHS B CIMHTPOHUKE. [ HocTIvKeHUsT 3 (peKTHBHOTO CIIMHOBOTO TPAHCIIOPTA M MOBBIIICHUS
3¢ GEKTUBHOCTH CIIMHOBON MHXKEKIIMH HEOOXOAMMBI HHTEp(EHCH rpadeHa ¢ MaTepraaMi ¢ BRICOKOH CIIMHOBOH Monspu3armeil, Ta-
KNMH Kak cruiaBsbl [eficiepa. B manHoi pabote mpoBeeHs! EPBONPHHIUITHBIE PAaCUETHI JIEKTPOHHON CTpYKTYpH! Tpadena/CozFeSi
B paMKax MeToza (pyHKnmoHama miotHocTH. 11oka3aHo, 9To BEICOKHIT IPOLEHT CIIMHOBOM MOJISIPU3ALUH B 3TOH CHCTEME COUCTACTCSI C
JMHEHHOH qucTepcueii m-cocTosHui rpadena. Pe3ynpraTel mokassiBaioT, uto ciuias Ieficnepa CoxFeSi siBisiercst MEOroo06emaronmm
KaHIUaTOM JUIS YCTPOHCTB CIIMHTPOHHUKH HA OCHOBE rpadeHa.

Kniouesvie cnosa: rpaden; crassl [ elicnepa; CIIHTPOHUKA

Reviews on Advanced Materials and Technologies, 2024, vol. 6, no. 2, pp. 4346


https://doi.org/10.1134/S1063783418070132
https://doi.org/10.1134/S1063783418070132
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.5414
https://doi.org/10.1103/PhysRevB.41.5414
https://doi.org/10.1103/PhysRevB.41.5414
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1063/1.2166205
https://doi.org/10.1063/1.2166205
https://doi.org/10.1063/1.2166205
https://doi.org/10.1063/1.2166205
https://doi.org/10.1063/1.2166205
https://doi.org/10.1016/j.tsf.2012.03.045
https://doi.org/10.1016/j.tsf.2012.03.045
https://doi.org/10.1016/j.tsf.2012.03.045
https://doi.org/10.1016/j.tsf.2012.03.045
https://doi.org/10.1016/j.tsf.2012.03.045
https://doi.org/10.1016/j.susc.2008.08.037
https://doi.org/10.1016/j.susc.2008.08.037
https://doi.org/10.1134/S1063783421060068
https://doi.org/10.1134/S1063783421060068
https://doi.org/10.1134/S1063783421060068
https://doi.org/10.1134/S1063783421060068

