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ABSTRACT

Graphene on L1,-FePd(001), which has been experimentally studied in recent years, is a heterogeneous interface with a significant lattice
symmetry mismatch between the honeycomb structure of graphene and tetragonal alloy surface. In this work, we report on the density func-
tional study of its atomic-scale configurations, electronic and magnetic properties, and adsorption mechanism, which have not been well
understood in previous experimental studies. We propose various atomic-scale models, including simple nontwisted and low-strain twisted
interfaces, and analyze their energetical stability by performing structural optimizations using the van der Waals interactions of both DFT-
D2 and optB86b-vdW functionals. The binding energy of the most stable structure reached Ep = —0.22eV/atom for DFT-D2
(Eg = —0.19 eV/atom for optB86b-vdW). The calculated FePd-graphene spacing distance was approximately 2 A, which successfully repro-
duced the experimental value. We also find out characteristic behaviors: the modulation of z-bands, the suppression of the site-dependence
of adsorption energy, and the rise of moiré-like corrugated buckling. In addition, our atomic structure is expected to help build low-cost
computational models for investigating the physical properties of L1, alloys/two-dimensional interfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101703

. INTRODUCTION FePd [FePd(001)/Gr] using chemical vapor deposition (CVD).>"*

Tron-palladium'™"* is a binary ordered alloy with a tetragonal

L1, structure that has attracted much attention as a material for
spintronic applications'” because of its high perpendicular mag-
netic anisotropy (PMA) of K, ~ 107 erg/cm®’™ and low Gilbert
damping of thin films (& ~ 1072).>” These properties are desirable
for high-density magnetic random access memory (MRAM)'’ and
magnetic tunneling junction (MTJ)* devices. MgO is usually uti-
lized as a barrier layer for FePd-based junctions;l’l'1 however, the
lattice mismatch approaches 10%, which poses a serious problem
for a smooth interface and obtaining a high tunnel magnetoresis-
tance (TMR) ratio. Graphene is considered a potential replacement
for MgO layers. A recent experimental study successfully realized
the integration of graphene layers deposited on the (001)surface of

It has been reported that graphene protects Fe atoms on the surface
from oxidation and provides stable crystallinity, atomic thickness,
and flatness control without degrading the perpendicular magnetic
properties. Graphene grown via CVD is expected to have an ener-
getically stable orientation when formed on tetragonal FePd epitax-
ial films. In contrast to the MgO barrier and FePd interface, van
der Waals force bonding can be expected to form a flat interface
between the graphene and FePd layers. However, the actual atomic
configuration of the C atoms on the surface is not yet well
understood.

Graphene on metal surfaces has been intensively studied both
experimentally and theoretically, particularly for lattice-matched
fcc-metals [e.g, Ni(111)/Gr, Cu(111)/Gr, Al(111)/Gr, etc].””™'
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Their (111)-surface has a threefold symmetry, which is in good
agreement with the honeycomb structure of graphene. C atoms are
placed on characteristic “adsorption sites” relative to metallic
atoms.'” The bonding mechanism of metal-graphene interfaces
can be divided into two regimes: physisorption and chemisorp-
tion.'® In the former case, graphene is weakly attracted to metallic
atoms via van der Waals (vdW) interactions. In the latter case, a
strong hybridization between the graphene pr-state and metal
d-state modifies the electronic band structure and shortens the
graphene-metal spacing distance. For example, the typical physi-
sorbed and chemisorbed spacings are estimated as ~3 and ~2 A,
respectively.'® In addition, interfaces with a small lattice constant
mismatch [e.g., Ir(111)/Gr, Pt(111)/Gr, etc.] exhibit vertical buck-
ling of the graphene, reflecting their moiré superstructures,” >’
where the spacing varies continuously between 2 and 3 A.

FePd(001)/Gr exhibited a significant lattice symmetry mis-
match. For the tetragonal L1, structure, Fe (or Pd) atoms on the
(001) face are arranged in a square lattice, which is distinct from that
of graphene. The atomic configuration at the interface and the
bonding mechanism are not as obvious as those for the fcc-metal
surfaces; therefore, theoretical and computational studies are desired.

This study investigates atomic-scale configurations, electronic
and magnetic properties, and adsorption mechanisms using density
functional theory (DFT)-based calculations. We propose a few
designs of the interface structure: simple non-twisted models (simple
models) and low-strain twisted models (twisted models). The former
is superior in terms of computational costs, and the latter is physi-
cally suitable. We performed structural optimization of various inter-
face models and analyzed their binding and strain energies. Their
influence on the geometrical parameters of graphene (bond length
and angle) reveals the reduction of graphene strain energy to obtain
a stable structure, and using exhaustive exploration, we find a few
possible twisted models. The binding energy of the most stable struc-
ture reaches —0.19 eV/atom (—18 kJ/mol), which is of the same
order as that of Ni(111)/Gr. The structural and magnetic properties
of our model agree with recent experiments.”'* In addition, we also
find out characteristic behaviors: the modulation of 7-bands, the
suppression of the site-dependence of adsorption energy, and the
rise of moiré-like corrugated buckling.

The remainder of this paper is organized as follows: in Sec. 11,
we present the interface structure models and the computational
conditions. In Sec. III, we report the optimized energies for each
structure and discuss their electronic structures. Finally, in Sec. IV,
we present the conclusion.

Il. METHOD

In this study, we propose two atomic-scale structural models
of the FePd(001)/Gr interface: a simple non-twisted model (simple
model) and a low-strain twisted model (twisted model). The
“simple model” is designed to reduce the number of atoms per
supercell, which can significantly reduce the computational time.
However, there is a possibility of a large tensile strain due to the
deformation of graphene. The “twisted model” is a more general-
ized interface that accounts for twist angles. Although it enables a
decrease in strain by using adequate supercells, a large computa-
tional effort is usually required.

ARTICLE scitation.org/journalljap

A. Interface models
1. Simple non-twisted interface model (simple model)

Figure 1(a) shows the bulk FePd unit cell with L1y-ordered
structure, which contains single Fe and Pd atoms. The lattice
parameters are dppq = 2.67A and cpepg = 3.70 A, which were
determined from the structural optimization under equilibrium
conditions, in good agreement with previous experimental and the-
oretical studies.”'®"" Figure 1(b) illustrates the honeycomb lattice
structure of graphene; the gray rectangular area is a single unit cell
containing four C atoms in each cell. The in-plane interatomic dis-
tance is ag; = 1.42 A. Owing to the difference in lattice symmetry
between FePd and graphene, the atomic interface structures were
not obvious.

As seen Fig. 1(c), the armchair (AC) and zigzag (ZZ) direc-
tions of the graphene layer are parallel to the [100] and [010] direc-
tions of FePd, respectively. This structure is constructed based on
the following guiding principles:

1. Owing to the attractive interaction between Fe and C atoms, the
arrangement in which these atoms is considered stable.

2. The honeycomb structure of graphene on the surface should not
have significant distortions.

The period of the graphene ZZ direction is +/3ag, = 2.46 A.
However, because the period in the AC direction, 3ag, = 4.26 A,
has a significant mismatch with agep4, a long-period supercell struc-
ture is required in this direction. We refer to the interface structure
consisting of n-period FePd units and m-period graphene units as
Snm [see Fig. 1(c)]. This design can be characterized by a pair of
integers n and m.

To evaluate the stability of the S, ,, interface structure, we con-
sidered slab supercells as shown in Fig. 2, which consists of seven
atomic layers of FePd with a graphene layer terminating on the top
side of the slab. The bottom two layers were fixed to simulate the
bulk properties during structural optimization. We also used a
vacuum layer of approximately 8.0 A, which was sufficiently large
to truncate the interactions under periodic boundary conditions.
The initial spacing between the top Fe layer and graphene (dgec) is
determined to be 2.0A. The diameter of the S,,, supercell is
2.67n x 2.67 x 21.1 A3, and the numbers of Fe, Pd, and C atoms
are 4n, 3n, and 4m, respectively.

2. Low-strain twisted interface model (twisted model)

In the twisted model shown in Fig. 3, we considered the inter-
face structure with the twist angle between FePd and graphene. The
initial arrangement of C atoms was generated by linear transforma-
tions involving rotation and resizing onto the original graphene
lattice.

Here, we consider the C atom coordinates of freestanding gra-
phene A9 as follows:

7 =kad ™ 4+ kat + 75, 1

where k = (ky, k;, k) are integers, Zz'(lGr) and ang’ are primitive unit

vectors of (3ag:/2, + v/3ac:/2) [green arrows in Fig. 3(b)], and ?(lGr)
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(b) Graphene

\/7 FIG. 1. Conceptual illustration of the simple non-twisted

3 agy model. (a) Bulk L1o-FePd crystal structure and square Fe
lattice on the (001) plane. (b) Bulk-graphene structure.
The periodic units of both structures are marked as gray-
colored areas. (¢) S, interface structure consisting of
n-FePd units and m-graphene periodic  units
(n=5 m=3).

<>
Qpepq

(c) FePd/Gr interface model L,, ,, (n=5, m=3)

3aGr

S — —

Fe layer

m-Graphene units (m=3)

L1, FePd Alloy O O O O

U A4 A4

e

n-FePd units (n=5)

and 7% are the sublattice vectors of (0, 0) and (Ei(lGr) + Ei;Gr)) /3, system of equations, we obtain

respectively. In the presence of a twist angle, the transformed C atom A G — g m@¥ + pymde
coordinates ?,((C)' are given by i d»(lGr) ,unn ﬁll:e +,ulzn a;e’ (4)
2 T Hyha, 20nM2as,
~(C) 1 ~©
o =A7, 2 .
k k ( ) with
with 2 x 2 transform matrix, A (Affine map). As seen in Fig. 3(a), 1
we assume a supercell including #n; x n, square Fe lattice; the unit ('ull ”12> - (m“ m12) (5)
vectors are represented as 5, = ;35" and 5, = n,d@5* (blue arrows) Ha1 M w1 My
1 =FePd __ —~FePd __ FO. o1

with @ = (agepd> 0) and @3¢ = (0, apepa) (green arrows in Fig. 3). Therefore, we have

Because the Fe and C layers have the same periodicity, the following
conditions are required: . — G\ T —c\T
A = (ﬂu”lafe +ﬂ12”25§e) (b(l r)) +(:”21"1‘_i11ce +u22n2[i§e) (hg r)) >
- P =G i =G

51 = mnA (1(1 ) + mle u; r), (3) (6)

?2 == m21A E(]Gr) + lez.A ﬁgGr), .

where b(G) are reciprocal vectors of @©”. The above formalism pro-

where my;, myy, My, and my, are the integers. By solving the linear vides a universal description of the twisted interface, which can be
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(a) n,;xn, topmost Fe lattice

(b) twisted graphene layer

[27]

Top view

Front view
A
Vacuum
. 8.0 (A)
m-Graphene units (m=3)
— —~ .
A dre.c “..® .
¥ 20(A) , ‘.—gﬂ 000
©O 0 0 0 O} ———
o o o o o FIG. 3. lllustration of low-strain twisted interface model represented as
Ty oo mugymanmas @S AN example, Tag 55 47 structure is depicted.
(@) ny x ny square lattice of the topmost Fe layer. (b) twisted graphene layer.
O O O O O The green arrows and gray area represent the primitive unit vectors and cell,
FePd slab respectively. The blue arrows (S; and ;) are supercell lattice vectors, and the
0 o o o o 0 11.1(A) red arrows are the AC and ZZ axes.
©O 0 0 0 0 |
‘, ° o o ° ‘,_‘Ll a characterized by six integers: 1, ny, my1, M2, My, andmy,. Therefore,

we represent the structure as Ty, uymy,mpmamn; @S an example,
Figs. 3(a) and 3(b) shows the Tyg 5, 1,7 model. Similar to Fig. 2, slab
supercell structures containing the twisted graphene layer on seven
atomic layers of FePd were employed in the calculations.

— e
—~——

n-FePd units (#n=5)

FIG. 2. Initial structure of Syn-type FePd(001)/Gr interface model. There are
seven atomic layers of FePd, a single graphene layer, and an 8.0A vacuum
region. The Fe-C interlayer distance is assumed to be 2A in the initial
condition.

B. Computation

For computation, we performed density functional theory
(DFT) calculations using the Vienna ab initio simulation package

TABLE I. Geometrical parameters of the initial atomic configuration of the simple models (S,,) and the calculated energies of the relaxed structures: the mean absolute error
(MAE) of the C atoms’ bond length ac and angle 6 from the equilibrium free-standing graphene (1.42 A and 120°) are indicated as MAE ac/ag, and MAE 6. The binding
energies Eg, strain energies Es, and spacing distances drc are calculated by both of DFT-D2 and optB86b-vdW (the values in parentheses) functionals.

Model nim MAE ac/ag, (%) MAE 6¢ (°) Eg (eV/atom) Es (eV/atom) drec (A)
a S5.2(~S6.4) 1.50 15 6 —0.02 (+0.01) +0.25 (+ 0.25) 2.04 (2.04)
b S42(~S51> Se.3) 2.00 28 6 +0.24 (+0.25) +1.47 (+1.47) N/A
c Sis 133 16 10 +0.27 (+0.29) +0.68 (+0.67) N/A
d Sss 1.67 16 2 —0.11 (—0.09) +0.25 (+0.25) 1.98 (1.99)
e Ssa 1.25 17 12 +0.38 (+0.27) +0.63 (+0.63) N/A
f Soa 1.75 19 0.4 +0.00 (+0.03) +0.44 (+0.44) 1.96 (1.96)
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b (b) AE (eV/atoms)
(®) 170 :
Les i 0.006
1
g 1.60 i 0.006
— 1551 0.005
L 1
£ 1.50 1 I 0.004
5 | 0.003 0.004
< 1451 i 0.002
S 140 ! 0001
i 0.000
1.35 4 |
1714 2/1 7
1.30 1 . — . ! ) 0.002
1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 3
Ratio n/m Sh
(© Y ¢
135 T T T
i i i — o Q’\5
130 i i i — 6 ' 0.000
' b : B lgedd
— 1251 ! ! ! ! 7 Q. $e
) . | o T
2120 ! ! !
=) I 1 I 1
< 1154 t H ' H FIG. 5. Potential energy surface for lateral shifts of the graphene layer on FePd
i i i ! (001). (a) Schematic illustration. Ax and Ay represent the displacements of the
1104 i | i | C1 atom from the top of a single Fe site. (b) Dependence of the binding energy
132 53 lia 121 difference  AE on (Ax, Ay). (The Sss-type model is employed in this
105 } T L . } calculation).
1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1
Ratio n/m

FIG. 4. Estimated modulation of the bond length and bond angle of the gra-
phene layer in the S"’(i structure. (a) Definition of bond length ag), ag) and bond
angle 6., 6. (b) a.’ and a? as functions of the n/m ratio. (c) 6 and 67
as functions of the n/m ratio.

(VASP) 6.2, which uses the projector augmented wave (PAW)
method”* and a plane wave basis set. We also employed the gener-
alized gradient approximation (GGA) exchange-correlation func-
tional of the Perdew-Burke-Ernzerhof (PBE)*” with Grimme’s
DFT-D2 method for vdW interactions.”® Besides, for comparison,
we also use optB86b-vdW functional.””*® We used a plane wave
basis cutoff energy of 400 eV. The first Brillouin zone was sampled

0
using Gamma-centered k-point grids. The magnetization is treated j | e LR 10
by spin-collinear calculations. In the case of the simple model S, .
we used ng X 9 x 1 grids, where 7 is the smallest integer satisfying . . . . . ’ 10
ng X n>9. For the twisted model, we used ny, X ng, x 1 with 5 [A I
N, X n; Z 9. E ) 10_2
Ill. RESULT AND DISCUSSION FIG. 6. Charge density profile of the Ss3-type FePd(001)/Gr interface. C1 and

Feq represent the closest pair, and C, and Fe, are examples of sites with no

Here, we consider a few different “simple model” interface
> p close C or Fe atoms.

structures (Ssz, S12, S43, S53, Ss4, and S74). To determine their
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TABLE Il. Geometrical parameters and energies of the twisted FePd(001)/Gr models. The size of supercell ny x n,, and the twisted angle 0{@3 and 953 are explained in
Fig. 3. nc is the number of C atoms in the supercell. Similar to the Table |, Eg, Es, and drec represents the binding energy, strain energy, and the spacing distance calculated
by using DFT-D2 and optB86b-vdW (the values in parentheses) functionals.

Model nXn, nc Gi‘fn(sjt) ®), Gifnzs)t (°)  MAE ac/ag, (%) MAE 6c (°) Eg (eV/atom)  Eg (eV/atom) drec (A)

g Tie_so_1; 4x6 66 6.5,7.5 0.5 0.5 —020(=0.16)  0.02(0.02)  2.11(2.10)
h  Tiyoso1s 4x7 76 6.8, 6.4 0.3 0.3 —021(=0.18)  0.01(0.01)  2.08(2.08)
i Tys—sr1s 4x8 86 6.9, 5.7 0.5 0.8 —022(=0.19)  0.02(0.02)  2.07(2.07)

stability, we introduce the binding energy Ep using the following In Fig. 4(b), we plotted the n/m dependence of a(cl) and ag). As the
formula: equilibrium bond length of graphene is approximately ag, = 1.42 A,
to reduce the strain, the value of n/m should be approximately

Erepa/Gr (1, m) — Epepa(n) — Egr(m) ~1.5. Using a similar procedure, the bond angles GC) and 6<Cz)

Eg(n, m) ne(m) ) 7 shown in Fig. 4(a), can be calculated using the following equation:
with the number of C atoms nc(m) = 4m, where Egepg/c(n, m) is 1
the total energy of the relaxed FePd(001)/Gr slab structure and oY — cos~! (n/m)
c s . .’ = cos s (11)
Erepa(n) and Eg,(m) are that of the pristine FePd slab and the pris- 2
: ; . e - 64/1/4 4 (1/36)(n/m)
tine free-standing graphene in the equilibrium conditions, respec- J
tively. Additionally, we calculated the strain energy Es as follows:
Eg:(n, m) — Eg:(m)
Bowm) === ®) 6 — 2.cos”! (n/m) W)
6y/1/4 + (1/36)(n/m)?
where Eg,(n, m) is the energy of deformed graphene with the same )
C atom coordinates as Egepa/r(1, m). . .
Table 1 shows Ep and Es values of S,,, models, and for com- (a) Simple (non-twisted) model
parison, we tested both the DFT-D2 and optB86b-vdW functionals. 10 - -
In the DFT-D2 results, most of the structures have a positive Ep — [d]Ss5 Physisorption
value, which is energetically unstable, and only two structures have a = 81 ) ) ~3(A)
negative Eg. Ss3 is the most stable, with Eg = —0.11 eV/atom. In the g 6 Chemisorption  ————"——u
optB86-vdW results, Ss; is also stable, with Eg = —0.09 eV/atom. S ~2(A)
Ss3 is the structure with the smallest Eg = 0.25eV/atom, and the S g1 —_—
magnitude of Eg is comparably large to Ez. We expect that strain in =
graphene is essential for the stability of these simple models. 2 21
Moreover, dpc in Table T represents the distance between the -2
topmost Fe and C layer. For some of the energetically unstable 2 0 ' ' ' ' '
(Eg > 0) interface models, C atoms are not adsorbed on metal sur- ‘-E (b) Twisted model
faces, or not possible to construct a flat atomic surface. For example, S 10
in the case of Ss4, the vertical distances from the Fe surface to the = o
; : o g ) [91 Ta6,-5,2,-1,7 257
nearest/farthest C atom are widely distributed between 1.5 and 4.2 A S 84 == [h1Tay 52 18
(see S1 in the supplementary material). Therefore, for a few unstable = e [Ty e o 0 209
. I S [i(1T4,8 -5,2,-1.8
structures, dr.c values in Table I are indicated as N/A. We then con- = 61
sider the bond length and bond angle distributions in the initial state 9
of the optimization. Here, we consider the initial coordinates of C K 4
atoms in S, ,,. The bond lengths are represented by two lengths ag) |
and ag), as shown in Fig. 4(a); ag) and ag) can be analytically 2
expressed as functions of the ratio n/m, 0 . / . . .
1.0 1.5 2.0 2.5 3.0 3.5 4.0
ah — 1 (ﬁ) AFepds ) Fe-C distance r [A]
¢ 3\m
FIG. 7. Radial distribution function of the C-Fe bonds for the stable structures
@ 1 1 /n\2 of the simple model (a) and twisted models (b). The typical distances for chemi-
ac’ = 1 + 36 (Z> AFepd- (10) sorption (~2 A) and physisorption (~3 A) are labeled for convenience.
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(b) Low-strain twisted model
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FIG. 8. Height profile of the Gr layer of the optimized simple model Ss3 (a) and
the twisted model Tyg 5215 (b). The black points represent the lateral (xy-)
position of C atoms, and the colormaps show their vertical (z-) position displace-
ment from the average level. The white lines indicate the periodicity of the
supercells.

Figure 3(c) shows the n/m dependence of 98) and O(CZ); the angle
approaches 120° at approximately n/m =~ 1.7. This result indi-
cates that the distortion of the graphene lattice is minimized in
the n/m range of 1.5-1.7, which is consistent with Table I. This
trend can be attributed to the strain in the honeycomb structure
of graphene.

Next, we calculated the potential energy surface (PES) profile:
adsorption-energy dependency on the lateral shift of the graphene
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layer with respect to that of the topmost Fe layer. Figure 5(a) shows
a schematic illustration. Ax and Ay represent the magnitudes of the
displacements of C; atom from Fe atom. Structural optimizations
were performed by fixing the lateral position of the C; atom and
obtaining the binding energy as a function of displacement
Eg(n, m; Ax, Ay). We use the Ss3-type interface model. Figure 5(b)
plots AE(Ax, Ay) defined as

AE(Ax, Ay) = Eg(n, m; Ax, Ay) — Eg(n, m; 0, 0). (13)

Equivalent points appear periodically in the PES profile because of
the translational symmetry of the system. An energetically stable
minimum appears in the vicinity of (Ax, Ay) = (0, 0), which corre-
sponds to the case when a single C atom is at the top of the Fe site,
and AE becomes unstable when every C atom is equally distant
from the Fe atoms. This sub-ap. scale change is a result of the
attractive short-range interaction between Fe and C atoms, which
reflects chemisorption. In contrast, AE did not exceed
0.006 eV /atom, which is less than 5% of the binding energy. This
5% change is below the typical value obtained for a chemisorbed
interface such as Ni(111)/Gr."® This behavior was similar to that of
the physisorbed case; it will be also discussed in Sec. I'V.

Figure 6 shows the electron-density profile of the S5 struc-
ture. A high-density area is found between labeled C; and the
neighboring C atom, which represents a C-C sp*c bond orbital.
Although most C-Fe bonds are not seen as C-C, there is an area of
slightly higher density between C; and Fe; (displayed by the
broken circle), which is one of the closest Fe-C pairs. In addition,
the average Fe-C binding distance is approximately 2 A, which is a
typical value for chemisorbed metal/Gr interfaces.'**’

Next, we consider low-strain twisted interface models. The
twisted model Ty, 1, i, ,mypama,mp D8 six individual parameters and
numerous structures. We exhaustively searched for every possible
set of ny, 1y, My, M2, My, and my, with the restriction that super-
cell size n; X n; is smaller than 9 x 9. From the analysis of the S,
model, we assumed that a screening condition that reduces the
strain in the initial structure is essential for stability. In Table II, we
selected three structures with minimal MAE ac/ag;: Tag—52-17>
Ty7-52-18 and Tyg 5,18 models, for convenience, which are
also represented as g, h, and i, respectively. Model i, illustrated in
Fig. 3, is the most stable structure among the three cases. Ez was
—0.22eV/atom (=~ —21kJ/mol) in DFT-D2 and -0.19
(=~ — 18 kJ/mol) in optB86b-vdW. Because this value is of the same
order as that of the well-known chemisorbed Ni(111)/Gr
(= — 12KkJ/mol),'® the adsorption state is considered very stable.
The above twisted models can dramatically decrease strain; in
model g, h, and i, MAE ac/ag; is lesser than 0.5%, and Es is 0.01-
0.02 eV/atom. Although MAE ac/ag, and MAE 6 became larger
in the order of model g<h <i, model i is the most stable
amongst the three. In such a low-strain model, the Fe-C interaction
is more essential than MAEs.

Next, we considered the radial distribution function of C-Fe
bonds, which is defined as follows:

(Fe) (C)

d(r) =%;;6(r— 17— ), (14)
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FIG. 9. Spin-polarized density of states (DoS) and partial DoS (pDoS) profiles: (a) DoS for the pristeine FePd, (b) pDoS of topmost Fe(3d) for the pristeine FePd, and (c)
pDoS of C(s) and C(p) for free-standing graphene. (d)(f) DoS and pDoS for FePd(001)/Cr interface of the simple Ss3 model [illustrated in Fig. 1(c)]. (g)—(i) FePd(001)/Gr

interface of the twisted T4g 5, 15 model (illustrated in Fig. 3).

where F}fe) and ?,((,C) represent the coordinates of k and k'-th
topmost Fe and C atoms, respectively. For computational conve-
nience, we used a Gaussian of o = 0.1 A as the §-function above.
Figure 7(a) shows d(r) of the stable Ss3 model (d in Table I). d(r)
has a broad band from 2 to 3A. Generally, the spacing of the
typical chemisorbed fcc-metal/Gr interface is approximately 2 A
and that of the physisorbed interface is approximately 3 A. In the
case of FePd(001)/Gr, the averaging of the interatomic interactions
between C and Fe resulted in an intermediate behavior between
chemisorption and physisorption. Similar behavior was observed in
the twisted model [see Fig. 7(b)]. d(r) around r = 2 A becomes
slightly larger in the order of the model g < h < i, representing the
number of Fe-C pairs at a typical chemisorption distance. This
trend is consistent with Eg in Table IT; in the low-strain case, Fe-C
inter-atomic interaction is also essential.

As seen in Fig. 6, the height of the C atoms is not flat but
rather buckled vertically. Generally, in the typical fcc-metal/Gr case,
buckled graphene is often observed at the interface with a moiré
structure by small lattice constant mismatches, such as Ir(111)/Gr
and Pt(111)/Gr. Their buckling amplitudes are usually more than
1 A*" and the moiré pattern because of the long-period (more than a
few nanometers) hexagonal lattice.”” For FePd(001)/Gr, the color-
maps in Fig. 8 shows the height profile of the graphene layer in the
optimized structures. Surprisingly, well-defined vertical corrugations
of approximately 0.4-0.5 A were observed. Unlike the moiré pattern,
the model in our present study has a stripe-like pattern instead of a
hexagonal pattern owing to the lattice symmetry mismatch. Some C
atoms, which are close to the top Fe sites, feel a relatively stron-
ger attractive interaction than any other C atoms. This inhomo-
geneity results in buckling, but their amplitudes are largely

suppressed by averaging the interatomic interactions. The C
atom at the origin in Fig. 8, which is situated on top of the Fe
sites, is in the valley region of the corrugation. Figure 9 presents
the density of states (DoS) and partial DoS (pDoS) profiles. The
plots (a)-(c) represent DoS and pDoS for pristine FePd and gra-
phene. Figures 9(d)-9(f) and 9(g)-9(i) represent the simple and
twisted interface models, respectively. In Fig. 9(b), the pDoS of
Fe(d) exhibits well-defined exchange splitting representing ferro-
magnetic order, and no significant difference between Figs. 9(b),
9(e), and 9(h). Because this behavior does not change, as shown
in Figs. 9(e) and 9(h), the ferromagnetic properties are not
degraded by the presence of graphene, which is consistent with
recent experimental measurements.” As shown in Fig. 9(c), the
free-standing graphene has a characteristic pr band edge, the
so-called Dirac core, where pDoS becomes zero at Ep. For FePd
(001)/Gr, as shown in Figs. 9(f) and 9(i), graphene has a hybrid
state of pr and spin-polarized d-bands around Eg. This orbital
hybridization originates from the chemical bonds between C and
Fe, which leads to the induced magnetization of graphene,
which is often observed in the graphene-ferromagnet
interfaces.' "

Figure 10(a) shows the local magnetic moment of C atoms
as a function of the distance to the nearest Fe atoms. The
simple model (blue points) and twisted model (orange triangles)
indicate the same distribution. The induced magnetic moment u
of C atoms far from Fe atoms is positive (the majority spin),
which is the same polarization component of Fe(3d); this behav-
ior results from charge transfer from the substrate to graphene.
In contrast, when the C atom nears the Fe atom, the magnetic
moment gradually changes to the minority spin side. This is
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FIG. 10. Local magnetic moment on C atom (a) and topmost Fe atom (b) as a
function of distance to nearest Fe (or C) atom. Both simple Ss3 model (blue
point) and twisted Tsg_ 52 15 model (orange triangle) are also plotted. The
blue line indicates that on the Fe atom in bulk FePd.

owing to the presence of minority spin d-states near Ep [see
Fig. 9(b)], where stronger hybridization increases the minority
spin pDoS of pr band at Er. The total magnetic moments of the
graphene layer, because the contribution from each C atom is
averaged, approaches a small value |u| < 0.02up, which is below
that of typical graphene on ferromagnetic metals, for example,
Ni(111)/Gr of = 0.05u5— 0.10uz.”" The local magnetic
moment of the topmost Fe atoms is plotted in Fig. 10(b). The
decrease in the distance to the nearest C atom led to a decrease
in the magnetic moment from that of a Fe atom in bulk FePd
(4 =~ 2.87up). Similar behavior has been theoretically predicted
for Ni(111)/Gr."”

Finally, Fig. 11(a) shows the cross-sectional scanning tunnel-
ing electron microscopy (STEM) images of a sample in which
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FIG. 11. Comparison of the computational results and observation by the elec-
tron microscopy. (a) STEM image of trilayer graphene on FePd interface.
Detailed STEM images can be also seen in Ref. 12. (b) Estimated interlayer dis-
tances of single-layer, AB-stacked bilayer, and ABA- and ABC-stacked frilayer
graphene on FePd. The functionals of DFT-D2 and optB86b-vdW (the values in
parentheses) are employed in this calculation.

three layers of graphene are formed on an epitaxial FePd film.
Three complementary detection modes are presented: bright-field
(BF), annular bright-field (ABF), and high-angle annular dark-
field (HAADF). From the BF and ABF-STEM images, it can be
confirmed that the interatomic distance between the first layer of
graphene and FePd is approximately 1.9 A, whereas the upper
layers of graphene are approximately 4A thick. The
HADDEF-STEM image shows that Fe and Pd are alternately
aligned in the out-of-plane direction, indicating a highly ordered
L1, structure. The fact that the top surface layer is Fe is in agree-
ment with the model shown in Fig. 2. In Fig. 11(b), we show the
optimized interatomic distances of single-layer, bilayer, and tri-
layer graphene on a FePd slab. The distance between the lower
graphene and Fe layers (dgec) is close to that of the experimentally
observed value. The interlayer distances of the graphite-graphite
layer (dcci and dccy) is about 3.3A (details are given in the
supplementary material S2 and S3) has discrepancy with experi-
mental results.
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IV. SUMMARY

This study investigated the atomic-scale structures, electronic
and magnetic properties, and adsorption mechanism of the FePd
(001)/Gr  heterogeneous interface. We proposed various
atomic-scale models, including simple nontwisted and low-strain
twisted interfaces. The “simple model” is designed to consist of a
small number of atoms, thereby saving computational costs. It pro-
vides an energetically (meta)stable structure; however, it has unreal-
istically large strain energy. The later “twisted model” requires large
supercells containing many atoms, but the strain can be greatly
reduced. We explored possible interface structures that are smaller
than 9 x 9 supercell structures with lower strain (small MAE ac).
The optimized structure had binding energy of Eg = —0.22 eV/atom
in DFT-D2 (Eg = —0.19 eV/atom in optB86b-vdW), which is com-
parable in order of magnitude to that of other well-understood
metal/Gr interfaces. The stability is governed by the strain of gra-
phene and C-Fe interatomic attraction. Additionally, more stable
structures are likely to exist in larger supercells (more than 10 x 10).
However, the present structure contains more than 300 atoms and
larger supercell models are computationally difficult. Furthermore,
because the strain energy Eg in the present structure is already suffi-
ciently small (Es < 0.02 eV/atom), no significant Eg improvements
are expected even in the larger supercells.

The potential energy surface (PES) profiles shown in Fig. 5
shows that the change in Ep is small (<5%) for atomic-scale lateral
shifts of graphene, which corresponds to the robustness of the
absorption. The flatness of PES also indicates suppression of the
site-dependence of Eg. Typical lattice-matched interfaces [e.g., Ni
(111)/Gr], owing to the fixed relative positions between the C and
metal atoms, have sharp minimum points in the PES, resulting in
characteristic adsorption sites. For FePd(001)/Gr with a lattice sym-
metry mismatch, the relative positions of each Fe-C were uniformly
distributed. As shown by the radial distribution function in Fig. 7,
the interatomic attraction is averaged over the various configura-
tions, which leads to a lack of site dependency in the PES. Besides,
the coexistence of chemisorption and physisorption distances
results in intermediate bonding mechanisms.

For interfaces with small lattice constant mismatches [for
example, Ir(111)/Gr], the moiré structure and site-dependent
attracting interaction originate from vertical buckling. Such behav-
ior in the symmetry-mismatched interface is non-trivial; however,
in the case of FePd(001)Gr, our results predict the existence of
moiré-like buckling, as shown in Fig. 8. Their amplitudes (<0.5 A)
are much smaller than those of the small-lattice-constant mis-
matched interface; this is considered to be the result of averaging
the inter-atomic attraction. The DoS in Fig. 9 indicates that the
macroscopic electronic and magnetic properties of FePd were not
significantly changed by the presence of graphene, which is also in
good agreement with the experimental results.” We expect FePd
(001)/Gr to exhibit desirable properties for MT] applications.
Because the graphene coverage is sufficiently stable to protect Fe
from oxidization without significantly degrading the macroscopic
magnetic properties, the FePd(001)/Gr interface can avoid large
lattice mismatches such as those exhibited by the FePd(001)/MgO
interface.

ARTICLE scitation.org/journalljap

In addition, comparing the DoS of the “simple model” and
“twisted model” in Fig. 9, it is remarkable that the choice of the
interface structure does not make a significant difference, especially
near Eg. In a typical lattice-matched interface, the choice of adsorp-
tion site strongly influences their electronic properties. However, in
lattice symmetry-mismatched interfaces, site dependency is sup-
pressed by the uniform averaging of Fe-C interactions. This finding
justifies the use of the simple model as a reasonable substitute for
realistic twisted models in calculations of physical properties, which
are mainly dominated by electronic and magnetic structures. (The
simple models are, due to the large strain, inaccuracies for calculation
related to structural energies and forces such as molecular dynamics
and phonon properties.) In the future, we expect that the simple
models will become a useful testbed to reduce the computational
costs of time-consuming calculations, that is, electron transport
properties’>”* and magnetocrystalline anisotropies’ of FePd(001)/
Gr and any other L1, alloy-based interfaces.

SUPPLEMENTARY MATERIAL

See the supplementary material for optimized atomic positions
of the simple models (S1), and detailed computational results of
bilayer (S2) and trilayer (S3) graphene on the FePd(001) surface.
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