<RNE,

‘t Kobe University Repository : Kernel

PDF issue: 2025-12-05

First-principle study of spin transport
property in L1o-FePd(001)/graphene
heterojunction

Adachi, Hayato ; Endo, Ryusuke ; Shinya, Hikari ; Naganuma, Hiroshi ;
Ono, Tomoya ; Uemoto, Mitsuharu

(Citation)
Journal of Applied Physics, 135(4):043902

(Issue Date)
2024-01-28

(Resource Type)
journal article

(Version)
Version of Record

(Rights)

© 2024 Author(s).

ALl article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) Llicense.

(URL)
https://hdl. handle. net/20.500. 14094/0100489415

KOBE
\f].\]'l'l'.lihl Y
AN




RESEARCH ARTICLE | JANUARY 25 2024
First-principle study of spin transport property in L1 -
FePd(001)/graphene heterojunction

Hayato Adachi; Ryusuke Endo; Hikari Shinya © ; Hiroshi Naganuma © ; Tomoya Ono © ;
Mitsuharu Uemoto & @

L@ Check for updates ‘

J. Appl. Phys. 135, 043902 (2024)
https://doi.org/10.1063/5.0175047

) CHORUS

@ B

View Export
Online  Citation

Applied Physics

Y
o
©
-
-
-
@)

ﬂ

£1:92:%0 ¥20T Aen L0

Boost Your Optics and
Photonics Measurements

“ '~, | V 4 " Wy \1 utl |
Lock-in Amplifier ‘ H
N A Zurich — [\ T oI
AlIP Z N\ Instruments inc ottt more L2 $8 28 |

é‘ Publishing Boxcar Averager



https://pubs.aip.org/aip/jap/article/135/4/043902/3130850/First-principle-study-of-spin-transport-property
https://pubs.aip.org/aip/jap/article/135/4/043902/3130850/First-principle-study-of-spin-transport-property?pdfCoverIconEvent=cite
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-6257-2114
javascript:;
https://orcid.org/0000-0003-2966-8269
javascript:;
https://orcid.org/0000-0002-5607-6472
javascript:;
https://orcid.org/0000-0002-2248-5665
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0175047&domain=pdf&date_stamp=2024-01-25
https://doi.org/10.1063/5.0175047
https://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/5.0175047/19860165/043902_1_5.0175047.am.pdf
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2372057&setID=592934&channelID=0&CID=872259&banID=521836438&PID=0&textadID=0&tc=1&scheduleID=2290742&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjap%22%5D&mt=1715055977365647&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0175047%2F19860164%2F043902_1_5.0175047.pdf&hc=eedee9526a7e8eea18c3e3ba32f14ef33e601d0c&location=

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

First-principle study of spin transport property in
L1,-FePd(001)/graphene heterojunction

Cite as: J. Appl. Phys. 135, 043902 (2024); doi: 10.1063/5.0175047 @ I-ﬁ @
Submitted: 4 September 2023 - Accepted: 29 December 2023 -
Published Online: 25 January 2024

View Online Export Citation CrossMark

7

Hayato Adachi,' Ryusuke Endo,' Hikari Shinya,”** {2 Hiroshi Naganuma,”®” () Tomoya Ono,’

and Mitsuharu Uemoto'+?

AFFILIATIONS

"Department of Electrical and Electronic Engineering, Graduate School of Engineering, Kobe University, 1-1 Rokkodai-cho, Nada-ku,
Kobe 651-8501, Japan

2Center for Spintronics Research Network (CSRN), University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

*Institute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-00T1, Japan

“Center for Science and Innovation in Spintronics (CSIS), Tohoku University, 2-1-1, Katahira, Aoba-ku, Miyagi 980-8577,

Japan and Center for Spintronics Research Network (CSRN), Osaka University, 1-3, Machikaneyama, Toyonaka, Osaka, 560-8531, Japan
SCenter for Innovative Integrated Electronics Systems (CIES), Tohoku University, 468-1 Aramaki Aza Aoba, Aoba, Sendai,

Miyagi 980-8572, Japan

SCenter for Spintronics Integrated Systems (CSIS), Tohoku University, 2-2-1 Katahira Aoba, Sendai, Miyagi 980-8577 Japan

7Center for Spintronics Research Network (CSRN), Tohoku University, 2-1-1 Katahira, Aoba, Sendai, Miyagi 980-8577 Japan and
Graduate School of Engineering, Tohoku University, 6-6-05, Aoba, Aoba-ku, Sendai, Miyagi 980-8579, Japan

2 Author to whom correspondence should be addressed: Lcroto@eedept kobe-u.acjp

£1:92:%0 ¥20T Aen L0

ABSTRACT

In our previous work, we synthesized a metal/2D material heterointerface consisting of L1y-ordered iron-palladium (FePd) and graphene
(Gr) called FePd(001)/Gr. This system has been explored by both experimental measurements and theoretical calculations. In this study, we
focus on a heterojunction composed of FePd and multilayer graphene referred to as FePd(001)/m-Gr/FePd(001), where m represents the
number of graphene layers. We perform first-principles calculations to predict their spin-dependent transport properties. The quantitative
calculations of spin-resolved conductance and magnetoresistance (MR) ratio (150%-200%) suggest that the proposed structure can function
as a magnetic tunnel junction in spintronics applications. We also find that an increase in m not only reduces conductance but also changes
transport properties from the tunneling behavior to the graphite 7-band-like behavior. Additionally, we investigate the spin-transfer torque-
induced magnetization switching behavior of our junction structures using micromagnetic simulations. Furthermore, we examine the
impact of lateral displacements (sliding) at the interface and find that the spin transport properties remain robust despite these changes; this
is the advantage of two-dimensional material hetero-interfaces over traditional insulating barrier layers such as MgO.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0175047

. INTRODUCTION has an Lly-ordered crystal structure.”™"” L1,-FePd exhibits a large
magnetic anisotropy energy of K, ~ 10” erg/cm’ (Refs. 12-14) and
a low Gilbert damping constant of thin films o ~ 1072,">'% which

. . . make it suitable for MRAM applications. The metal oxide insulator
magnetic random access memories (MRAMs); magnetic tunnel Mgol8—20 has been considered the barrier layer of the FePd-based

Spintronics is a promising technology for developing high-
density and low-power data storage, such as hard disk heads and

junctions (MT]Js) are considered essential components of these MTJ.>'7*" However, a nearly 10% lattice constant mismatch can
devices.'™ This study focuses on a binary ferromagnetic alloy, cause the system to face difficulties in obtaining a smooth interface
iron-palladium (FePd), as a material for spintronics applications. It and maintaining the high magnetoresistance (MR) ratio

J. Appl. Phys. 135, 043902 (2024); doi: 10.1063/5.0175047 135, 043902-1

© Author(s) 2024


https://doi.org/10.1063/5.0175047
https://doi.org/10.1063/5.0175047
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0175047
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0175047&domain=pdf&date_stamp=2024-01-25
https://orcid.org/0000-0002-6257-2114
https://orcid.org/0000-0003-2966-8269
https://orcid.org/0000-0002-5607-6472
https://orcid.org/0000-0002-2248-5665
mailto:uemoto@eedept.kobe-u.ac.jp
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0175047
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

performance; as substitutes for MgO, two-dimensional (2D) mate-
rials, such as graphene and h-BN, are promising for use as a
such application of 2D materials in

19,20,22

barrier layer of MTJs;
spintronics has been gaining interest these days.

Recently, we have studied the hetero-interface between the
(001) surface of L1y-ordered FePd and graphene (Gr), called FePd
(001)/Gr. This interface has been experimentally fabricated by the
chemical vapor deposition technique.”” Since graphene has a hex-
agonal honeycomb lattice and FePd has a square lattice, the FePd
(001)/Gr interface exhibits a lattice symmetry mismatch, which is
different from well-understood symmetry-matched metal-graphene
interfaces, such as Ni(lll)/Gr.30 In previous works, we performed
first-principles calculations to predict the atomic structure, bonding
mechanism, and electronic and magnetic properties of lattice

symmetry-mismatched FePd/Gr interfaces.™’

In this study, we focus on a heterojunction composed of FePd
electrodes and multilayer graphene, denoted as FePd/m-Gr/FePd,
where m signifies the number of graphene layers; we consider the
case of monolayer (m = 1), a bilayer (m =2), and a trilayer
(m = 3). We perform first-principles predictions of spin-dependent
transport properties for the proposed heterojunction and analyze
spin-resolved conductance for various magnetic configurations.
The obtained MR ratio, in the range of 150%-200%, is not inferior
to those of previously studied lattice symmetry-matched metal/gra-
phene heterojunctions, e.g., M/Gr/M (where M stands for Fe, Co,

Ni, or Cr) exhibits MR = 17%—108%.”***

In addition, we explore the effect of varying the number of gra-
phene layers on the transport properties. Furthermore, we examine
the effect of lateral displacement (sliding) at the interface and find
that the spin transport properties remain robust despite these modu-
lations. Moreover, since the junction incorporates lattice symmetry
mismatch at the interfaces, understanding such systems may pave
the way to new spintronics materials. We further perform micromag-
netic simulations of the FePd/1-Gr/FePd junction structure to inves-
tigate its spin-transfer torques (STTs) switching characteristics.

The remainder of this paper is organized as follows: in Sec. II,
we present the interface structure models and the computational
conditions. In Sec. III, we report the calculated spin-resolved trans-
port properties and analysis of performance as MR . Finally, in

Sec. IV, we present the summary.

Il. METHOD

In this study, we consider first-principles calculations on those
of FePd/m-Gr/FePd (m = 1-3) heterojunctions. Figure 1 shows a
schematic illustration of monolayer graphene (FePd/1-Gr/FePd).
The computational model consists of a scattering region including
the FePd(001)/Gr interfaces and electrode regions of bulk FePd,
and the left and right electrodes surround the scattering region.
The incident spin-polarized current from the left electrode is trans-
ported to the right electrode. In the scattering region, the mono-
layer graphene is sandwiched between three Fe atomic layers and
two Pd layers on the left side and three Fe layers and three Pd
layers on the right side. We assume that the graphene layer is
directly facing the Fe atomic layer. Although numerous atomic
scale structures can be considered, our Fe-top model agrees well
with the results of previous experimental (by scanning transmission

23-29
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FIG. 1. Schematic illustration of the spin transport calculation for the FePd/1-Gr/
FePd heterojunction. (a) Computational model of the scattering region and elec-
trode regions. (b) Cross-sectional view of the FePd(001)/Gr interface model
(simple non-twisted model proposed in Ref. 8). (c) Magnetic configurations and
the spin-resolved conductance components Gy, G|, and Gy,. (d) The micro-
magnetic simulation model of the junction consists of a FePd (recording) layer
with a diameter of 10 nm and a thickness of 2 nm. The thick black-line boxes in
(a) and (b) represent the supercells used in our calculations.
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electron microscopy) and theoretical (by first-principles) works.>*
For the atomic configuration of C atoms on the Fe layer, we
employ the simple non-twisted model proposed in our previous
work.” The Fe-Gr interlayer distance is assumed to be d =~ 2 A. As
seen in Fig. 1(b), the armchair (AC) and zigzag (ZZ) axes of gra-
phene are parallel to the [100] and [010] axes of FePd, respectively.
The lattice constant of FePd is assumed to be a =2.67A and
c¢=3.70A based on the optimization under equilibrium condi-
tions.” We consider a few different magnetic configurations in
which the magnetization of the left and right electrodes is polarized
in the parallel (parallel configuration: PC) or antiparallel (antiparal-
lel configuration: APC) direction [see Fig. 1(c)]. We denote the
majority and minority spin-resolved conductances in the PC as Gy
and G|, respectively. The conductance in APC is represented as
G- The MR ratio can be expressed as*

_ (G +G)/2-Gy

MR
Gy

x 100%. (1)

We use the RSPACE code for computation, which implements real-
space first-principles electronic state and transport calculations
based on density functional theory (DFT).”'” We employ the
local spin density approximation with the Vosko-Wilk-Nusair
exchange-correlation functional®® and Troullier-Martins norm-
conserving pseudopotentials.”*® To solve the Kohn-Sham equa-
tion by the real-space approach, we use the finite-difference
method with uniform and orthogonal mesh grids.””* For the elec-

trode region, we use a 48.4 x 9.7 x 13.2 A’ rectangular supercell

containing 10 atoms; the scattering region is 48.4 x 9.7 x 80.7 A
with 67 atoms [see Fig. 1(a)]. The grid spacing is approximately

0.6 X 0.6 x 0.7 A°, which is dense enough for accurately representing
the transition metal properties. Incidentally, the simulation of trans-
port properties requires the ground state DFT results of the scattering
region itself. To obtain these calculations, the supercell of the scatter-
ing region must satisfy periodic boundary conditions, which results
in an asymmetric structure with a Fe layer at the left end and a Pd
layer in the neighboring right end, as depicted in Fig. 1(a).

In addition, we also perform micromagnetic simulations of the
FePd/Gr/FePd junction structure to predict the STT-induced magne-
tization reversal. The simulation model, illustrated in Fig. 1(d), has a
junction diameter of 10 nm and the thickness of the recording layer
tp = 2nm. To investigate the high-speed temporal changes in mag-
netization by the applied electric pulse, we numerically computed
the following Landau-Lifshitz-Gilbert (LLG) equation:

8MF - = o — 8MF
o —7[Mg x He] +ﬁs Mg % 7]
h _, _ _
+2,)e8(0) [M x (My x M), @

where My and My denote the magnetization vectors of the record-
ing and reference layers, respectively; Mg represent the saturation
magnetization for the recording layer. Furthermore, y is the gyro-

magnetic ratio, He is the effective magnetic field, J, is the current
density, and g(6) is the spin-transfer efficiency (the details are given

ARTICLE pubs.aip.org/aip/jap

in Ref. 4). The computations are performed using the Fujitsu
EXAMAG LLG simulator.™

lll. RESULTS

First, for simplicity, we confine our discussion to the
monolayer-graphene-based heterojunction (FePd/1-Gr/FePd) and
compute spin-dependent transport properties. This calculation pro-
vides the spin-resolved conductance Gy (E; ky, k), dependent on
the electron energy E, transverse wave vectors ki, k,, and spin
indices o, ¢’. In Fig. 2(a), we illustrate the Brillouin zone (BZ) of
graphene (hexagonal BZ) and that of bulk FePd (square BZ) for
well-known primitive cells. Additionally, we illustrate the BZ for
the supercell (rectangular BZ). Conventionally, the I and K(K’)
points are placed at the center and vertices of the hexagonal BZ,
respectively. In the rectangular BZ, T, and K(K’) points are
mapped onto a segment along the k-axis. In Fig. 2(b), we plot the
k-space profiles of the spin-resolved conductance: Gy, G|, and
G| components as functions of k, and k,. The averaging of energy
E is performed around the Fermi level (Er) within the range

(a) Hexagonal BZ Rectangular BZ (b) Conductance profile

of graphene  of supercell Gy G, Gy, G/G,
AL
K
<+ 2.0
oy
< " n
Square BZ § L5
. = =
of FePd r % ky
Z |m_w 1.0
Te I(—--- ky
ky ([010] . 0.5
fizz)) Y K o
H 0
L) ke ([100J/[AC]) Y

Wavenumber &,

(¢) Conductance spectra
6

Spin conductance G/G(

JO N & ® O N & O O N B
- Lo

—(’).5 0?0 OjS le 1j5 2.0
Electron energy E-Er [eV]

2.0 -1.5 -1.0

FIG. 2. Spin-resolved conductance, k-space profile, and spectra of FePd/1-Gr/
FePd heterojunction. (a) BZ for graphene (hexagonal BZ), bulk FePd (square
BZ), and slab supercell (rectangular BZ). (b) k-space profiles of Gy, G, and
Gy, as a function of transverse wavevectors ky, k, at the Fermi level E = E.
The labels ki, k», and k3 correspond to the k-points selected from the T—K—Y
segment. (c) Spin-resolved conductance spectra: Gy, G|, and Gy| as a func-
tion at k1, ko, and k3.
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Er — AE ~ Egp + AE as below:

Go‘o"(kx: ky) = Go‘o” (E> kxa ky) dE:

o )

2AE Ep—AE

where AE = 0.01 eV in Fig. 2(b). Additionally, the normalization of
plots is performed using the conductance quantum constant
Gy =22/h~7.748 x 107° Q.

The conductance is distributed over a broad area of the BZ
(region spanning between the I' and K points). Gy is larger than
the minority spin (G||), which reflects the density of states (DoS)
at Eg. For a more detailed understanding, we consider the conduc-
tance at selected k points: k; = (0,0), k; =(0,7/5L,), and
ks = (0, 3m/5L,), where L, and L, represent the size of the super-
cell. Figure 2(c) presents the spin-resolved conductivity spectra:
Gy, G}, and Gy, as functions of energy E at ki, k;, and k3.

We also consider the conductance averaged over the BZ,
expressed as

1

oot = 5. || G ) b,
BZ JJBZ

4)
where Qpy is the area of the BZ. The k-averaged values are
Gy = 1.4Gy, G|| =~ 1.3Gy, and G| =~ 0.5G,. The MR ratio (1) is
calculated to be ~ 150%. This value does not significantly degrade

ARTICLE pubs.aip.org/aip/jap

compared with those previously reported for other metal/graphene
interfaces: e.g, MR =61% has been reported for Fe/Gr/Fe,
MR = 60% for fcc Co/Gr/Co, MR = 86% for hcp Co/Gr/Co, and
MR = 17% for Ni/Gr/Ni in Ref. 23. For Ni/Gr/Ni, MR = 60% has
been reported,”* as well as MR = 108% for Cr/Gr/Cr.

Figure 3 presents the density of states (DoS) and band struc-
tures of the FePd/1-Gr/FePd interface (with the PC magnetization)
as well as those of isolated monolayer graphene. These calculations
are performed using the Vienna Ab initio Software Package (VASP)
code. Detailed information about the computational conditions is
provided in the supplementary material. In Fig. 3(a), the black
curve represents the total DoS; the red and blue areas illustrate the
partial DoSs projected onto the p, orbital of C atoms in the gra-
phene layer (C-p,) and onto the d. orbital of Fe atoms in the
topmost Fe layer (topmost Fe-d,2).

As seen in the DoS, the d,» band shows well-defined exchange
splitting. The d,» band for the majority spin is located beneath the
Fermi level and is largely occupied. In the conductance spectra of
Fig. 2(c), the majority spin component (Gy;) increases for the
lower energy region (E < Ep), while the minority spin component
(Gy)) increases for the higher energy region (E > Eg). This behav-
ior reflects the spectral shape of the spin-resolved DoS, which
suggests that the conduction in junctions including graphene layers
is dominated by the tunneling conduction between the FePd
electrodes. Figure 3(b) illustrates the band structure along
the line segment through the I'-K—Y of the rectangular BZ in

a) Density of States of b) Band diagram of FePd/1-Gr/FePd ¢) Band structuer of graphene
y g grap!
, FePd/1-Gr/FePd (PC) o Majority spin Minority spin .
.t L] -
reeoey o, - [ ] - . Y
L] ., " ° " . .
25 25 25 ®e, LI
®ecee, 2=, t ool !
® o0 o ®
Ve P
—, 00 — 00 00 i TN l
= 5 veett T,
W, — csee?® Nausze
'3 I e®®*l
Ly 25 LrT] -25 -25 oe® ‘.!
Lﬁ N 0.00'... o':'.
> > . o e
80 5o 20 5o =0 oo
15} Q ee®® o
s 5
=
5 -15 g -15 =15
8 3
B 00 LI bbb, et -100
C-p- (x5) Yo
-125 -125 -125
Topmost ® Topmost
Fe-d., (x10) Fe-d.,
-15.0 T . ' T - -15.0 -15.0
-15 -10 -05 00 05 10 15 T K YT K Y T K Y

DoS [eV!/atom]

Wavenumber k,

FIG. 3. DoS and electronic band structure of the FePd/1-Gr/FePd (PC) interface: (a) total and partial DoS curves. The blue and red areas represent the partial DoSs pro-
jected onto the p, orbital of C atoms in the graphene layer (C-p,) and the d,. orbital of Fe atoms in the topmost Fe layer (topmost Fe-d2). (b) Band structure of FePd/
1-Gr/FePd. The horizontal axis of the band diagrams represents the line segment through T—K—Y in the rectangular BZ in Fig. 2(a). (c) Band structure of isolated gra-
phene. The red- and blue-filled circles superposed on the bands represent the weights of C-p, and the topmost Fe-d,. contributions, respectively.
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Fig. 2(a). The red- and blue-filled circles superposed on the bands
represent the weights of C-p, and the topmost Fe-d,> contributions,
respectively. For convenience, we also display the band structure of
isolated graphene in Fig. 3(c). Charge transfer from the FePd
surface to the graphene results in a shift of the p, band toward
lower energy levels. In graphene, the Dirac cone at the K point
plays a crucial role in electron transport. However, in the coupled
system, the Dirac cone is strongly hybridized with the d, band,
and its band edge is positioned deeply below the Fermi level
(approximately at —5eV), as highlighted by the dotted circles in

Figs. 3(b) and 3(c).

The C-p,-based 7-band, which is on the high energy conduc-
tion band of the Dirac cone, plays a crucial role in the transport

around the Fermi level.

Incidentally, the spin- and k-space-resolved conductance
profile usually reflects the physical mechanism underlying MR. As
seen in Fig. 2(c), there are hotspots in the majority spin conduc-
tance around k3 point at '—K—Y segment. Previous pioneering
studies for the large tunneling magnetoresistance (TMR) effects in
Fe/MgO/Fe(001) junctions have reported a single peak in the
majority spin at T',"”*" which reflects the existence of coherent tun-
neling processes. Another mechanism to achieve large MR effects is
the electron tunneling of interfacial electronic states; this is
observed as ring-shaped conductance distributions around I
point.*” Our system’s profile can be considered to as the former
type. Additionally, as seen in Fig. 3, at the FePd/1-Gr interface, the
majority spin band dispersion of graphene intersects Er near the K
point; this level originating from the conduction band of graphene
is shifted to lower energy by the charge transfer. Such a conduc-
tance mechanism can be interpreted as a coherent tunneling mech-

anism rather than interfacial tunneling.

Next, we make on to multilayer graphene-based heterojunc-
tions: FePd/m-Gr/FePd with monolayer (m = 1), bilayer (m = 2),
and trilayer (m = 3) graphene [see Figs. 4(a)-4(c)]. In our previous
work,” the ABA stacking order of graphene was found to be the
most stable configuration on FePd, where the interlayer distance is
dae = 3.3 A. The calculated spin-resolved conductance is shown in
Table I. For the bilayer graphene (m = 2), it can reach up to
approximately 200%. However, as m increases, the conductance
decreases markedly; such exponential decay is also reported in

Ni/m-Gr/Ni.*’ In the case of trilayer graphene (m

= 3), because of

the small conductance values (on the order of 1072 Gy), the accu-
rate estimation of MR excluding numerical errors is not straightfor-
ward; we expect that the MR ratio on the order of 10 is likely

maintained.

In Fig. 5, we present the k-space profiles of Gy for m = 1-3.
For m = 1, conductance is dispersed over a large region of the BZ.
This behavior indicates the dominance of tunneling conduction
between the metallic electrodes. For m = 3, conductance appears in
a very restricted area near the K point. In addition, the band struc-
ture of FePd/3-Gr/FePd is depicted in Fig. 6. The red, green, and
blue dots represent the weights of the C-p, orbital contributions in
the first, second, and third graphene layer, which correspond to the
left, middle, and right graphene layers in Fig. 4(c), respectively. The
first and third layers, which are in contact with the Fe surface, indi-
cate the hybridization and charge transfer phenomena seen in the
monolayer (m = 1) case. The second layer, which neighbors other

ARTICLE

pubs.aip.org/aip/jap

(a) m=1 FePd/1-Gr/FePd
—0—0—0—04¢+0—0—0—C
> 0 0 O O O O
—0——0—0—0—

s
d d

(b) m=2 FePd/2-Gr/FePd
A B

-
) O O O [ 0O O O
—0—0—0——0
d dg d
(c) m=3 FePd/3-Gr/FePd
A B A

DO
dds ds d

FIG. 4. lllustration of FePd/multilayer Gr/FePd (FePd/m-Gr/FePd) heterojunction

with m = 1-3.

graphene layers via van der Waals force, exhibits a band structure

that resembles that of isolated graphene, as seen in Fig.

the Fermi energy, there are conduction band minima of the Dirac
cone at the K point. When m = 3, it is considered that interlayer
conduction within a limited k-space in multilayer graphene domi-

nates the electron transport.
Next, we consider the stability of the spin-transport
under the interface’s displacement. In our previous

3(c). Near

properties
work,” we

£1:92:%0 ¥20T Aen L0

investigated the stability of the bonding states in FePd/Gr against
lateral displacements (sliding) of the Gr layers, as illustrated in

Fig. 7. The obtained large binding energy, on the

order of

10?> meV/atom, and the relatively small barrier for displacement
(less than 1 meV/atom), suggest that sliding can easily occur within
the FePd/Gr interface. In this study, we extend our analysis to

TABLE |. Spin-resolved conductance of the FePd/m-Gr/FePd heterojunction with

the monolayer (m=1), bilayer (m=2), and trilayer (m=3) graphel

ne shown in

Fig. 4. G4 is averaged over k and E using Egs. (3) and (4), the parameter AE in
the averaging is assumed to be 0.01 eV (the values in parentheses are calculated

by AE=0.03 eV for comparison).

No. of Gr Stacking

layers (m) order Gy Gy Gy

1 (monolayer) A 14 G, 1.3 G, 0.5 Gy
(1.5 Gy) (1.1 Gy) (0.6 Gy)

2 (bilayer) AB 0.3 Gy 0.3 Gy 0.1 Gy
(0.3 Gy) (0.3 Gy) (0.1 Gy)

3 (trilayer) ABA ~2x107%2G, ~3x1072G, ~1x107%G,

(~3%1072 Gy) (~2% 1072 Gy) (~1 %1072 Gy)
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FIG. 5. k-space profiles of spin-resolved conductance Gy; for the multilayer
graphene-based FePd/m-Gr/FePd heterojunction: (a) monolayer graphene
(m = 1), (b) bilayer graphene (m = 2), and (c) trilayer graphene (m = 3).

examine the effect of sliding on spin transport properties. Here, we
consider three different types of sliding, characterized by the lateral
displacement of (Ax, Ay) [see Figs. 7(a)-7(c)]. Figure 8 shows the
k-space profile of the Gy; component. The sliding of the interface
has a negligible effect on the distribution of conductance in the
k-space. The averaged conductance values determined using
Egs. (3) and (4) are shown in Table II. There are only small qualita-
tive differences, and the MR ratio is maintained. This behavior can
be understood as originating from the lattice symmetry mismatch
between FePd and Gr.

e
i
gll"',u &

{1
s st
B sr3gesdsd

-10

Electron energy E-EF [eV]

-15

r K Yr K yr K Y
Wavenumber k

o C-p;onlayer #1 o C-p; on layer #2

o C-pz on layer #3

FIG. 6. Majority spin band structure of FePd/3-Gr/FePd (trilayer graphene). The
red, green, and blue dots indicate the weight of the C-p, orbital contribution in
the first, second, and third graphene layers, respectively. Each layer corresponds
to the left, middle, and right graphene in Fig. 4(c), respectively.
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(a) Aligned interface (Ax, Ay)=(0, 0)

205!

AY=0314.0 A
(c) Displaced interface (Ax, Ay)=(0, 0.75L,)

' &ﬁa" @'

Ay=0.75L}

~2.0A ./\

FIG. 7. Schematic illustration of the FePd/Gr/FePd interface model with lateral
slides (displacements). (a) A single C atom (marked by a dotted red circle) is
positioned on top of Fe atom (aligned structure). (b) x-axis displacement of
Ax = 0.3L, ~ 4.0A (c) y-axis displacement of Ay = 0.75a, ~ 2.0A (The dis-
placement vector of the marked C atom from the aligned interface structure is
expressed as (Ax, Ay).).

In symmetry-matched metal/Gr interfaces, such as Ni(111)/Gr,
C atoms are positioned at specific adsorption sites on the metal §
surface, resulting in a constant relative position between metal and %
C atoms. In such systems, an obvious site dependence of electronic

11:92'%0 202

(a) (b) (c)
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FIG. 8. k-space profile of spin-resolved conductivity G (ky, ky) for the FePd/
1-Gr/FePd junction with different displacement (a)—(c), which corresponds to the
aligned and displaced interfaces in Figs. 7(a)-7(c).
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TABLE II. Spin-resolved conductance Gy, Gy, and G;; of the monolayer positions exist on the interface and the averaged interatomic interac-
graphene-based FePd/1-Gr/FePd heterojunction with lateral displacement (Ax, Ay) tions remain unchanged upon displacement. Such behavior in the
of Gr. The detailed structure of the models (a)-(c) is shown in Fig. 7. electronic and magnetic states was discussed in our previous work;"

the same argument is also extended to analyzing transport proper-

Model Ax & Gir Gu Gu ties. This rols)gllistness of the spin transport prgperfies canpbe egpegted
(a) 0 0 14 G, 1.3 Gy 0.5 Gy to be advantageous.

(b) 0.3L, 0 14 G, 14 G, 0.5 Gy Incidentally, the above calculations assume a ground state (at

(~4.0 A) zero temperature). However, the spectra shown in Fig. 2(c) exhibit

(o) 0 0'751‘2/ 14 G, 14 Gy 0.7 Gy that the behavior remains nearly constant within the range of

(~2.04) EF + 0.1eV; this suggests that minor thermal excitations, such as

room temperature (kBT Room =~ 0.025eV < 0.1¢eV), does not sig-
nificantly modify the microscopic scale spin transport properties.
We also perform the micromagnetic simulation of the high-

states and bonding mechanisms has been reported,”” and we can speed STT magnetization switching behavior in the FePd/1-Gr/
consider that sliding at the interface could induce significant FePd junctions, with a diameter of 10nm and a thickness of
changes in electronic transport properties.”” On the other hand, in tp = 2nm [see also Fig. 9(a)]; they are designed such that their

lattice-mismatched systems (FePd/Gr), various relative atomic thermal stability (A) can achieve A > 57. Figure 9 represents the

(b)
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< o
(9]
%
o
3
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FIG. 9. Micromagnetic simulation of the STT magnetization switching curve.
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magnetization switching curve (change in perpendicular magneti-
zation M, as a function of time) for various spin-polarization S and
resistance-area product (RA) values. The spin polarization value
is defined as S = [Dy(Ep) — D|(Er)]/[D1(Er) + D (Er)], where
D;(Eg) and D| (Eg) represent the majority and minority spin com-
ponents of the DoS at the Fermi level, respectively; the first-
principle calculation provides S = 0.63 for FePd at the Gr inter-
face and S = 0.59 for the bulk FePd. We assume interfacial spin
polarization of S=0.63 for 1 nm thick from the Gr interface,
and the other 1nm is set to S =0.59 as bulk spin polarization
[Figs. 9(b)-9(f)]. The experimentally reported value of RA for the
graphene tunnel barrier at room temperature is RA = 1.5Qum? in
Ref. 44, The parameters obtained from first-principles calculations
assume the ground state, but as mentioned earlier, they can be justi-
fied even under weak thermal excitations at room temperature. For
convenience, we consider several possible values for RA: 0.5, 1.0,
1.5, 2.0, and 4.0. We set the saturation magnetization Ms in Eq. (2)
to 1.2 T. The applied pulse voltage is 1V, and the pulse duration is
5ns. For small RA, the magnetization reversal time of the FePd
layer decreases. Here, we consider the following relation:

2eq

Ve="2
€7 hs

RA p1gMstrHy, (5)

where V¢ is the critical write voltage and Hy is the effective anisot-
ropy field. The decrease in RA led to an increase in the spin-
polarized current at the same voltage, resulting in a reduction in
Vc. By lowering RA, which is a characteristic of Gr, and increasing
interfacial spin polarization, nanosecond high-speed switching can
be realized at a relatively low pulse voltage of 1 V.

IV. SUMMARY

We presented first-principles predictions of spin-dependent
transport properties for a heterojunction consisting of ferromag-
netic alloy FePd and multilayer graphene (FePd/m-Gr/FePd). This
junction structure is currently in the experimental design phase;
the observation has not been obtained yet. We considered the inter-
face structure model based on the simple non-twisted model pro-
posed in our previous theoretical work.” The MR ratio of the
FePd/m-Gr/FePd junction was estimated to be approximately
150%-200%. Despite the lattice symmetry mismatch at our inter-
face between FePd (square lattice) and graphene (hexagonal hon-
eycomb lattice), the MR ratio of the FePd/m-Gr/FePd system did
not significantly fall below that of previously studied lattice symmetry-
matched metal/graphene heterojunctions: M/Gr/M (where M
stands for Fe, Co, Ni, or Cr) exhibited MR = 17%-108%.%***
Thus, we can suggest that the absence of lattice symmetry does
not inherently degrade the MR performance.

In addition, an increase in the number of graphene layers m
resulted in a reduction in conductance and a shift in the dominant
transport mechanism from electrode’s tunnel conductance to gra-
phene’s interlayer transition around the K(K’) point, therefore, a
smaller m value is desired for the MR application. Moreover, in
interfaces with lattice symmetry mismatches, the averaging of inter-
atomic interactions led to the loss of site dependence in the elec-
tronic structure.® The transport properties persisted despite

ARTICLE pubs.aip.org/aip/jap

interface sliding (lateral displacement). This robustness of the MR
performance for such modulations is considered to be an advantage
over ordinary barrier materials such as MgO.

Generally, the MR effects of the junction structures can be
divided into two major categories: giant magnetoresistance (GMR)
and tunneling magnetoresistance (TMR). The GMR is associated
with metallic barriers and TMR with insulating barriers. In the
case of FePd/1-Gr/FePd, the majority spin band dispersion in
Fig. 3 shows that the bands originating from the conduction band
of graphene are shifted to lower energy and intersect at Ep. This
configuration enables graphene to exhibit conductive properties,
which suggests that the junction structures exhibit GMR-like
responses. However, our system’s order of MR =~ 10>% overcomes
the typical values in GMR systems. Additionally, similar Ni/Gr/Ni
junctions have been categorized as GMR.”

As the number of layers m increases, a bandgap-like electronic
structure emerges near Eg [see Fig. 6(b)]. This occurs due to the
weak interactions between neighboring layers or with the metal
surface, causing a perturbative split in the degenerate states at the
Dirac point. This suggests the potential for TMR-like mecha-
nisms in multi-layered structures. Therefore, we consider that
our FePd/m-Gr/FePd system does not fit into the typical GMR
classification and exhibits characteristics that are intermediate
between GMR and TMR.

Heterojunctions incorporating lattice symmetry mismatch
have not been well studied yet. We expect that gaining an under-
standing of such systems may pave the way to new spintronics
materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for computational conditions
for calculating the density of states and band structure (S1).
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