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FePd Bldrf. XXy 71 > 7KIC&Y SITIO ERECTEY L v LRSS E, ¥5 7z > BRIFIERE
(Chemical vapor deposition: CVD) %(C& Y L1y-FePd E(CHERE 7o L1y-FePd/Y 77 z > REREO R mk
HE, SIRLF—IESHERE 7+ > 777 M) BL-16IC&WT, BEHR X EHSA-&M (X-ray mag-
netic circular dichroism: XMCD) (C& YFFML 7=. RS 7R XMCD RIE/ 5, Lly-FePd @ Fe [FEE AF(C5#
CAEMERIE— A FERBELTWS &b o7, L1-FePd/ Y/ 77z  REERAREORTEE FEEE
WEEEBBEFIHEME (Scanning Transmission Electron Microscope: STEM) #=(C L Y HAXMK, BE
STEM #&& 15, 4757 x> & L1-FePd BRIER(L0.2nm THY, ¥7 774 FOEMESR (0.38nm) (CH
NTEBENTW I, COEMEEOERICLY, REDEFEENEAL, BWUCER#EZHE TS Chemisorp-
tionBDT 7 L FIT—ILZAN&BY, L1y-FePd/V 57z D ICREAZEERIESFUVFTEEINIEEAOND,
AEAEEUIEHME S L1-FePd O—8 O VERBIEFEOHEFENRE, BREROFFHEZA LTI ES,
EBIIC, ¥ 71 OEEAROEER P > R IIUGEEX CMOS OBREEBEIED, CO& S REWHEE, B
FREOTERUBT AT OBRME & LT L1y-FePd/ /7 7z oI TCEBILE2RELTL 3,

1. BUSHIC

TS T VORNAEREICT O L LA
E, ZRITEWE TR U NBEEIC ST 25 L Wi AER
INTW5E, BEAZETH7 57 £ /i moiré /8% —
VMBS N, EEEREYY, Y, 3 XJUuEER
T AV FOFRYZE, HLOPESR 2 ICHEINT

%o “RICWBEOREHII IS WEED T » /T
7—w1ﬁti0%ébfm5t@,757lvg@ﬁﬁ
TP HIRTTERL, BTERNSEY, Riro TnhH R
HOZRTEWETL 7 7 VTV —IVAIC LD BEEIHE5
TEMBTE, NIRRT AERBRRCETIAT v ME
ICEDIEDHIN/ U N/HEEIC L 25 L Witk b
INTWABYD, TOXDIT, RUNEEEFET S KT
WEOH L\ EN RO~ s ShTEz, —
¥, BEGROBLIEEE S X OBEICE T 50508, @
WHRNZ AR D ERERDP DI 0D, W OpERFTRE
MEEARESIN TS, 2D 121, ZKRTWE%
by RVEERE & LT, 2 USRS THEA 72 mimgtE: - v
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(100) E# Ficrf. <72 b BV ANy ZEIC XD HER
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T, LIy HAME % 4T > 720 1(@) b5 (Chemical
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Fig. 1 (Color online) Schematic illustration of the graphene integration process to the FePd perpendicular epitaxial film.
(a) The L1y-FePd epitaxial film was grown by r.f. magnetron sputtering at room temperature, followed by an-
nealing at 700°C in a vacuum. (b) The graphene layer was formed by CVD using C,H, gas. (¢) L1,-FePd/

graphene bilayer was formed.
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Fig. 2 (Color online) (a) Schematic illustration of XMCD, and (b) depth-resolved XMCD measurement.
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Fig. 3 (Color online) (a) §/20 X-ray diffraction pattern for the L1y-FePd/graphene bilayer, and (b) magnified around

the FePd(001) peak.
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(Color online) Depth-resolved (a) XAS and (b) XMCD spectrum for L1,-FePd/graphene bilayer. The magni-

fied XAS and XMCD spectrum at (c) interface and (d) inner layer. The external magnetic field was applied in the

perpendicular direction (6;=90°).
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Table 1 (Color online) M, M,, M, and M,/ M, deduced from the
XMCD spectrum using the SUM rule.
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7B A e L, 7@ REICE S 1nm OBRE
(Als) HBEEMADPEETLIEER/ELTT 4 v T4
VT T ze L1pFePd/ 7 57 « v ORI %R 3
Wrim STEM #2525 R 2 50.2nm & L, SrTiOz #il,

L1yFePd 5 X U757 « VOEEIICHMELY A\ 72, £
OFER, T@QIRITRELHVVEFEERAES 1nm T
FEFTHERELICEE, RO XBRHAKT—2 L7 4
v T4 VT TF—=RZN—FH L 7z, Table 21 Fig. 7(c) ® X f¢

Gr
FePd

3.0
25 | @ ) 0,=90°
E ety '
S20 -
L(']_) 15 W ei_
N °
210 § o} BREwERE

[ ]
o) EHRE

BE(RIR)LFE r-factor=1.10%
{E#I M@ r-factor=1.15%

15
a
@,  nam
13 0.25nm
Fe L,
11
H 2 -
49;30" 5°
Gr 0-0-0-0-0-0 £ ™
[001] 4 :(:; 7 |
FePd 2 =~
(11010 2
= 5 Te——
[}
< —]
x
3 ]
[—
1 ]
MERE
A 2.5nm
700 710 720 730

Photon enerygy (eV)

XMCD intensity (arb.units)

-2

Eﬂ)
\_010 ; ei=900
S 2‘t8=9=9=0=9=8=9=9=9=8=9=9=9=9=9 0,=30°
0.05
0.00
0 _ 3
&S (nm)
Fig. 6 (Color online) The fitting of M, and M,/M, for the L1,
FePd/graphene bilayer assumed robust and slope interfaces.
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Fig. 5 (Color online) Depth-resolved (a) XAS and (b) XMCD spectrum for the L1,-FePd/graphene bilayer. The mag-
nified XAS and XMCD spectrum at (c) interface and (d) inner layer. The external magnetic field was applied in
the perpendicular direction (6,=30°).
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Fig. 7 (Color online) X-ray reflectivity (XRR) measurement of L1,-FePd/graphene and three typical fitting results for
describing different interfacial structures: (a) continuous mass density, (b) higher mass density gradient, (c)
robust high mass density at the FePd side of the interface. The mass density in the vertical axis is proportional to
the electron density in XRR fitting equation. At 2 theta above 6 degrees, the XRR data are strongly related to the
Gr layer. Fitting in (c) matched well with the experimental data in the whole angle.

Table 2 (Color online) Thickness, roughness, and mass density (p)
of each layer deduced by X-ray reflectivity (XRR) fitting
for the interfacial layer with high robust mass density.

ES REMES BE

(nm) (nm) (9/cm?)
C 0.4 0.002 2.327
FePd RmEE 0.6 0.004 12.488
FePd NEiE 30.8 0.009 10.115
SrTiO, sub. - 0.278 5.117
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Fig. 8 (Color online) (a) BF, ABF, and HAADF detectors for the STEM observations, (b) cross-sectional BF, ABF,
and HAADF-STEM images for the L1,-FePd/graphene bilayer, (¢) HAADF-STEM image with different con-

trast, (d) line profile of STEM images in (b).
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Fig. 9 (Color online) Micromagnetic simulation assuming a small L1y-FePd recording layer (thickness =2 nm; circular
diameter = 10 nm) . The calculation was performed using the string method. The thermal stability factor A exceed-
ing 57 implies that an information retention period of more than 10 years can be obtained.
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Robust interfacial perpendicular magnetic
anisotropy by Chemisorption-type van der Waals
force at the L1,-FePd/graphene interface

Hiroshi NAGANUMA Center for Spintronics Integrated Systems (CSIS), Tohoku University, Sendai,
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Abstract To apply a ferromagnetic tunnel junction device with a heterocrystalline interface in which a hex-
agonal graphene (Gr) tunnel barrier layer and a tetragonal L 1,-FePd alloy perpendicular magneti-
zation recording layer are used for next-generation ultra-high densities nonvolatile magnetic ran-
dom-access memories (MRAM). The crystallographically heterogeneous interface was fabricated
by growing Gr using chemical vapor deposition (CVD) on FePd epitaxial film grown by r.f. magne-
tron sputtering. The interfacial magnetism of the L1,-FePd/Gr heterointerface was investigated
by depth-resolved soft-X-ray magnetic circular dichroism (XMCD). The depth-resolved XMCD
measurements revealed that Fe in L1o-FePd exhibits a strong interfacial orbital magnetic moment
to the perpendicular direction. The interfacial atomic structure of the L 1,-FePd/Gr heterointerface
was investigated by cross-sectional scanning transmission electron microscopy (STEM) observa-
tion. From the STEM observation, the interlayer distance between Gr and L1y-FePd was 0.2 nm,
which was shorter than the interlayer distance of graphite (0.38 nm). It can consider that the
shortening of the interlayer distance increases the electron density at the interface, resulting in a
van der Waals force of chemisorption-type with strong orbital hybridization, which induces inter-
facial perpendicular magnetic anisotropy (IPMA). The synergistic effect of IPMA of the L1,-FePd/
Gr interface and the bulk uniaxial magnetocrystalline anisotropy of L 14-FePd enhances data reten-
tion of MRAM. In addition, Gr’s low-tunneling resistance reduces CMOS loading. These physical
properties suggest that L1,-FePd/Gr can be expected as a constituent structure for ultra-high
recording density nonvolatile magnetic memory of the X nm generation.
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