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Half-metallic properties in Co,MnSi thin film grown by molecular beam epitaxy
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Analysis of microstructure and transport properties in Mn2CoAl Heusler alloy

Z.Chen, X.Xu, Y.Sakuraba, W. Zhou, J. Wang, T. Nakatani, K.Hono
(Research Center of Magnetic and Spintronic Materials, NIMS)

1. Introduction

A spin gapless semiconductor (SGS) is a new type of material in spintronics which is predicted to have a band gap in one
of the spin channels and a zero band gap in the other, allowing novel spin transport functionalities such as carrier spin-
polarization tunability by electric field [1]. Recently, various SGS materials have been reported in the group of Heusler
compounds. Mn,CoAl is most widely studied SGS material, which was reported to exhibit SGS-like behavior in a bulk
sample [2]. However, such SGS-like properties have not been reproduced in thin films [3][4]. We have already noticed
that the phase separation often happens in Mn,CoAl thin films made by a sputtering method, therefore, we could not
observe the transport properties arising from SGS such as low carrier density and positive MR ratio at low temperature.
Since no one has ever investigated how the composition, atomic ordering and microstructure affect the transport properties
in Mn,CoAl, in this study we fabricated bulk Mn,CoAl with different composition to carry out systematic investigation
and find out what the critical factor to determine SGS properties is.

2. Experiment

Mn,CoAl bulk alloy was prepared by arc melting Mn, Co, and Al high purity metals. The initial ratio of materials was
Mn:Co:Al=50:25:25. The alloy buttens were annealed at 1100°C for 72h, then quenched in ice water. According to the
result of ICP, the composition of the bulk was determined to be Mn.71Co27Als9 (at%), the Mn is less than stoichiometry.
XRD is used to detect the structure. Conventional Van der Pauw method was used to measure temperature dependence of
electric resistance, Hall effect and MR ratio in bulk MCA by PPMS. Microstructure of the samples was carefully
investigated by SEM, TEM, 3D atom probe and EDS.

3. Results and Discussion

XRD result shows a diffraction pattern arising from single phase MCA and clear (111) super lattice peak, suggesting the
presence of either L2, D03 or XA ordering. Curie temperature was 827K, which did not change by annealing. Temperature
dependence of resistivity shows semiconducting behavior. The carrier density as 2.17 x 10%2cm™3 at 10K, and 2.73 X
10%2¢m™=3 at 300K, are much higher than reported for a bulk (10%7) and a thin film (102°). The result of MR ratio has
the similar trend as the reported for the bulk [4], positive at low temperature. However, the MR ratio was only 0.12% at
10K, which is much lower than the reported previously, 5% at 40K. According to the 3D atom probe map and TEM
analysis, the annealed sample contained nanoscale Mn-rich second phase, while the matrix is Mn2CoAl having inverse
Heusler structure. Therefore, the observed transport property cannot be attributed to the single phase SGS.
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0.00 4 0.104 = 30K X
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é—o.w- sl
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ga-o 204
= -0.02 4
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Magnetic field (kOe)
Fig.1 3D atom probe map of the samples before and after annealing. Fig.2 MR ratio measured at different temperature
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Large MR ratio in epitaxial CosyFes/Cu/CosgFesg
current-in-plane giant magnetoresistive devices

K.B. Fathoni'? Y. Sakuraba®, T. Sasaki', T. Nakatani', K. Hono*
'National Institute of Materials Science, Tsukuba 305-0047, Japan
University of Tsukuba, Tsukuba 305-8577, Japan

Current in-plane giant magnetoresistance (CIP-GMR) is a classical magnetoresistive effect, which had been utilized as
read heads for HDD. After tunnel magnetoresistance (TMR) became major interest in spintronics, the research on
CIP-GMR has become obsolete. However, CIP-GMR is worth to be revisited for a highly sensitive magnetic field
sensor because of its advantages such as small low frequency noise and small bias voltage dependence of MR ratio
unlike TMR devices. A serious drawback of CIP-GMR is low MR ratio compared to TMR devices, at most 29% in the
trilayer device by using the specular reflection technique [1]; thus the enhancement of MR ratio will expand the
possibility of CIP-GMR for various sensor applications. Although the spin-dependent scattering at the ferromagnetic
layer/non-magnetic spacer interface is essential in CIP-GMR, the relationship between magnetotransport properties and
interfacial microstructure in epitaxially grown CIP-GMR have not been systematically studied so far. Therefore, in this
study, we fabricated epitaxial and poly-crystalline CIP-GMR devices having different crystalline orientation and
interfacial lattice matching to investigate their transport property and microstructure systematically.

A multilayer stack of CosgFeso(6)/Ag(t) or Cu(t)/CosgFesq(6)/IrMn(8)/Ta(3) (thickness in nm) was deposited onto
MgO(001) single-crystalline substrate using ultrahigh magnetron sputtering system and then annealed at 250 °C under 3
kOe constant magnetic field to obtain the exchange bias by IrMn. The thicknesses (t) of the Cu and Ag spacers were
varied from t = 0 — 5 nm. Figure 1 shows t dependence of MR ratio. As t decreases, MR ratio increases until two
CosgFesg layers are coupled ferromagnetically. Interestingly, the device with Cu spacer having a large lattice mismatch
with CoggFes, (lattice misfit ~ 10%) shows larger MR ratios up to 25% at room temperature compared to those with a
Ag spacer with a smaller lattice mismatch with CosgFesq (lattice misfit ~ 2%). Figure 2 shows temperature dependences
of MR ratio and 4R of the CIP-GMR devices with Cu and Ag spacers. As temperature decreases, the MR ratio of both
samples increases. On the other hand, 4R increases with decreasing temperature in the device with a Cu spacer while
AR decreases in the sample with a Ag spacer. If we assume the same spin-dependent bulk scattering in CosgFesg between
two samples, this result suggests a spin-dependent scattering at the CosgFeso/Cu interface enlarges with decreasing
temperature.
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Figure 1. Spacer thickness (t) dependence of Figure 2. Temperature dependences of MR
MR ratio. ratio and 4R with Ag and Cu spacers.
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Magnetic and magnetotransport properties of CoFeVSi epitaxial films
grown by a nonstoichiometric MBE technique
S. Kobayashi?, S. Yamadal?, and K. Hamaya'
(!Graduate School of Engineering Science, Osaka Univ.,
2Center for Spintronics Research Network, Osaka Univ.)

[FLHIZ

AV X v v T U AYERSGS) T, MAVURMEEEX Y U T BEELIEREL, BRI E0AGICX
STT7 2 VIMENDOMNBELEZHIE TE A AREMEEZA LTS DEFHENTWS, FxlT, 7R Zxy
—(MBE)i£% FI\VN T, SGS SR DM EFCTH % & BLEmAIC T S LTV % CoFeVSI(CFVS)? DD ] ik % 7k C
T, AL EFGRARASE TR A L ORERRE W ERHLNTR > T e, AEH T, ¥R
AR R 2 R A SR U, KR S 472 CoFeVSI O IR EICR T L2720, £ b ORéMER X O
RABEHEMEIZ OW TR~ 5,

MBE 7:% AV T, MgO(100)5#k L1Z Co, Fe, V. Si & 1:1:x:1 DR (x=1.13, 1.26, 1.39) T[FIKK%
L C CFVS WA TRk L 7= (FEHE £ 400 °C), HIRE R O RHEED 4226, WD x IZBWTH =X F
VANV ERIZEE LTV D T L Z iR L7  EDX AT OFERD B X DAL - TR O V ELERAEANL |
Xx=126 TCo:Fe:V:Si=1:1:1:1ICHIEISNTNDZ EHI L, K112 x=1.26 DRELHI#RZ 7=,
50 K 28T 2 fafifi bidf 1.7 pe/fu. T, HFRME(~2 pe/fu)?izit
SEAMMN RSN, BE EFRICHEOBMEIZRA L, ¥=2 U —i&
EIX=EEMETHD Z ENRBINTZ,

{ESL L 7= CFVS J#EIEOBSIEPIMR) L DR ERFEE A X 2 (R
T, RIR THEBEZ R TICHLBED ST, BEICK L CTIEORER
72 MR OZEALDBI ST\ 5D, ZAuE, SGS FrtE i E 41T
WD 317 MnaCoAl 72 & CRUHI S AL 72 FHEA 72 e R An B R E 9 &
FERDIED TN TH D, 7o, A—/Lh B E OIREERAFEN S | ;
IR TIC > T v U T RELPLET I L TOL TR eﬁ_;_;é i ; é
B3, 7 =L I HERLDY SGS R DNy REEE OMIE 111 & s H (T)
EAEORMBEICFET D Z L2 RB LTS, ZH ORI,
VERL L 7= CFVS MBI 35U T SGS SR I HF I 72 TS N EHL L

M (u/fu)

1:CFVS EiE(x=1.26) DL R R,

Dol % T L EFE LTS, T CFVS M0 V BARK P oy
BRI D 5 % 5 BIC S\ TR B, 0.4
AWFFED—FBIL, B AT ZE(A)(No. 16H02333) D 3k % 5% S
7. z 02
= 250 K
PN 0 =300 K
1) X.L.Wang, Phys. Rev. Lett. 100, 156404 (2008).
2) Z.Renetal., J. Supercond. Nov. Magn. 29(12), 3181 (2016). -0.2-8 | _l; I (I) | !1 | ]
3) S.OQuardi etal., Phys. Rev. Lett. 110, 100401 (2013). H(T)

2:CFVS EE(=1.20) DSBS E.

— 146 —



13aB -6 Fa2 B HAR D FIGREMELE  (2018)

Bulk and near-interface magnetic properties of Co2Fe(GagsGeos)
Heusler alloy explored by magnetic circular dichroism in hard x-ray

photoelectron spectroscopy
J. W. Jung', Y. Sakuraba®, T. T. Sasaki', Y. Miura®, A. Yasui?, L. S. R. Kumara?, T. Nakatani®, and
K. Hono!
! National Institute for Materials Science, Tsukuba 305-004, Japan
2 Japan Synchrotron Radiation Research Institute, Sayo 679-5198, Japan

Co-based Heusler alloys have attracted attention W)
for the applications as ferromagnetic (FM) electrodes ™ 7o i) 5 g B = 8
in  spintronic  devices. In particular, large = | s° 0.5 SN s
magnetoresistance (MR) ratios over 50% at room ’5;0-6' o cora 221
temperature have been demonstrated in the current- T = 04l o e = 2
perpendicular-to-plane giant magnetoresistance (CPP- TOA (deg.)
GMR) devices using Co-based Heusler alloys with the
L2; structureV, which are one order of magnitude b oy R i B R
larger than those using conventional FMs such as - ‘ f“-“-
CoFe. In general, however, the MR ratio in the CPP- _——_i Eor

=

GMR devices using Heusler alloys largely decreases gy e a0 T
with increasing temperature compared to the CoFe- )
based CPP-GMR, whose origin has not been :jlg. 1 Sketch of s_ample struct_ure of CoFe qnd CFGG
. - .. ilms. The normalized magnetic moments with Co and
understood sufficiently. One possibility for the origin o slements in the case of a) CoFe and b) CFGG films
of the large MR degradation at elevated temperature is
the weak magnetic exchange stiffness at the interface between Heusler alloy and non-magnetic spacer, which
is considered to lead to a large thermal fluctuation of the magnetization near the interface. In order to
understand the mechanisms of such large temperature dependence of CPP-GMR, we performed in-situ hard
x-ray photoelectron spectroscopy (HAXPES)-magnetic circular dichroism (MCD) experiment at beamline
BL0O9XU of SPring-8. The HAXPES-MCD is a powerful method for investigating the element-specific
magnetic properties in thin magnetic films and buried layers of multilayers.? By varying the take-off angle
(TOA) of photoelectron by using a rotatable sample stage, it is possible to control the probing depth of
circularly polarized x-rays from near-interface (lower TOA) to bulk (higher TOA) region. We performed
HAXPES-MCD measurements for two kinds of samples: CoFe(50 nm) and CFGG(50 nm) thin films, which
were grown epitaxially on a MgO (001) single-crystal substrate buffered by Cr (10 nm)/Ag (100 nm). Thin
Ag (2 nm)/Ta (2.5 nm) were deposited on top of films to prevent surface oxidation. Before the measurement,
we confirmed atomically flat interface between CFGG and Ag by STEM/HAADF. The HAXPES-MCD
experiments with an excitation energy of 8003.58eV by circularly polarized x-ray were performed. Fig. 1
shows the normalized magnetic moments resulting from the normalized peak intensities at each Fe and Co
2psp2 states for the CoFe and CFGG samples, as TOA is varied from 20°-70° form sample normal, which
corresponds to an effective probing depth variation of 8-22 nm. The normalized intensities were calculated
from different MCD intensities of opposite helicity divided by their sum of total intensities after subtracting
a Shirley-type background. In the case of CFGG sample, the normalized intensities reduce with decreasing
TOA, indicating large thermal fluctuation with smaller magnetic moment compared to that of bulk CFGG.
On the other hand, for the CoFe case, the magnetic moment did not exhibit marked changes by changing
TOA. Consequently, this result suggests that an improvement of exchange stiffness at near interface is the
key to reduce temperature dependence of MR ratio in Heusler alloy-based CPP-GMR.
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CPP-GMR devices using Heusler alloy and AgInZnO spacer layer
Tomoya Nakatani, Taisuke Sasaki, Yuya Sakuraba, Kazuhiro Hono
(National Institute for Materials Science)
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CPP-GMR devices using Clp-type half Heusler alloys

Zhenchao Wen'?, Takahide Kubota?, and Koki Takanashi'?
YInstitute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2Center for Spintronics Research Network, Tohoku University, Sendai 980-8577, Japan

Current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices are promising as read heads for hard
disk drives (HDDs) for achieving ultrahigh density magnetic recording of more than 5 Thit/inch?. Half-metallic Heusler
alloys have shown great potential for enhancing CPP-GMR effect due to their high spin polarization. Half-metallic
Heusler alloys are classified into full- and half-Heusler compounds with the chemical formula of X2YZ in the L2;
structure and XYZ in the Clp structure (X and Y: transition metals; Z: non-magnetic element). For half-Heusler alloys,
the bandgap of minority spin originates from d-band hybridization of elements X and Y, which can form a larger
bandgap compared to that in full-Heusler alloys. From the origin of the bandgap, half-Heusler alloys are beneficial for
the development of high-performance CPP-GMR devices owing to the suppression of thermal activations on the
bandgap. In this work, we fabricated half-Heusler alloy films (NiMnSb,? PtMnSb, and NiMnSh with doping Ti) and
investigated the CPP-GMR effect in the nanojunctions using the half-Heusler alloys.

Half-Heusler NiMnSb and PtMnSb alloy films were optimized with varying deposition temperatures on
Cr/Ag-buffered MgO(001) substrates by investigating structural and magnetic properties. Fully (001)-oriented NiMnSb
epitaxial films with flat surface and high magnetization were achieved at the substrate temperature of 300 <C. In the
case of PtMnSb films, epitaxial growth was achieved at 200 <T while high magnetization was observed at 500 °C.
Further, anisotropic magnetoresistance (AMR) effect was measured in the half-Heusler alloy films since negative AMR
effect was reported to be a fingerprint for half-metallic band structure.® A modest AMR value with negative sign was
found in the NiMnSb films while a remarkably negative AMR effect was observed in the PtMnSb films. Epitaxial
CPP-GMR devices using both the NiMnSb and the PtMnSb films were fabricated, and room-temperature (RT)
CPP-GMR ratios for the half-Heusler alloys were determined for the first time. A CPP-GMR ratio of 8% (21%) at RT
(4.2 K) was observed in the fully epitaxial NiMnSb/Ag/NiMnSb structures and a very low CPP-GMR ratio of 0.7% was
shown in PtMnSb/Ag/PtMnSb nanojunctions at RT. In addition, TEM observation was carried out in order to examine
the degree of C1, order in the NiMnSb film. It is found that L2, like structure is dominant in the NiMnSb alloy film
while C1,, order is rarely observed. This indicates a poor half metallicity for the NiMnSb film, which is consistent with
the results of AMR and CPP-GMR. Nevertheless, the inconsistency between CPP-GMR and AMR effects was found in
the PtMnSb material system, which could be due to high spin-orbit interaction in the PtMnSb films owing to Pt.
Furthermore, in order to improve the C1, order in half-Heusler alloys, the element of Ti was doped into NiMnSb films.
The epitaxial structure of the NiMn(Ti)Sb films was achieved at a post annealing temperature of 500 <C on
Cr/Ag-buffered MgO(001) substrates. However, the NiMn(Ti)Sh based multilayers showed much weaker AMR effect
and reduced CPP-GMR ratios compared to pure NiMnSb based samples. The result reveals the ordering structure was
degraded by doping Ti at the current deposition condition. Table 1 summarizes the values of both AMR and CPP-GMR
in half-Heusler based multilayers with NiMnSb, PtMnSb, and NiMn(Ti)Sb at RT. Reference data® for Cox(MnosFeo.4)Si
were also shown. This study indicates that it is still challenging to improve the C1, ordering structure in half Heusler
alloys for CPP-GMR applications at the current stage.

This work was partially supported by JSPS, ASRC, and CRDAM-IMR, Tohoku University. The authors also thank
Mr. 1. Narita of CRDAM, Tohoku University for his technical support.
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Table 1, AMR and CPP-GMR in half-Heusler based multilayers with NiMnSb, PtMnSb, and NiMn(Ti)Sb at RT.

NiMnSb PtMnSb | NiMn(Ti)Sb | Ref.: Coo(MnosFeoa)Si
AMR —0.1% -0.17% ~0.07% ~0.2%
CPP-GMR 8% 0.7% 1.5% 55%
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ERERER
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Co AR A AT —Ha% AW Eiim B B KBRS (CPP-GMR)F#E 11X, "A AT —HHD/N—T A X)L
PEICER T2 @ OBESIRFIIMR) LB SN D Z L, ZRETHAICHIZER RSN TWA Y K, s
1% Co,MnSi(CMS) % v 7= CPP-GMR #1128\ T, Z® MR S Mn filpk & & Icm+ 2 2 &2 /L,
SRBMERSE KA A (MTY) AR, Mn-rich CMS OAHMEZ GMR ZFICBWTHEIELEZ Y. LaLARns, MR
HEDIREARAFIEIZ B W TRE RIRDEOA R 54, Mn MO Sh, (RIRIZIEIT S MR OB 2208
DIRE BTz, [FRROIKIRIZIS T D MR HLOJAIZELRTIZ & CMS & 5V MiE Coy(Mn,Fe)Si % 72 GMR £+
L THE SN TEY 29, ZoRFEOMAIL Co EhA 2T —AEDENT-/N—T A X NME 7GR
5 ECEERETHD. ZNET, KIRICHBIT 2 MR EOED DAL VBT L7 (STDICL VEMSIND
ZEMAHESNTEY, 2oz s, mEEER O bi-quadratic interlayer exchange coupling(90° coupling) d 5
AR SN TWAD Y. E72, ZdD 90° coupling D3 & MR IC K E < KAFET S Z L 2> loose spin model ¥ &
DOBERFER STV, ZOFEMARBEREICE L TIEH L 1Ic o> T, RIF%ED BJIEL, CMS %
GMR FEFI2H1T 5 90° coupling D ELJF & loose spin model & DRFHE A ST H 2L THD.
2. EBRAEE

MgO(001) B fh Fobl b (2 (T EBMMI A~ 5)CosoFeso(CoFe)/AgiCoFe T i % /- L C, CMS/AgICMS — @ik %

9 B8R 757 CPP pseudo spin valve(PSV) 35 F(series-A) D JEAEE &, CMS & Ag ORI IZE X 1.8 nm D
% CoFe J& Z i A\ L 7= CPP-PSV 3% 1-(series-B)?» 2 i@V D gt #ER L 7=, £V —X|ZBW T, CMS Eii
(C0,Mn,Sig g) EARD Mn #LA% o 2 Mn deficient @ a = 0.62 725 Mn rich 72 a = 1.40 £ TRMAN AL S 7=,
CMS EROFE R Eoi=w, B CMS A SR IC THERE., in-situ T550°CHT =— L &1T-o7-. kil
DJEEEICX LT, MM TIZ LY CPP-PSV E T &#/ERL, Zh b
O MR FefEds JOY STT Rtk & ELTRE 4 S 15IC K D IE L7z, (¢ 107 Afem?)
3. HBRBLUEE sl 1 0 1 2 3

112 series-A @ CPP-PSV #ET D, HIRICHBITH MR KL STT @ = 1.40 (Co;Mn1 4oSioz2)

| 290K

FRED Ml & R, RERE1IC X 2 ROEAT(AP) IR BEDHEHT Rap™A9C
e STT 12 k% AP RREDHEHT RS VAKX < 220, RS Tl
SEA7R AP JREENTERR SN TWARWEEZ BbNE. ZDZ & XD 90°
coupling DFFIEN /R E4L, ZOFREEOREIE, (Mn fHEHEME &b
TR 2B T &, (2)CMS & Ag A~S—H DR EIZ CoFe J8 &A% 4T85 0 s 1
SLTH RSB E, QERCHEICHMATS L, Babot. b Magnetic feld (k0e)
L ORERIE, CMS E D Ag A—HJEIZHEH L 72 Mn J51-23 loose
spin & LCIEEE S LW OB CRliH T& 5.

(MAG)
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Resistance (Q)

Fig. 1.Comparison between an MR curve and

an STT curve at 290 K for a series-A PSV

L 2B o iy
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2) M. Inoue et al., Appl. Phys. Lett. 111, 082403 (2017). of a = 1.40 (C0,Mny4Sice;). The red and
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black curves indicate the MR curve and STT
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Exchange coupled hybrid memory layer with low Curie temperature CoPd/Pd multilayer for high-density
magnetic random-access memory cells
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bR A ME T 5 & & HiT, (K Tc CoPd/Pd A€V Jg D A B R AL KERIZ DWW THRE T 5,

2. RBATTL
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Fig. 1 Kerr hysteresis loops of sample A,

K EEEE O 172°CIlZBT 5 = A7V R 70 A) D Kerr  [Co/Pd] / [CoPd/Pd] / [Co/Pe], measured at
N—T% Rk L TW5, & Tc ® Co/Pd ML 3 £ O Co/Pt ML MK Tc CoPd/Pd  ()26°C and (b)172°C.
ML R %2 L CRIFEA T 5720, ZEAFRBFHICKE L Tnd, — 7,
172°C TlX. =2 Te ML 23MNLIZKHE L, Kerr b—7" 3 B ORI/
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VB OFEIRIZBIT S Kerr L—7 3% > 7V A D 172°C TD Kerr b—"7" &
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BUTIE, MW EVZE M & AR RS IR A W3 S B D @R R R FIEOBR A RD LD, Fx IT@mh=R 7wl
REEZFEBRTDHAETVEE LT, BWF =V —iRE (To) DK T8 & & ToJd % A2t & S SR mE i A €
UBIZIER LTWA[1], 1K TcJg & LT CoPd/Pd ZJEEE, & Tcfé & LT Co/Pd @iz W@ O iR %
ML, K T ORALERD . & TeJ8DOBb M & OZZMEGIZ L VI TE 2 2 L 2R L TE 2] AREIEE
TcJ@TdH D Co/Pd ZIEIE~D A AEABALKIR AT L, £ O ARSI O J8JE AR &2 J 72 D TR
HT 5D,
2. ERAE

BRI IEAT ST BIZ~ 7 ) br o o8y ZEEIZ KD | Sisub. / Ta (10) / CuzeTaso (150) / Pt (5) / [Pt (1.0) / Co (0.6)]s /
Cu (2.5)/[Co (tco) / Pd (tpa)]3 / Cu (5) / Ta (2) (BEDEALIE nm) Z/ER L7z, FBAoMmIcE, 7+ NV V757
4, ECRVIA~ At A A2y Ty, BEOEFE—LY V7T 7 0 2H, B 140 -200 nmoDFESEHT 5
CPP-GMR % - & {EHL U7z, WEKHRPURFEIXIENE 4 S IEIC L VI L, A B U ABME S ERIE OV A 0E 10 psec~10
msec D7V A2 FHNE, 100 pA OFeAH UEG CHEEGEIZHIET 5 2 & TRl L 7.

3. EBR#ER

Fig. 1 1% Co (0.3 nm) / Pd (1.2 nm)J@ ~®D A &° > 1 AR D i A EE BE D SV AR KA CTH 5, FTHE

140 nmoTH Y, Fig. 1 ITIZSOEATIRIE(AP) > B A TIRIEP) ~ D BB L (Jap-p), P 0D AP ~DE i (hm)&@
FNEDOFEERBESE Joe R L TCWND, BEFREIREE L L ANE DRI L DD LTW5R, 25 =1 nsec
DETBEIE Joo, BLEMHREA=KV | kT % BB Y o 72, Fig. 2 13k & 2 FBTHED Co/Pd D Jy D73V ZNERAFNE
X0 RIEL o7 Joo EADREIELE tog | teo IFPETH Do toa/ teo <2 TIX, Jool tha/ teo DHININE & HITHIML T D,
Co /Pd ZJBIETIX tra/ tco DYIRIZ L W XL BV TS D Z ENDH[3], IO TD Jo DI Co/Pd
DaDHMZ KWL TWD AN B D, —H, tral tce WS HIZHNINT D & Joo MM DB A 54, Co/Pd D
Jo DN aDEALDOHTIFIHTE B NS, —F, Fig 2 MHAD tog/ teo RTFMEIT/NS W EEZZ BND,
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Fig. 1 Pulse width dependence of the STT switching current  / fc, of the [Co (tco) / Pd (tpa)]3 ML. The data taken from
densities of the Co / Pd multilayer with a pillar diameter of =~ the CPP-GMR nano-pillars with various pillar diameters
140 nm¢. are plotted.
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Electric-field-assisted spin Hall magnetization switching in perpendicularly magnetized Co ultra-thin films
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WA, BEMERICERZFMNT 5 LIk 0 REBESHFEEZFIE L, AR — AR RO KR TS B %K
WTExHZ EnHESNTND I, ZZTlik, BEBKEGMEZ7RT Co BERIZIWT, BRI X DRKAF
PEDHIE & BRT o A B A v R — BV G & F1 <77,
ERGBE

EEZE~ 7 % ha v Ay Z ) 2 73 E & VT MgO (10 nm) / Co (0.4 nm) / Pt (3 nm)/SiN (5nm)/ (A
FRlblaft & Si Ftk) AR L7z, EIMEBEREEE Ard Aoy F U 7 EBEEZ G, BE R — VR RNE
FADOHE 3umX6 um O+FoF — AL LTz, 0%, BEEZHMLTCHEEZITH> 72D, 74+ NI V7T
T4 L ARy B ) X kg 2 — 2 HFO, (100 nm) & B2 — 2 Al (100 nm)Z/ERL L7~ (Fig. 1),
B AR — VR OREIL, BN I ER 30 uA 29 LIIE Lz, A B2 R — VE{EKEEORIE L, B
LOPAT I AN AN A 200 Oe HIN L. /L A 1fig 0.01 msec ~ 1 msec O3V A EHE A EIIN L7-E % DR —L
BWEZHET D& T2, THHORERNZIZ, Al EBRRIC/S — FEBE Ve=-20V~+20V ZHNL, &
SRR R 2 5~ 7=,
ERER

Fig. 2127 — M&EE Ve =-20V, +20V ZHIM L7258 ORER—NNV—TTh D, RiEIIIZ Ve =+20V O
& % 33606, Vg =-20V DL X 291 0e & . 0.3 %/\V P DB AL MR S l-, Fig. 31X A B L R— L%
LIHRIZ BT B, EREBMEE Js OB/ SV AR c IIFEHEE R L TW5, NERERBEIL. B ULV RMEN
RELBRDIZONTEA LTS, 2, IED V6 HUNT A, AD Ve TIN5 2 L1k, S
DELEIELTEY , Ve=+20V nH-20V ~2{tT 5 Z & T I 7 0.5 MAICm?* B EZ D2 2 & il &
niz,
2E Bk
1) L.Liuetal, Phys. Rev. Lett., 109, 096602 (2012).

2) T.Inokuchi et al., Appl. Phys. Lett., 110, 252404 (2017).
1 30

-= +20V

Hall resistance R{ohm)
o

Critical current density Js(MA/cni)

| — +20V .o
.‘I | — _opv - =20V
-1 20 |
-1 0 1 0.01 0.1 1
Applied field H(kOe) Current pulse width T (msec)
Fig. 1 Optical microscope Fig.2 Hall loops of Fig.3 Pulse width dependence
image of the microfabricated MgO / Co / Pt of critical current density of
micro-fabricated Co measured under Vo =+20V. spin Hall switching of MgO /
ultrathin film. Co /Pt under VG =0, +20 V.
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T B Z & v /L CoFe/n-Ge/Fe;Si fit A& o (FHL

HEJREE ' hoR—BR L R —I N JRIEZ L WA 2 R 12
(I RKRIERT 2BRRERT A bo=7 Ak & —)
Fabrication of all-epitaxial CoFe/n-Ge/FesSi vertical structures
T. Shiihara!, S. Oki!, S. Sakai', M. Ikawa!, S. Yamada'?, and K. Hamaya'*?
(Graduate School of Engineering Science, Osaka Univ., *Center for Spintronics Research Network, Osaka

Univ.)

HEL&IZ]

Fxlx, Mo ¥ X —MBE)EEBEMEEEGSPEEEZFH T LT, =X F T v L
CoFe/p-Ge/Fe;Si A% 2 IR TRk L[1]. % OMEREE 2 H VT p M Ge 241 L72EIR A B AR E OB
WREFI L T&ET[2), LU, p-Ge DA B ARHRIIIERFIT/NS K [2], AUV EFITRED LA L & bIcaH
T 5, —F7. n-Ge DAL UHLHEIL. p-Ge DAL UILHE LV HEET 1 HIRKE W3], TD7=H,
FesSi J& 11T n-Ge J& % il &£ TE UL, CoFe/Ge/FesSi Mttt D A B MG 5O KA MFEIND,

ARIFFETIL, FesSi g LT Sb Z[RAKE L7z Ge JE & iR L. CoFe/n-Ge/FesSi Mt & DERL 23 A 5,
[EER7AE]

MBE £ % T Ge(111)#E4R 12 FesSi J8(50 nm) & Bz L7

%, mFHEA S EE L[4, TOE EICHERSE Ge B2 nm) % (a) (9 Sb-doped Ge
FIRHERE L. 125°CT 30 49D 7 =— /LALEE % Jifi L 7= (SPE-Ge)[1]. FesSi Fe;Si

Z D%, BE % 175°CIC P T, SPE-Ge J& I Sb Z RIS (&
JUIRE:280°C) L 7= Ge (18 nm)% MBE & L7z, #%I2. FER
B %=l E CTCTFIF7=%. CoFe (10 nm)% MBE ikE L.
CoFe/Sb-doped Ge/Fe;Si fitfiltiE & L7,

[EERFER]

Fig. 1 ({2458 Z % £ L 721 ® RHEED /$% — > %Z:¢, Fig. 1(b)
NH . ShEFRIFFAELTH Ge @It XXy LR LTEY,
RIRARIZ L - T Sb ORERFT Z K TE TWD Z &bnd,
F 72, Fig. 1T~ T L 212, =% T8 RHEED 13 A R U —
JRE—UHHMEFLTCWSE, 2F), T XX ¥ Fig.1 RHEED patterns of (a) Si—terminated

CoFe/Sb-doped Ge/FesSi Mt 15 DAERUZ A} Eh L 7=, FesSi, (b) Sb—doped Ge and (c) CoFe layers.
Fig. 2 12 300 K CHIE L 7= bl 2~ 9, B X7 v
A MRS S Fu, CoFe, FesSi 23 Ge 2/ L CREKUMINC /3BT L C 1000
WhH I ENRME I DS, i TIlL. Au-Ti/Sb-doped
Ge/FesSifp-Ge/Al HETLT /<A ADELIEHAFIC STk~ E g %
L7 Ge g2 n MUREZ /T Z LICOVWTHERT 5, 2 0
AL, B FAR B S8 (A)(16H02333) - FLAF 2 JL A% AfF 7 §
(S)(17HO6120) DB % 5% 1 7=, 500
2EXMH 00 40 20 0 20 40 60
H (Oe)
1) S. Sakai et al., Semicond. Sci. Technol. 32, 094005 (2017).
2) M. Kawano et al., Phys. Rev. Mater. 1, 034604 (2017). Fig. 2 M-H curve of a CoFe/n-Ge/FesSi
3) M. Yamada et al., Appl. Phys. Express 10, 093001 (2017). trilayer at 300 K.

4) S.Yamada et al., Cryst. Growth Des. 12, 4703 (2012).
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RETHILEEN R LEELGT NI I LERAEV/NILTRF
[CETHERBFMAEARE

PhoR—RE AR L L R RORRS . R
(1 BRRIERE T, 2 IRK B LA B b= A& 27—, 3 JAHHiR)
Nonlocal spin signals in Ge-based lateral spin valves with unstable anti-parallel magnetic configuration
S. Okil, M. Yamadal, S. Yamadal’z, K. Sawano3, K. Hamayal’2
('Osaka Univ, * Center for Spintronics Research Network, Osaka Univ., * Tokyo City Univ.)

[IZL&HIZ]

— NS, PEERADOAE U EAZEIET HRHCHOVON DB A B LT R T, BV DB AR
OVEIZ X o> TROFATRMLBLE 2 1ED Z EMNES TRV b 0L H D, Bxr DN E TOHFI T, FesSi &9
2 TR A AT —BEE AL VEANBHEMRE U THW BB A B LT EA T, TR AL E
EEDZENHELL, AV MREOFMNEE Lo 72[1]. AR TIE, TR A DA EAREREZ ] S H
WZL72 Ge T v F/UMEEE LT, Z0 FesSi ZIEABME LM AL L NV T HA DAY ARG 1T

.

[(REBEAEBSLUHR]
n-Ge(n~1x10" e¢m>)/Si(111)_1Z MBE #: THEE 10 nm @ Fe;Si #iH[2] &2 /ER L, EFRlE & ArrI V2
% VT Fig.l ORI A 70 )L 7 F A~ E T L72[3]. Fig.1 (b)iZ 8 K THIE L7-FE RS E 5%
R GER ERBRIS, RO LA o E BB ENTZ[1]. ZOEFFRED EH L & HITHEE
L, ~I50K T4 L7=. Fig.l ()i, FATRALELE 231 5 IERPT Hanle (8 5 (B2~ d. EATRLEL &
BEBT D70, y BT R (H) % 300 Oe FIINL, H, % ¥ 2|2 L72#IZ Hanle 155 % & L7551 T
B 5. ZOFATELE D Hanle [E B OfENT 5, n-Ge D A B U AEFIIERTIZ~021ns & REEDL B, 2 E ToOFK~
DHEBIE —FHLTWDZ 0D, BHISNTHDHIES
AV UGS THD LHrENnD. BlllEi7- Hanle (5 (@ #-Ge(140 nm)
BORKEEE, OIRENTEZAE UV ETFORE S LIFIE
MUTHHZEND, D) THREENTWVAIEERET,
FREATRHALRCE 2 FEB L T ARVIREETHE L TV 5
AEMEETHD LHBEND. I, H 2 ELSET
Hanle 5 52 HIE L7z & 2 A, 15 550K RN
RO, ZhiE, FesSi A B iEANEMR & 4 H B MR o ' - ———
DORALELEA, L) HPEENDMY, BRMITHALH Y Pl & 11100c]
BEIICEL LTV B 72w, REERT ORMEIRIETHE £ - I BE H,
TWHERO Hanle G 52 IETETNDHZ L 2R LT
5. FEREDZENT, Si ANV T ROERTHERIZH
HEEINTWD4]. !
ARHFFENL, BHIFE EARAFIE(A)(16H02333) - BHIF £ Sz - &

Fe;Si(10 nm)

A )‘ +.
il o

HT-Ge(70 nm)

AV/I (mQ)
AV/I (mQ)

WFZE(S)(17THO6120) DB % 52 1) 7= el sl P 8K
‘ -200 -100 0 100 200 -800 -400 O 400 800
BN H (Oe) H (Oe)
[1] Y. Ando et al, App. Phys. Lett. 94, 182105 (2009); Appl.
Phys. Express 3, 093001 (2010) Fig.1 (a) Illustration of the fabricated lateral spin—valve
[2] K. Hamaya e al, Phys. Rev. B 83, 144411 (2011). device. (b) Nonlocal spin signal and (c) nonlocal Hanle
[3] M. Yamada ef al., Phys. Rev. B 95, 161304(R) (2017) signals, at /= -1 mA, 8K. The black solid curve shows the
[4] O. M. J. van 't Erve er al., Appl. Phys. Lett. 91, 212109 fitting curve using one—dimensional spin—drift diffusion
(2007). model.
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AlGaAs/GaAs & mBENE 2 IRTTFE LR ~D A B EA RO

WL MEE Y, Mahmoud Rasly®, AT !
(Ht{ﬁ:ﬁk%jﬁ%ﬁmrﬁi&ﬂﬂﬁ )
Electrical spin injection and detection in an AlGaAs/GaAs-based
high-mobility two-dimensional electron system
Da Pan, Zhichao Lin, Rasly Mahmoud, and Tetsuya Uemura
(*Graduate School of Information Science and Technology, Hokkaido University )

1. [FCHIZ

WRD N T U AKBEREICINZ, AV OMENEEZETHAE Y N T UV AXOFEBUCMT, EEME
RN 5 EARIC A B DR T2 B 2 EAT D8R ZA B U EADHENEAIITONL TS, ZET
GaAs [1]5° Si[2], Ge[3]72 LTl x D /3L 7 YA A~D A B U EANRR THIAESNL TS, —F5, AlGaAs/GaAs
2IRITLE T H AQRDEGEE I WETBENELFTLHZ LD, BETBEE N7 VUV AXHEMT)Z X LD
LT AEET N ZANDISHADBGEENTWE. 72, AU U IPRZDOF ¥ L E L THLHEATHS.

L L2, ZHE T AlGaAs/GaAs 2DEG F ¢ /L ~D A B L EADSREFNT A 72 <, saierE ik
D GaMnAs Z AR E L THWERF TEREINTWVWAEDOLTHDH[4]. EHIZ, GaMnAs D iEf R IR
FETNEEIR L VRN, AV UHEADEIED 50K L FIZER O TWA. A, A TonNERLY 5
= CoFe (Te > 1000 K) 2 A B JRICHVY, AlGaAs/GaAs 2DEG T % RAV~D A U EA % 138 K £ THEFEL
=D THET 5.
2. EBRAZE

izt GaAs(001)EiAk 12, ud-GaAs (400 nm)/ud-Alg 3GagzAs (100 nm)/n -Aly3Gag-As (Si = 3 x 10" cm 2,
100 nm)/ud-Alg 3Gag +As (15 nm)/ud-GaAs (50 nm)/n -GaAs (Si = 7 x 10*° cm ™2, 100 nm)/n*-GaAs (Si =5 x 10 cm 3,
30 nm)7 572 5 HEMT f§i& %, 0 Pl = B4 ¥ —1E(MBE)NC X W I L 7=, &IZ, JE&E 5nm @ CoFe &
AR ANy Z Y RO RBTHRE L., 20%, B VY777 0—L Ar /rzL/ NV
X0 RIS FHE LN T Lz, A OEANEBRHAOEMDY A X1 XZNEH 05 x5um® & 1.0 x
S5um’ TV, MWHOMEIL05um THb.
3. BERBLUERE

R—VRNRIEIC LY, BYEL7Z 2DEG B D TTKIZBIT B — b+ U TIRE R OBEIEIZZNFN 6.9 X

10" em? ™ 8.5 X 10" em? & 24200 ~ 43700 cm?/V-s 720, BWBEIEEZHT LI N7, ZDZ
L, RBifie AlGaAs/GaAs ~TERENER S, £72, Fv U TIEH2DEC@EGEE L TNDZ EERL T
%. Fig. 1(@IZ TTKIZBIT IR AE NV TEELRT. I RT X 91T, FEAEME B EMREOHE
SHEALELE ORI & é@%ﬂﬁiﬁx B VT EE B S, GaMnAs &AW TR 411, KA
VR CTAE U EAZEIE L. [ (D) 121F, AV EFEAOREIOFELEL LT, ERFrELEOEILE L E
ANBROLTEFSINTZ] A Y/ 1L, OIRERFRNEE RS, CoFe Z AV VJRE L THWS Z & T, ERFTE
B 138K £ TR S4L7z. 7L GaAs TIEA B UME B DR E SIHRE D E5 & LITHFITHA T2 DIkt
L, 2DEG F ¥ R/LTIL 80 KA THRAK L 2 o7z, Gl TIXZ OBMERIEEKREIEIC O W T hEmT 5.

T T T T 0.5

B2 SCHk - (a) "y (b) thiswork |
= 2F ol fmge ™ Pod ] 4k . |
[1] T. Uemura et al., Appl. Phys. Lett. 99, 082108 (2011). = | 4/ Wbl | 04 .
w 1}k =} o .
[2] T. Suzuki et al., APEX 4, 023003 (2011). 7 — 03jPe, L
= 2 &
[3] M. Yamada et al., APEX 10, 093001 (2017). B AV <0,
1] ~ 2= . .
[4] M. Oltscher et al., Phys. Rev. Lett. 113, 236602 (2014). & -1 < a bulk [1]
é-a- ; 01t Loata ]
- bias = -
d|= 05 }ilm 1 T ?7I K 1
-40 =20 0 20 40 0 40 80 120 160
In-plane magnetic field [mT] Temperature [K]

Fig. 1(2). 77 KIC BT 2 2L v 715 5 (D) HREHE B ORE KM
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