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Giant tunnel magnetoresistance in epitaxial magnetic
tunnel junctions with Heusler alloy Co,MnSi thin film
due to half-metallicity and coherent tunneling
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This dissertation is a summary of research achievements of giant tunnel magnetoresistance in epitaxial
magnetic tunnel junctions with Heusler alloy Co,MnSi thin film due to half-metallicity and coherent
tunneling.

In recent decades, an emerging electron device technology called spintronics that utilize the spin de-
gree of freedom of the electron attracted much interest because spintrionic devices are expected to
provide new functions such as nonvolatility and reconfigurable logic functions along with ultralow
power consumption. A highly efficient spin source is essential for these spintronic devices. Half-
metallic ferromagnets (HMFS) are one of the most suitable materials for spintronic devices because
HMTF's are characterized by an energy gap for one spin direction, providing complete spin polarization
at the Fermi level (Ex). One Co-based Heusler alloy, in particular, Co,MnSi, has attracted interest for
magnetic tunnel junctions (MTJs) and giant magnetoresistance (GMR) devices because of its theoreti-
cally predicted half-metallic nature, with a large energy gap of 0.42 eV t0 0.81 eV for its minority-spin
band, and because of its high Curie temperature of 985 K. Furthermore, it has been theoretically pre-
dicted that coherent tunneling through the A, Bloch states of Co,MnSi is dominant in an MTJ with
Co,MnSi electrodes and a MgO barrier.

T. Ishikawa et al. from our research group recently investigated the effect that defects possibly as-
sociated with nonstoichiometry in Co,MnSi thin films had on spin-dependent tunneling character-
istics and found that fully epitaxial Co,MnSi/MgO/Co,MnSi MTIJs with sputter-deposited, Mn-rich
Co,MnSi electrodes grown on a MgO-buffered MgO(001) substrate exhibit high tunnel magnetoresis-
tance (TMR) ratios of 1135% at 4.2 K and 236% at 290 K, exceeding those of MTJs with Co,MnSi
elecirodes having an almost stoichiometric composition. The observed higher TMR ratio for MTJs
with Mn-rich Co,MnSi electrodes was explained by suppressed Coy, antisites, which caused a re-
duced density of minority-spin in-gap states around Ey. There are still rooms to further develop the
MT1Is with Co,MnSi elecirodes and a MgO barrier according to the theoretically work.

The broad purpose of this research is to fully utilize the potentially half-metallic nature of Co,MnSi
as a highly spin-polarized spin source. In more specific, the purpose in this dissertation is to further
clarify the key factors that influence the spin-dependent tunneling characteristics of fully epitaxial
Co,MnSi-based MTJs with a MgO barrier. We clarified the improvement in the structural properties
in terms of the misfit dislocation densities at the interfaces with a MgO tunnel barrier significantly
enbances the tunnel magnetoresistance ratio of Co,MnSi-based MTJs with a MgO barrier. We also
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demonstrated a Co,MnSi electrode indirectly facing a MgO barrier via an ultrathin CosgFesg (CoFe)
insertion layer works as a half-metallic spin source without the lowering of the exchange constant of
Co atoms in the Co-planes in the Co,MnSi layer, resulting in a giant TMR ratio up to 450% at RT.
This dissertation consists 5 chapters. The content in each chapter is as follows,

Chapter 1 provides a brief introduction of the present research, including the background and the
motivation of the research.

Chapter 2 describes highly spin-polarized tunneling in epitaxial magnetic tunnel junctions with
a Co,MnSi electrode and a MgO barrier with improved interfacial structural properties. Mag-
netic tunnel junctions consisting of (from the lower side) CoFe/MgO/Co;MnSi or CoFe-buffered
Co,MnSi/MgO/CoFe showed almost identical, high TMR ratios of 335% at 290 K (1049% at 4.2
K) and 340% at 290 K (879% at 4.2 K), respectively. In contrast, MTJs consisting of MgO-buffered
Co,;MnSi/MgO/CoFe showed a lower TMR ratio of 173% at 290 K (448% at 4.2 K). The higher TMR
ratios for CoFe/MgO/Co,MnSi MTJs and CoFe-buffered Co, MnSi/MgO/CoFe MTJs can be ascribed
to the enhanced contribution of coherent tunneling that originated from decreased misfit dislocation
densities at the lower and upper interfaces with a MgO barrier.

Chapter 3 represents the giant TMR ratios in fully epitaxial CoFe-buffered Co,MnSi/MgO/Co;MnSi
MT]Js. Significantly high TMR ratios of 1995% at 4.2 K and 330% at 290 K were demonstrated
for CoFe-buffered CoMnSi/MgO/Co,MnSi MTJs, which are much higher than those for the MgO-
buffered Co,MnSi/MgO/Co,MnSi MTJs. These obtained higher TMR ratios can also be attributed to
the enhanced contribution of coherent tunneling due to the decreased misfit dislocation densities at the
interfaces and half-metallic nature of Co,MnSi electrodes.

Chapter 4 describes the highly spin-polarized tunneling characteristics in fully epitaxial MTJs of
CoFe/MgO/CoFe ultrathin layer (1.1 nm)/Co,MnSi MTJs. Giant TMR ratios of 1135% at 4.2 K
and 450% at 290 K were demonstrated. The obtained high TMR ratio at 290 K are probably due to
restoration of the exchange constants of Co atoms at the Co,MnSi/MgO interface. The dZ/dV (= G) vs.
V characteristics for the parallel (P) magnetization configuration (G spectra) showed a pronounced
peak structure at V = =0.23 V for negative V at both 4.2 K and 290 K, where the bias voltage V was
defined with respect to the lower electrode. A model was proposed to explain this characteristic and
to clarify that the half-metallicity of the Co,MnSi upper electrode grown on a MgO barrier via a CoFe
ultrathin layer works as a spin source.

Chapter 5 is the conclusion of this research.

Above described are the main contents of this research. These research findings suggest that preparing
Heusler alloy/MgO-based heterostructures with improved interfacial structural properties: included (1)
reduced misfit dislocation spacing at the interfaces with a MgO barrier for MTJs, and (2) suppressed
reduction of Co spin moment at the interfacial region of Co,MnSi/MgO, is highly effective for fully
utilizing potentially half-metallic Heusler alloy thin films in spintronic devices.

_41_



F

FNmLEEDEE
t & B WA R @
Aok % B OKEW K
BoE % E O OK WA A
Aok EEE M ON T

F AL XA A

Giant tunnel magnetoresistance in epitaxial magnetic
tunnel junctions with Heusler alloy Co,MnSi thin film
due to half-metallicity and coherent tunneling
(FRA 2T —E £ Co,MnSif % FV 72 ¥y 33 v VIR N ANVEERICBITS
IN=TAZ VL T —L MR VAL E BB R M AV R IR

EHRZIE, FART—BE Co,MnSi FEEFHWELEXF v )LGEHME N RV BEEBITS
N—T ARV ae— LY R R Y FICEBER D O XVEKEBRICET 2ERRE X
EHELDTHS.

BYOACYOHEEXERTAACY FOZY AFNA ABRMROBFFRA AL LTHERB
TATVE. THIRAEY POy AFNA AW, RERY, EERRIEMEE, SENBEAERE
RRICHRVEEEHETETINETHS. AV VEBL-BHROBBIRALEY ba= 7 AF A
AL > THRETH Y, COFTIERCEALMBO—DIE, 7z VI LANVKENT, —HDARY
YEREN LTI RVF—F v v TEEL, D, REVRERN 100% Lk 2N\—T A 2L
R TH 2.

AHEOBENG, R X5 —8&%& CoMnSi (CMS) BELBEMNICET B/~ 7 XA Z)VFEE, A
Y hOm I AFNRS AT CTERT 21 D0RHERLMNCT BT L THB. S EICEENK
Bi8I3,CMS BB & MgO NV 7RV X F 2 v JUEED MT] DAY KEFE b 2 X IVRE %
ROTWREREZRESMCT BT ETH 3. APETIE,CMS Eilie MgO N 7 OREOREE.,
RETDIAT 4 v MEMBERBRPERI LV BEERTHET S LITKDH,CMS Bl MO
RYFEEAW MTI © TMR ERSEEICIE KT AT E2BEEMIC Uiz, & 5, #EEE CoFe B%
NUT, ROEMIC MgO NU 7 272 CMS BEWN—TJAZNVOACVELLTEHIILESR
AT B L Ftic, M CoFe BOEAICK »C CMS BD MgO & DFREFED A U385 EHTH]
AN, BRELT, ZBIRT450% 1CETAEK TMR e EIEL -

KRR LESEIOSBREINTVS. BEOESRUTOEY TH .

1 BTRAWEOER L BHNEBRS LHIC, RBEOBEVBRRENTNVS.

F2BTRATBELXREL-,CMS & CoFe #BEICAHWS & Hic MgO NU T EHW
BMTIICHBITS, ACVRE N Y RXVEFRICOWTRXRTWS. FTEHIIC CoFe % F iz
CoFe/MgO/CMS DE#E#H T 2 MTI I L T,290 K IBWT 335% OFEV TMR HEEITT
B &I ,CoFe 73w 7 7 BICRRFEBE L /- M¥E CMS TEE&E B Wz (FEHID 5) CoFe 73y
7 7 [KE# CMS/MgO/CoFe DBHEED MTI ICK LT, §iE L FREE O 290 K T 340% D& TMR
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LeAEIEL -, & B, Th b & AEEMIC MgO /3y 7 7 /CMS/MgO/CoFe DE#s&E %3 % MTJ
320K T173% &, KD {EWVWTMR bERI LN L. ThEn 3 BEOBIEED
MTJ] @ TMR A3, BiEE MgO SV 7 L D THEHE LG LBATMOFEDI X7 ¢ v MEENEEL
RSN BEC L, Thbb, SAT v MEMOMBAIREL LD LHICA2K BET 290K
D TMR KWK E @R RT L EASHIC L. E5IC, COBRIBIRT ¢ v FMEMIROEA
IK&->Tae—L Y b bRV FICES TMR OBAOEENAKEL LB bE LTHAZ
.

BEIETR,MT] ZBEECEI 2T REAEZER L Iz, FTHEBX U LEESEIC CMS AW
7= MTJ (CMS/MgO/CMS MT)) lc B51F B3 A ¥ MKFE b RIVAEHICEIL TR T W3, AETIE,
BEkD MO 73w 7 7 £ CMS TESBMEICE X T,CoFe /3w 7 7 IR LBS LTz CMS TEREM
ZBATBLIEED 42K T 1995%,290 K T 354% ICET BEW TMR bR EIELE. O
™ TMR thiE,CMS BRRON—T7 X Z)URE L, TE - L& L MgO N 7 OBERETHI R
T4y FEMBEOERICEZ I —L Y PRV TOBEDHRICE >THIATEZ LS
&M L.

%4 ETIE CMS LABEM L MgO NY 7 DORIIC CoFe BEBEMALLTHR» S
CoFe/MgO/CoFe M/#E/CMS DBIEEN 5752 MT] D RAEMRIZ R VR IVRFRIZDOWTHRNRT
WA .CoFe BEBZIEATACLICEKY, BALAWVIESED 290K T 335% O TMR A 450% &
THEECHATAZEHEMI U, HIEE Wl ar 40 40 AR O L b ,CMS £/
- DEDON—T A AV BT CoFe @RV AT ¢+ v 7ILZET BT L, §ixh B,CoFe

WEENMLT MO R 7 LTS CMS EBDBIN—TAZ VDA FEELTENTWET ),
SN Ui, £72,CMS & MgO NV 7 EDRE(HATO, BRIBETORAE YV DELENKEL,
TDFESERN CoFe BABOBAILK D, fIfEH, RIBETDO TMR LOKEE 59 x2S
U7z,

B5SBETRAEREREL, BRVBRSNTWS.

L EAERT B &, ARSI, CooMnSi/MgO ~F &S v ic MTHIZDWT,1) S AT s v b
EMEREOBAL VI B TOREEEOREBICLS, ab—L Y F N RY VY TOEEDOHA, &
512,(2) CoyMnSi/MgO FRiE\D CoFe H#EDIEAICL D Co,MnSi D Mg0 /XY 7 L DREHE
TORAEVEL EDOMHIH TMR HOBEELBKICH U TIHEREICEETHZ I LHLMILIZLD
TH3. ULl AR CoBRARAT—EEDN—TAZIEEEEAC Y b2 AF A RICH
A3t TOEREMEZERNICEHOMICLIELDTHY, CRIREFTF NS ALEOERICE
5942 CAKTHS.

Ko TEHR, ILHEREEL (L2) OEMERSINIBERPZLDELEDS.
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