Chinese Physical Society

Mﬂﬁﬂ Acta Physica Sinica

Institute of Physics, CAS

EEHHE B L10-Mny 6;GaiBEES FRIMEE K SHMEAR

HEZ &% A4LFE R#E#

Perpendicular magnetic properties of ultrathin L1,-Mn; ¢;Ga films grown by molecular-beam epitaxy
Xiao Jia-Xing LuJun Zhu Li-dun Zhao Jian-Hua

5| F{% K Citation: Acta Physica Sinica, 65, 118105 (2016) DOI: 10.7498/aps.65.118105

7 2% )13 View online:  http://dx.doi.org/10.7498/aps.65.118105
214 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/111

AT RERH B B S &
Articles you may be interested in

THREAM TR TR R A0 SRR A K 3 o A I RGBS AR

Magnetic device properties for a heterojunction based on functionalized armchair-edged graphene nanorib-
bons

Y22 4%.2016, 65(11): 118501  http://dx.doi.org/10.7498/aps.65.118501

SRR S G SN REVR K 4 B HEE SR AF T R 7T

Switching characteristics of all spin logic devices based on Co and Permalloy nanomagnet
PP 2E4%.2016, 65(9): 098501  http://dx.doi.org/10.7498/aps.65.098501

FHEGAB A A T A S0 9K 5 1 ) e is 1k e
Spin transport properties for iron-doped zigzag-graphene nanoribbons interface
VP27 4%.2016, 65(6): 068503  http://dx.doi.org/10.7498/aps.65.068503

LaTiO;(110) i 43— S AN E A= K PR RS B2 1) R T LE JE BT 9T

Precise control of LaTiO3(110) film growth by molecular beam epitaxy and surface termination of the polar
film

YE = 4.2015, 64(7): 078103  http://dx.doi.org/10.7498/aps.64.078103

73 F A E ] 25 O B 55 A MInAL JHE R G35 4] A

Structural characterization and magnetic properties of perpendicularly magnetized MnAl films grown by
molecular-beam epitaxy

YE = 4.2013, 62(17): 178103  http://dx.doi.org/10.7498/aps.62.178103


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.118105
http://dx.doi.org/10.7498/aps.65.118105
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I11
http://wulixb.iphy.ac.cn/CN/abstract/abstract67355.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67355.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67355.shtml
http://dx.doi.org/10.7498/aps.65.118501
http://wulixb.iphy.ac.cn/CN/abstract/abstract67128.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67128.shtml
http://dx.doi.org/10.7498/aps.65.098501
http://wulixb.iphy.ac.cn/CN/abstract/abstract66888.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66888.shtml
http://dx.doi.org/10.7498/aps.65.068503
http://wulixb.iphy.ac.cn/CN/abstract/abstract64187.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64187.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64187.shtml
http://dx.doi.org/10.7498/aps.64.078103
http://wulixb.iphy.ac.cn/CN/abstract/abstract55652.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55652.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55652.shtml
http://dx.doi.org/10.7498/aps.62.178103

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 11 (2016) 118105

BEHWEBFM L1o-Mn, 6;Gail &R 77 FRIME
FRK SRR

HZE &%

AALE REL

(BB SRR TR, - S AR % [ R R sk, st 100083)

(2016 £ 1 f 23 HYEl; 2016 4£ 3 A 1 HikRIE4R )

HATH R ELRLAS F RVE ) L1o-Mng Ga #EE i T 5 2 SARR RIS L T2 s A T s2 20z
TR, HH i ELRE A 1) 5 R RE AR AR R R BE B I8 7 TR 36 L1o-Mn, Ga JHBAE e # A 5E 15 B g v 122 8 11
ke 3 B AR, T L1o-Mng Ga B8 BN T FRAK L1o-Mng Ga T B 17 S5 14 B0 445 o 10 T 0 880 26 1
FH L A B R L. ASCRI T ARSMERI T, 722 3K GaAs 4 LRIl 7 — RIIAR
JEJEH) L1o-Mny.e7Ga HE, JE RV 1—5 nm. Al 7 o S 2 58 v 7~ A 2 J A A DA R XA 2 i
SEEESRIGFRI T I R 0 S S WETEN RS R, JEEAE 1 nm UER L10-Mny 67 Ga RS AT DLORF7 2
BRGS0 SEPERE, JEE N 5 nm 1 L1o-Mny.e7 Ga WA I BLRE % 17 S MERE ATIA 51 14.7 Merg/em®. X 2645
RNEET L1o-Mnu 67 Ga [FIHE B 17 57k FEIE 45 75 9 e 56 8% HHAR 930 O WA BE A LA fif 5% S IR DO AR 2 A IO SR B

Lo NLFBRAE T B B A SR SR

KA 70 T ASME, B 75, Wi ek, e A

PACS: 81.15.Hi, 85.75.-d, 75.30.Gw, 68.37.-d

15 =

e H B S  SEAE K s R
A K W% A1 # BELJE IR B9 L1o-Mn,, Ga 78 5 7 75 #4
FoE M B e H o A 1R DLRORE s R T MGG
EAmAEEE 2N SN BT EE
1% 52 SR B GaAs ELE M ) T2 L%, Llo-
Mn,, Ga ¥ 5 7] DL SF il £ = % 1) B BE 3 30N
A R L2 g e R AR 8L e RO S A
5 WLIL D) R i 1) 1 e v 5 111 3 A% e Sk
Wb 4 )@ /5 5 T 5 R A VB B e H T 2R Th R
A, I HL AT LA (8 1 5 B R S
TR, TR, @il L1p-Mn,Ga 5% 2 )2
MgO Z [8] ({4 /2, LL L1o-Mn, Ga 7 5 A4k i FL A%

DOI: 10.7498/aps.65.118105

1] £ P 2 B 25 ) e MERR B 4 (p-MTJs) 158 1 &
15 120% 1 Fi% 28 1 H BHAE (tunneling magnetic re-
sistance, TMR) ['7], 3T L14-Mn, Ga 8 i ) p-
MTJs 7F B it #2145 (spin transfer torque, STT)
KB Gbit G LA7 (i 2% (magnetic random ac-
cess memory, MRAM) DA A 15 D Z IR % (os-
cillator) H [ 48 Jl B FH #2416 T 0 B2 19 4% 1 (1821,
SR, AT ¥ L1o-Mn, Ga JE p-MTJs B e Pk 2%
i Hh A4S BRI I S LA A R, e i B T
WA 1A) S 1 9 L1 o-Mny, Ga 8 5 ()& B — /)N
F 5 nm) ME N EH HE P2 T R Ak % 2o
JZ ) 8 DA AR R SR AR A 358 T2k B K. T
LA, RAERHITN R 2% L1g-Mn, Ga MR EAT T
Iz BIBEAE, AR B T R B2 LT 40 oK 1 ki A4
RIO72) ) S F HAL R ELHES 17 7 M) L1o-Mn, Ga

* E KSR R TR (HHES: 2014AA032904) . [H X s SE Al 70 K R HRI (65 2015CB921500) FESK H 48R} 2 5L 4

FASTE (LS 61334006, 11304307) 7B 1.
1 B E1E#E . E-mail: lujun@semi.ac.cn;
1 #{E/E#H. E-mail: jhzhao@red.semi.ac.cn

© 2016 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

118105-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.118105
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 11 (2016) 118105

e e ) i TE AR AR 2D, JF B B P AE MO At
JiE L, I Cr 2247 2K 35 MgO 41 5 L,-
Mn,, Ga Z 8] ] &b SR e 1247260 3 Oy 725 1 i ot
72 bl 5 R B IR, LlO-MnxGa{%Hﬁ‘:E’JEEEZQ%
) 5 PR 2 BEAIS, 72 /N T 5 nm I © & TRk O fF
VLB ) HE B A5 m) S . 3, A RIELE MgO #J iR
ERH Cr/CoGatE N R+ T B A 2 B
e P L1o-Mn, Ga B8R 27, L3 B0 % 7]
FEPERTDLAERE 2] 1 nm, (HRES]& 2 d Crgz
R K CoGa 2 1 /= 46 5153 Al #E 500 °C A1 700 °C
SRR R REATIR K 1T H MgO AR B4 2 3
IS A R I T 2R L. SR, HRTR
T L1o-Mn, Ga # # E7E > 34 K GaAs EHR
EIRR D, U Tanaka 25 28 75 GaAs 1 - il %
HH R R % ) S VE PR T L10-Mn, Ga/NiGa
i i S5 0, T AE S AR AT IR GaAs Bl B A
e B A) S 1 T L2 L1 o-Ming, Gl 8 4 A L
iE

AR U K% 7 1 RAME ¥4 (VGRO),
162 SR 4 K GaAs (001) LAEK T —RIEE RN
1—5 nm [ L1o-Mn, Ga 5 f B, A2 I R A7 &
S e 74T (reflection high-energy electron
diffraction, RHEED) B or ) T BSR4 4L, &
B AT AE K B L1o-Mn, Ga 3 B —4i A4 K, B
HRIFHP SR, 88T T WAL (supercon-
ducting quantum interference device, SQUID) ]
IR 45 IR 7 T ) % B AN TR JRE B2 B L1o-Min, Ga T

JEL ) B AR w1 3R B AS A) S, XN EE T L,-
Mn,Ga i p-MTJs 7£ STT-MRAM & % Tfy #E 2% 1
(AR Fl S N FH Bt 7 B8 B S0 S

2 LIrAE

R WA K o 7 R A S # % (VGS0) 7R
GaAs (001) #Ji€ Ll % 7 — R P JE1—5 nm i)
MnGa 7 i, #£ 5 45 ¥ 8 Al/MnGa/GaAs/GaAs
(001) 41 )i, W1 (a) i, & R H 5+ Ak
PR G A K EAE GaAs (001) 471 b A 4E
150 nm ] GaAs £ ph E T LR P, HTEN
2 x 107° Pa. A J5 @i & 5023 1) R A Tl Ak B =
W BE AR B 28 A K s, L E S ] Lk E
1 x 1077 Pa. P MnGa MK, N T
5 MnGa 5 GaAs I 5 R N A B #CS 808
AT, B SRR A IR E Y 30 °CC UL T R
&N 35N EFZH MnGa Fi-F)Z. £ MnGa Ff
FERPIRE R T, RHEED E4 1 7 K GaAs &
B T B 5 200 K (1) 2% S5 8 w2 IR, 1508 MnGa
¥ EEMRERES T RHIERE. RJ57E250 °C A
AR K 5 min, RHEED EI5 B 2 R Z 7 A8 Bl oZ 48
2% 20, BB AE 5 B0 MnGa Fh T J2 3281 fh L. 5
RHEED 2458 &% 41 )5, 4k4:7F 250 °C (4T iR
JE T AMEA KA FE B FE R MnGa B E, 2E K
FLJRFE T 41 43 B 43 0l B AR 6] 22 Min 5 Ga | Ji
TR kIR, AEKERUE, @i X LT

Al cap layer 1.5 nm f_ (b) < |
: g )
MnGa t nm L 2 QE I\
E wn
E < <
F i O
GaAs buffer 150 nm w E O ‘.
.‘é £ MnGa(002)
£ F  MnGa(001) | l
GaAs (001) substrate = [5n ,
< ‘
(a) é’ [4 nm
n E
2
Y [3nm
© i
364p(€ 5 nm
« 3.62
i 1l nm
© 3.60
3.58 3 I I . I . I . I .
T 2 3 4 3 20 30 40 50 60 70

t/nm

B (TR ) (a) BE 45 4

20/(%)

(b) NF & L1o-Mn1 ¢7Ga I X 5 28 0-260 fi7 5 EIFE; () AR S

L1o-Mn; 67 Ga WIRH IS H ¢, Kl BN Llo-Mny ¢ Ga SRR HITH SN ks 244
Fig. 1. (color online) (a) Schematic diagram of L1p-Mn;.¢7Ga samples; (b) XRD 60-20 patterns of Llo-
Mn1.¢7Ga films with different thickness; (c) lattice parameters ¢ of L1p-Mn1.¢7Ga films, the blue dash line

presents the ¢ value of L1p-Mnj ¢Ga bulk.
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Fig. 2. (color online) (a) Out-of-plane M-H loops for Al/L1o-Mn1.¢7Ga /GaAs with different MnGa thick-

ness ¢t and ¢ dependence of (b) coercivity He, (c) saturation magnetization Ms, (d) the ratio of remnant

magnetization and saturation magnetization M, /Ms.
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Fig. 3. (color online) In-plane (red dots) and out-of-plane (black dots) M-H loops for Al/L1g-MnGa/GaAs
with thickness tynga (2) 2 nm, (b) 3 nm, (¢) 4 nm and (d) 5 nm.
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Fig. 4. (color online) (a) Linear demagnetization curve, (b) B-H curve for L1o-Mn1.¢7Ga films with different
MnGa thinkness.
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Abstract

Materials with large perpendicular magnetic anisotropies (PMAs) have drawn great attention because of their
potential applications in advanced spintronic devices such as spin-transfer-torque magnetic random access memory (STT-
MRAM) and ultrahigh-density perpendicular magnetic recording. To date, a large variety of PMA materials have been
investigated, such as Llg-ordered FePt, CoPt granular films, Co/(Pt,Pd,Ni) multilayers, ultra-thin CoFeB alloys and
perpendicularly magnetized CozFeAl films. Among the various kinds of materials with PMA, MnGa film with L1o-
structure has received the most attention because it has large PMA (K, ~107 erg/cm?), ultralow Gilbert damping
constant (0.008) and theoretically predicted high spin polarization (more than 70%). All these properties make L1o-
ordered MnGa a good candidate for spintronic devices such as STT-MRAM and spin-torque oscillators. Meanwhile,
from the viewpoint of STT related spintronic device, it is necessary to fabricate ultrathin perpendicularly magnetized
L1o-Mn,Ga films to lower the critical current for magnetization reversal. However, up to now, in the main researches the
ultrathin L1o-Mn,Ga films have been grown on MgO substrates, which makes it difficult to integrate the MnGa-based
magnetic tunnel junctions into the semiconductor manufacturing process.

In this work, ultrathin L1o-Mni.¢7Ga films with different thickness values (1-5 nm) are grown on traditional GaAa
(001) substrates by a molecule-beam epitaxy system. During the deposition, in situ streaky surface reconstruction
patterns are observed from reflection high-energy electron diffraction, which implies high crystalline quality of the L1o-
Mn; 67Ga film. Only MnGa superlattice (001) and MnGa fundamental (002) peaks can be observed in the X-ray
diffraction patterns in a range from 20° to 70°, which means that the L1o-Mni ¢7Ga film is a good single-crystalline
with c-axis along the normal direction. The magnetic properties of these films are measured by superconductor quantum
interference device magnetometer in a field range of +5 T. The perpendicular M-H curves are almost square, while the
in-plane curves are nearly hysteresis-free, each with a remnant magnetization (M) of around zero, which clearly evidences
the PMA of the ultrathin L1o-Mn; ¢7Ga film. Moreover, as the thickness of L1¢-Mnj ¢7Ga film decreases from 5 nm to
1 nm, the ratio of M,/Ms also decreases from 1 to 0.72, which indicates that the PMA loses as thickness decreases. We
also estimate the perpendicular anisotropy constant (Ky) from the relation K, = K ff { onM2, and the maximum K, of
14.7 Merg/cm?® is obtained for the 5 nm MnGa film. Although the K, decreases with thickness decreasing, a K, value of
8.58 Merg/cm? is observed in a 2 nm thick film. The obtained results are important for developing the L1o-MnGa-based

spin-transfer torque Gbit class magnetic random access memory.

Keywords: molecular-beam epitaxy, spintronics, magnetic anisotropy, ultrathin films
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