#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 21 (2022) 217501

AEEE Cr HEEX Gd/FeCo HiE
g PR PR3 M 5 T B 2 I

KZED RERY FhA&D HWO xirEb
BEEY KHEY Famy BRIERY EL?

1) (MR IR AP S T TR Be, M1 571158)
2) (RESFEYH2EBE, Mo 211189)
3) (WMBCR 2Rl 22 5 {5 T RE2EBE, W 252059)

(2022 4E 3 A 15 HYkE; 2022 4E 6 A 28 HUEMEHH)

i B BELAE by R AL 1 8 1R 45 ) e FL ARV AR AR 22—, SR 22 22 JR 22 () R 5 1 D A o AT 0 T Bt i -/
i A 9 < 3 R A TR RO 5 A e EA A A A A R < ) T e A 4 ) (R 1 S
B LG8 ) 235 R KA R T A R A E 7 11 R TS U A R e A B R TR Cr JR IR (1) B9 Gd (4 nm)/
Cr(te,) /FeCo (5 nm) = R4 1 P e FiL BELASORE , ASSCRIFSE 1 9 199 S22 1) R0 05 T 20007 . AP 5 2 B, AT
T FeCo Wi, Gd/FeCo Wi fI5 3 B 1 By B 1 04 4% 1) e M rit BEL. Cor )47 A0 785 VR 30 28 1T 3 I 1) 0 v L
EAR S W (0 i Ak 1y B0 — B /NMEL, XS AR/IMEBERR to, O3 INAZ T3 M. 24 to, = 3 nm B, JLT-58 2%
B B e i) B BN, . FeCo J= 5 Cr/Gd I LAY A TR] B 1 e HICRS A o PR 7 A 3 — B 11 g T F BEL 207
() B RO AT TG 3 I L BEL OB e, B0 35 ARG T A0 1 [ 2R M 5 1 IR 0 238 R J2 LR 5

W FFTE.

KR FeCo Wi, mEHBH, ZEHNE, #i L
PACS: 75.50.Bb, 73.43.Qt, 75.70.-

1 3

B AR IKF AN BT 5, BOPR o« Tl 2 A
IR £ (RE) JURTERS Uk i 78 1 AW 4
3, o LTRGBS
IR SRR K RS B e R (TM) ML,
M 1 IC AR AT SR B - BUBEAR & - 5 A%
LT T B ES R TM K& Sl 2
JENEEH LI B R PRI 9 A e L 22 A4
AR L ABZRBENE WL, HFFE R IR o0 A

i

DOI: 10.7498/aps.71.20220472

TAOULZE A U=31 Rt Fy =T A% i) S 5120 b
A 5 03171 Ny 2 e 08220 S50 T 4 E A
FC A E A 3 B SO P S A R A
G5H8 | WEPEAN R SR R H B 25290 X T R R A
fEAE TM A ) 22 JZ IR, 52 )2 )R 5 57 e )
PAOULES A | FRAS IS RE PR 2 5 B0, [R] it
TEREYE TM/Hi L B 22 JZ B2 Al vh M A 1
5 T 2 ) 4 U2 DA S BT RS Y R i B
(MR) B4, GI7E Fe/Nd £ 2B B9, MR 4K
T Nd ZJEEAfL. 78 CoFe/Ag/CoFeGd — 2
H BT, el CoFe J2 AT LASE BN 25 1m) S P v

* IR AARREIL S (S 2019RC169, 117109, 114008), EHK H AR FIE 4 (HLHES: 12164016, 11364015) ., iR A FHIM T
SRS BRI (S QCXM201810) FlfEHI & HOLHIAR S G L I REA Bl B S22 B B iR

t BIEMEE. E-mail: lisun_ 2014@163.com
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

217501-1


http://doi.org/10.7498/aps.71.20220472
mailto:lisun_2014@163.com
mailto:lisun_2014@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 21 (2022) 217501

P (AMR) 2 Sz n] [ € i MR &0 iy 4% 22, Horp
CoFeGd EH Gd 5 FeCo 4 S AT HES Anf +
Gd 7 5 vk v i 3 S VR T2 0 B0 s 1) e I
MR 1 E 25 . I R GE R RETE Fe J2 Fida +
Tb JZHa4d A Cr R =R B, W) 1
Cr W[ 4 J8 2 X = 21 MR ¥, HIEm 5
1 Cr ZREVERIN (< 3.5 nm) #— HAEA
B S A AMR 2 B39,

MR S aigkmg (FM) J2 5 ak i 14 S d
T A A CHUR A ¢, TEWRETEZ (FM1, FM2)
Z i AARREME SR (NM) gt BT B
#3219 CoFe/Ag/CoFeGd = JZ 5 v 25 7= A ) []
F e MR Zk, FM ZEAREY A BERBUR AR R
SR AR ) T RN A B D L RO R REAS
SFtEE H o =D /DT EX, Hh DT (D)
RS2 (D) AFATRE . 7EEA A
PR o BIERREZ FM1 Al FM2 SRIZ RS (R
Ha> 1102 a < 1), FM1 5 FM2 @8 & F17
HEZ I Y H B TP A7 HES s A v B, 3O T 8
) MR. % —J7 1, W5 FM1 H FM2 (1) 3 EA T
FRYEARTE, LI FML i oq > 1 (D, > Dy 1) M
FM2 i oy < 1 (Dyd < Dy 1), W FM1 Hh 5Z%
FHET- A7 (0 fL T B 38, FM2 b 5 /080 e A7
T BT 5, R M1 5 FM2 (G5 R4 T
HEZ B 4 i BN TP A7 HES B A LB, AT 40T 2R A
F 1] A IER MR. 41 George % B fE5L T Fe/Cr/
Fe/Cu/Fe/Cu M ZJZ &M T H/NE ] MR
L, Horf FM1 /& Fe i (o > 1), FM2 24 A
B Cr P ZE Fe BN RS (o < 1).
SR D T SHCKRBBALINSEE n 1 (Bp) (FIFE
Dl o nl (Bp)) BUE L. RO T4 Fe i
AXIFRHEAR 255, {HAE Fe/Cr 5 Fe 5 Cr (&4
el b B9 BLAT i S50 AR X R, H o < 1.
XFE s DRI H BEAXTFR AL & Renard 5 10)
£ Fe, ,V,/Au/Co = )2 XL 2] B W 1Y 5 1]
JiErd MR RS IR A, Hor V 5 Fe 15 1598 1
FROK AL B 5 1Y) A EAKIFR (o < 1); k1A Co,
Hf nt (Bp) < nl (Ep), Bl a(Co) > 1.

Cr WEHE 5 REYE TM 1 RE R4 149 5OFATHES )
X —FRER A PRI 1, AR AE R TM 2 H RE 2
Z A A Cr 2, 3840 % 55 I 250y F )22 (B A5 VE
IR, K15 B8R MR 2. % )
Fe A fig HAT 8559 11 B BEA X FR M, 7] Ao 22 fi 15

JEEELAG 5 () R AR S R0, AR SCE R FM/NM/
RE Z5#H 1) FM J2 K Fe,,Cos, 1 (FeCo); RE
R BRERE T Gd 2. R ) e RRIRL
AR S, (BAERGYEE 56 T2
A TS 2R G SR X R MR 00 7 7 72 f L
18, 153 W58 25 RN A R T el T RErE 2 )2 K
TE FUIE R 2= a4 B .

2 SIS E

RN, R R S E R A A T
HAARR Cr ZEEM Gd (4 nm)/Cr (t,)/ FeCo
(5 nm) (f, = 0, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 nm)
SEFRVERE, WA 1(a) Fizm, Horp DLEA AREILZ
9 Si (100) AT 48 MR 230 R 25 85+
K DIERANEAS X Si A JICHEA T P T k. I
HA BN 1.2x10° Pa, WETIA R PIE Ar X
% 0.5 Pa. 453004 99.99%, 99.95% F1 99.9%
i) Ta, FeCo #l Gd I, 7£ 30 W I BRI T, Wit
BRI 1,59, 1.02 F11.15 A/s (1 A = 1010 m).
F R Cr JZIR R, VIR Cr RIS TR N
10 W, XF R B BUBLE 8 0.87 A /s, ik T B
at, 2L 2 nm 1) Ta VERSMEFERE. R 17X
FORE S AP I, £ AR TR A% £ 14 R il 46 T FeCo
(5 nm) fl Gd (4 nm) L, i 2 nm () TafEN
G EMEEE (LUF 500 #88 FeCo #1 Gd). i
WEFER £ Gd JZ 455, LU RIS S5 7E 2= 1R
Tl TIEE R 50 nm Gd 2 Gd/Cr (1 nm)/
FeCo (5 nm) . FrAHEaE AR TR KA.

A SCHI K Hy 0.15418 nm Y Cu # Rigaku
Ultima IV (185 mm) X kA4 (XRD) #47#
FREEE P R ZRAE, TR T KOS, XS R R A #
FAHRE . 2T 0 R 1] 2R DU AR E 2 MR 1Y
i, &R WA MR £/ Lakeshore 7404 i
SRE SRR T, AN INRE S N T TP
MR {430 8 o FEL 3 43 )t 9 S T PN P4 7 A
e BLAMINZ Jy ). ARTRRE T R1 2 A iR AR i
F AL

3 ERAER5R
3.1 ERTHEHIMEREEN
B 1(b) FIE 1(c) 2l T FeCo A Gd

217501-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 21 (2022) 217501

(4 nm)/Cr(1 nm)/FeCo(5 nm) = )2 # ) XRD
KIRE. AP 1(b) Bz, 44.9° R 1T 5 i S AR 0 37 5
4548 FeCo 41 (110) A, B Cr J2M3HA,
Cr(210)(26 = 44.10°) {5 FeCo(110) AiT5 14
BT ME LA S P, 25 IR R R R R, A W g%
BN A7 SRR, bR 5 PO AN 1Y B G S 2 A8,
T R 5 R S A K A AR S A B i N B A
*. 4k, Gd (4 nm)/Cr (1 nm)/FeCo (5 nm) i
JEAE 2 30°07 B Al WLEE Gd ATt (] 1(c)), I H.
PEAT S TR 5 4R K AE 2 nm Ta 28 vh )2 (4 AR
JERERY Gd WAL, RIS Gd JEAH T4
an. XA PUE I 7E AR Gd 21 Gd (50 nm)/
Cr (1 nm)/FeCo (5 nm) [ XRD %45 #UE5L,
WK 1(d) Pis. Gd JZ8JERE, ATELE I &Y Gd
HHEZS T (HCP)(002) BIATE I FNE 55 Y I Lo S T
(FCC) (111) firiidetesy, 5HIEMZ=IR N 7E SiO,
#HR EAK M Ta (5 nm)/Gd (50 nm)/Ta (5 nm)
R 12 B AR B 2538, AR5 BE #R /N FCC

(a) Ta (2 nm)
Gd (4 nm)  » Cr (0—2.5 nm)
FeCo (5 nm)
Ta (2 nm)
Si (100)
(b) FeCo(5)
FeCo(110)
B Q@
e} it at
'E (4) L 1
= |Gd
c) Gd(4)/Cr(1)/FeCo(5
Z (¢) Ga(4)/Cx(1) /FeCo(5)
& bs 32 FeCo(110)
iy - x Cr(210)
12}
=} e o
E ! 1 i
=
= Gd HCP(002)  (d) Gd(50)/Cr(1)/FeCo(5
on & (@) Gd(30)/Cr(1)/FeCo(5)
(111) ¢
MA..‘__‘ *
o ‘- N,
1 1 1 o I
25 30 35 40 45 50

20/(%)

Bl 1 (a) Si(100) ¥ K LA K ) Gd/Cr/FeCo 45 #47m = IE,
2 nm Ta fENERYZMZEMZ; (b)—(d) FeCo (5 nm) HE
FIRFERE Gd J28 Gd/Cr (1 nm)/FeCo (5 nm) #EA XRD
3 (1% 1(c) 2 Ta (2 nm)/Gd (4 nm)/Ta (2 nm) i
B Gd 17 55 0% )

Fig. 1. (a) Schematic diagram of the film structure for
Gd/Cr/FeCo on Si(100) with Ta (2 nm) as the capping
layer and buffering layer; (b) —(d) XRD patterns for the
FeCo (5 nm) and Gd/Cr (1 nm)/FeCo (5 nm) films with
different thickness of Gd layer. (The inset of Fig. 1(c)
shows the diffraction peak of Gd for Ta (2 nm)/Gd (4 nm)/
Ta (2 nm) film).
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Fig. 2. (a)—(c) Typical in-plane magnetization hysteresis loops for films at room temperature; (d) the coercivity H, of Gd (4 nm)/Cr
(tcr)/FeCo (5 nm) films with different thickness of Cr layer at room temperature and 5 K, and the coercivity of FeCo film also

presented for comparison. The solid lines only guide to the eye in panel (d).
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Fig. 3. Variation of MR with the magnetic field for (a) FeCo film and (b)—(h) Gd (4 nm)/Cr (ic,)/FeCo (5 nm) films with different
thickness of Cr at the room temperature and I L H: (a) FeCo film; (b) tc, = 0; (¢) tc, = 1.0 nm; (d) o, = 1.5 nm; (e) tc, = 2.0 nm;
() tc, = 2.5 nm; (g) o, = 3.0 nm; (h) ¢, = 3.5 nm (The current direction is perpendicular to the direction of magnetic field, and
the magnetic field is along the in-plane of the film, as shown in top-right of Fig. 3(a). Solid dots indicate downwards branches, open
dots indicate upwards branches. The other insets are the enlarged images of the corresponding shaded parts).
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Fig. 4. Variation of MR with the magnetic field for (a) FeCo film and (b)—(h) Gd (4 nm)/Cr (ic,)/FeCo (5 nm) films with different
thickness of Cr at the room temperature and I//H: (a) FeCo film; (b) tc, = 0; (¢) tc, = 1.0 nm; (d) o, = 1.5 nm; (e) tc, = 2.0 nm;
() tcy = 2.5 nm; (g) tc, = 3.0 nm; (h) tc, = 3.5 nm (With current parallel to H, and the magnetic field is along the in-plane of the
film, as illustrated the inset in the left of Fig. 4(a). Solid dots indicate downwards branches, open dots indicate upwards branches.
The other insets are the enlarged images of the corresponding shaded parts).
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B 6 5K, FeCo Wi (a) AR Cr JEJE Gd (4 nm)/Cr (t,)/FeCo (5 nm) # M (b)—(h) A9 N REHT F1ZE  (a) FeCo i i ;
(b) te, = 05 (¢) te; = 1.0 nm; (d) to, = 1.5 nm; (e) te, = 2.0 nm; (f) te, = 2.5 nm; (g) te = 3.0 nm; (h) fe, = 4.0 nm (BEZRHTE 7 HE

S HLAT Cr r 8] J2 8B A Tk i (0] 28 10 B 50 A TR0 )

Fig. 6. In-plane magnetization hysteresis loops for (a) FeCo film and (b)—(h) Gd (4 nm)/Cr(tg,)/FeCo (5 nm) films with different
thickness of 5 K: (a) FeCo film; (b) tc, = 0; (¢) o, = 1.0 nm; (d) o, = 1.5 nm; (e) e, = 2.0 nm; (f) {c, = 2.5 nm; (g) o, = 3.0 nmy;
(h) ¢, = 4.0 nm (The easy magnetized parts are marked by rectangles in the hysteresis loop for films with Cr spacer layer).
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# 1 KR Cr JZEER Gd/Cr/FeCo WilRTE 5 K S AR ARG (M), 5 K T REH 128 AR BEEL
L IR (ULPE 6 T ) o EIRREAE A L] (R) .\ R TR IRERE (Mpeco) #1212 Fh S 18 R AL /00T DA RERE. (M)

Table 1.  Saturation magnetization per area at 5 K (M) for Gd/Cr/FeCo films with different thickness of Cr layer (i,),

the percentage (R) of the magnetic moment in the middle of the hysteresis loop with better squareness (represented by the

rectangles in Fig. 6) to the total magnetic moment at 5 K, the magnetic moment (Mp,,) of R, and the magnetic moment

(M) in the slowly magnetized part of the hysteresis loop.

tcy/nm M r/(10* emu-cm2) R Myeco/ (1074 emu-cm2) M/(10* emu-cm ?)

0 7.52 £ 0.75 — — —

1.0 11.30 £ 1.13 0.69 7.78 £ 0.78 4.02 + 0.40
1.5 11.65 4 0.12 0.65 7.60 £+ 0.76 4.37 £ 0.44
2.0 15.30 £ 0.15 0.48 729 £0.73 8.02 4+ 0.80
2.5 17.03 £ 1.70 0.46 7.78 £ 0.78 9.75 £ 0.98
3.0 10.87 + 1.09 0.68 7.35 £ 0.74 3.59 4+ 0.36
4.0 10.56 + 1.06 0.64 6.73 £+ 0.67 3.28 4+ 0.33
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Influence of Cr interlayer with different thickness on
transition of magnetoresistance effect of Gd/FeCo thin films
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Abstract

As one of the most representative features characterizing the spin valve structure, magnetoresistance is an
important method to study the interlayer coupling in multilayers. Considering the induced magnetism of rare
earth at room temperature due to the coupling and magnetic proximity effect in the structure of rare
earth/magnetic transition metal, an intermediate nonmagnetic metal can be inserted to form the spin valve
structure to regulate the interlayer coupling, which expands the scope of applications of rare earth in spin-
tronics. In this work, the interlayer exchange coupling and interfacial effects of Gd (4 nm)/Cr ({c,)/FeCo (5 nm)
trilayers with different Cr layer thickness (#c,) are studied by means of in plane magnetoresistance. Compared
with FeCo film, Gd/FeCo film obtains more obvious anisotropic magnetoresistance. While the magnetoresis-
tance value obtained for the configuration of I 1 H shows a minimum value at the peak due to the insertion of
Cr layer, and this minimum value becomes more pronounced with the increase of {c,. When {-, = 3 nm, the
negative spin valve effect almost totally overcomes the anisotropic-magnetoresistance effect. Different spin
asymmetries of scattering that are formed in FeCo layer and Cr/Gd layers are mainly responsible for creating
the negative spin valve magnetoresistance, in which the resistance becomes smaller near the coercive, while the
resistance becomes larger at high field parallel to magnetic moment. The oscillation of magnetoresistance with
tor at I // H and the hysteresis loops at 5 K further confirm the existence of interlayer coupling both at room

temperature and 5 K.
Keywords: FeCo film, magnetoresistance, interlayer coupling, rare earth
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