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iB k%S CoFeB/Gd/CoFeB I B
R REShASTEAN L

BB DY BYUIL DY R I/, gk DD, AR DD mREE DY, ki
1l 237 Alexander Petrov4), A% D21, Kalanda Nikolay®.
1) GELRZFHERIER, HHK L3 133002, F1EH)D
2) (ELRFETFRESEAB R, &k &# 133002, FED
3) (CBLRMEWETERE, A= SR L B 7T S 4R S A 4 1 i sege s, A
i 3k 014030, HED
4) (AP R FE B R E S R FO G, B 220072, A D

wm o=

BEFHL/LES)E (rare—earth/transition-metal, RE/TM) ARMEH
WAV S TE = B L RThAE A el 72 h R RN ). Ho, AR
7 HIOR 51 S I SRy A 22 W Y A 2% 2 3 RS A R AN B BN AT . RSB
CoFeB/Gd/CoFeB = ZEE NI AX R, RGHFL T 100~500C I8 K AL F A
SER . BRASHEVER A AS HEDA R R . SRIR A5 R, (IR KR R R
RN CoFeB T FHIBRMIMINL, 2B KIRETHEZE 400 CAHI 500 CHY, #£ 5
(R 1] 2 B 2 e 9, i B v iR R K 5 1) ST ORI R I A R ) bk 3 e T
WA B A . BRIEEHR (ferromagnetic resonance, FMR) MR R, (GIRIE
KEESh F RPN —SEIR, T 300°CIBKJG FMR £k i ideisi (b mT 4y
PHIRUELE R . BRI Z AT PMR S5 5K, PN JLIR 40 S8 3 v i P
VO AR E AR, LG R 0 ) P B R B A AN, T 82 1R S B R
AR PRGBS RN 3 SRR GBI T R B 2 T AR
ARICGNAIB KR T Gd [FAHAE CoFeB JZ¥#, JE/E Gd/CoFeB FHIPILA K
JE8 Gd - CoFeB HIRIXIH. ZXIH55RAR CoFeB R IX I A A AR 1A %
S, ITIE U T B >S4 LIRS , JE 550 MR B Z5 R IR H IR
ZHE TR T CoFeB/Gd/CoFeB 2RI IR K53 A B4 H. FSHATEBE L
FH = AN S S22 TR DRI, & Lo W CoFeB E & H HZ I #AL 2
PRI AR BT R AL T SRR .
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1 58

MEREIESE (magnetic tunnel junction, MTJ) 5 Hig#IE /14E (spin-orbit
torque, SOT) #A42 Ual [ e T # Ik EEH T 6, 1EIES R,
[ &% S AR R A A 5T LA T RS AT R . CoFeB R RATFHY
JE i BUEAREE, DLAGR K S RITE MgO Frifi K AEHUA SALIRE S, Ty T
SOT #efrh s F I E B2 A0 RE " SR, 1B —FERREA R, CoFeB T E GG H
H 2 385 HA BRI REAE RN 2 07, 1K 48 280 ST B RE S g AN L P g i
KT A IRIX PR, B E TR B L SR (rare-
earth transition-metal, RE-TM) WEAkHiM K. Fit 4f MR S5 E)E 3d
FEOE T R RCPATAS ARG o BT AT AR T A AN R IR R (e, 4 i
AT TEARFSE A B BE R R AEAMES, AT R B R UG 15 2 R RV A M2 S5 SR RFAE
IXPPRL I REAL SR « RN TELRE LK R 0 25 M B ] S8 3ok i o+ 4 P88 R 7t i 5 A it
ATIREES Y AR T, CEMFRIERM, GdCo 25 kA & fes S AN
BeB I8 AR E0EE . 2 AAR0E . IZBAT ARBRES 208 s 7 Gd,Cowo, B4, HUIE
JVERFF SRR/ ANE Gd ST BhAh, SEITAME SN CoGd & 4
o BRI 1) AU A T B e R I k4 SR g 4~5 £, Rk
72 2 e [ FEm AR A e SR RS R 45 b, % Gd 5 CoFeB 44,
1 EEAER B CoFeB SRAA IR, I FH M BB AE ekl & B AR RERE , JRA5 Bh Ik
RLE— i RV R & . CAUER, CoFeB/Gd/CoFeB B4 M ELML)Z
o] FF = MTJ FRSeBTCAM% B W& T S 16 Pt/Co/Gd R 45 4,
N 6d JE 418582 Slonczewski M I A 2, FHekE A 2 E e
BB . B-W/CoFeB FLMHIALA) 43 Gd #HZn @ Gd-5d - Co-3d
03 2 A 8 A 5 1) S A B R P ST S B L A S R R R
PTF B e BuE SR

IRT, XRE AT TR WU AT B, 1E Gd/Co ZEMEH, Co 5
Gd 2 [HA7AE B AR FR B, Co BEAF B b Gd J2 18 H 4 B A il 3
AT AR Gd—Co G & IXHl ™ o RIMERFH 4 S 351 3L iR, GdCoFe &
GER Gd. Co M1 Fe JURWSEEL T WA W] e th ARSI 51 0 A, IF 51 i widl
SR Gd WAL 25 113848 ™ . Vorobiov Z5X} Co/Gd % R ALt — 2
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R, BT Co/Gd S HIR S A EA, &SR WhREAL IR
B IR Tl T A B IR JCRIRAL PERE Y CoFeB HE2844, 1B KBS
(¥ T Bk 5 R R S B R RS A R R

Nk, AICLL CoFeB/Gd/CoFeB =R B AR TN R, R G FTIR JR X 3
FRIZER TS B Bk SRR e S (R s o ) FH I S T SRR/ R TS T
AR B A0 2 SR RESL R S50, IFES B TE AR, L RURTHR KB 21 Gd-
CoFeB v AL S H X AW S BEAMME o SLIRAR LN, BAMEHT 6d 5
CoFeB Z 2 [AIFIFH I B L, F5I NZS AR ST (O REPE . 7E3&E IR K S A
T, BRBELIR T B A R RUIER 2 3. SR ARG L SRR OC R AL
ST, AR SOHIX — LG IE R TR KR S B R SRR S R 2 A
NEIE . 1% LA NHEME CoFeB/Gd/CoFeB H & HilE /2 b FIHY B AR S
STEN AT B2 8] 1) 6 Rt T SRIG ARk 4, oy & LU E I CoFeB 24 H HIZ 1
MBI S5IB K TEMRAIE T 5% 5 OF RSV SRR N
ISR, A SOt — 20 i S0 Eh A5 1 L1 4R 78 | Gd—CoFeB F T H.47 #ioxt
AR LI T

2 SERFTE
K HEFE IR SHEALE S1/S10,48 0% (A RERL AR AR RA & L

Ta(10 nm)/MgO(2 nm)/CoFeB(5 nm)/Gd(5 nm)/CoFeB (5 nm)/Ta(10 nm) £ 2.
BT FHAEAL €46 CoFeB ¥ (A RERLA, 4 99.99%, JiFIL Co:Fe:B = 4:4:2),
Ta $8 (G AERHE, 401 99.99%). Mg0 ¥ (A HEARM, ZERE 99.99%) Al Gd ¥ ({1
AL TTRE, AHRE 99. 99%) . WS I AAIRE A BEMR T 1X107* Pa, PRI
L Al Ar (A =99. 999%) 1EN TAE Sk, Frf =97 SR N AR,
M SR Z MR LN 8~10 cm. ABEGAHEAML SIGY, BAZEBRIT
U REELL TE B, HIR AR A o 25 FEA B S 2500 R : CoFeB WA D2 40 W,
WS <% 0.7 Pa; Ta JRIFDIZE 60 Wo WS <% 0.8 Pa; Gd WS D2 40 W, ik
AU 0.3 Pas MgO WS T 80 Wy WK 0.4 Pa. &) M PTRUE 23518
W WSehr e AT, DARIIE AR B R ZE P HI7E £0. 1 nm LA . AR ST AL BT
T 25 R R 2 1 DT R ST SR TR PR i 7R L PR rh AT IR AL B R K
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TELRE 5 E A 100°C 200°C . 300°C. 400°CAl 500°C, FHEHEZFE N 5C/min,
B F H ARG 30 min, BEJGRENAE R R 1B G P A R A B AR
T 1X107° Pa, DUR&EFEACEMXS S S5 MR 5200

FI 325 5 e 1 88 (TEM, JEOL-2010F) 45 & REE B XS4k (EDS) %
AU K i F ot ) A T R 45 A0 T T 3R 70 AT o A T e W0 0, T PAY 0 58 s [ 2
(M — H) MR R Lk (M — T), HhM — HRFIRSIEE iR (VSM,
Quantum Design VersaLab) &, Wi fAiaEJy —8000~8000 Oe, £ 10
Oco M — T Hi 2 &R A B 55 791X (Quantum Design SQUID-VSM), JRJEiE
09 2~300 K, iR 1 Ko m B shas me ROl o 2R3 R (FMRD AER1S
MARAE Quantum Design Versalab 248 F#EAT, SRJEHEA 9~14 GHz, SN
VETEIBE A 7 A9, BEATE R 0~2000 Oe, B 10 Oes
3 oh5itie
3.1 BAFEFMAEY B GBS

E G T A (TEMD SRe i (ll X S 4R35 (EDS) Zeiftish il 1 FioR.
& 1 (a) Jy Ta/Mg0/CoFeB/Gd/CoFeB/Ta £ E MR I &5 f m S Kl B 1(b) AT ML, ok
B JRE i 1 - TR 2 UM 2R B, SIS BB AT, RIS T
BESAREE T RIFHERGE . B 1(c) F1(d) 20 )45 T AR AT 300°C 3B JKRE
(AR EDS £RFF4E . RIBKAER T, Gd 55 FEEPFLEFH Gd 2, Co Al Fe
ST B N CoFeB B, & IuHmAESHMITARMBEIE, St Byt
Gd/CoFeB FHIH /idMT. 4 300°CiB k)5, Gd. Co M Fe {5 51E Gd/CoFeB Fi
BT R JE 5, TR E S X EIE R, Hd Gd 155 M AHAR CoFeB JZ4EfH, Co 1 Fe
F91E Gd BT HEAE, KURAREH T Gd 5 CoFeB J= [0 A 5 HY
e IXFh LI B 0K 203 Gd/CoFeB ST Bt ) o iR b5 . A W SU 3R 1A,
£ Gd/Co B Gd/Fe %M L-id I & @k &b, SRS fEREIE M EK & 4
WX AR o BT Gd (1) 4F BEHIEH 5 Co/Fe 1Y) 3d W 2 P47 58 #e
M, 1BKIGHMUN Gd-CoFeB HIRIX W] G B A AN [F T J54f CoFeB kA= A
ST A 5 FEE D 50 25 T JS AR A

2 NARFLIRKERE TR S RSN =R, K 2@ Sl TH
AN M — HIRZ,  Hod 32 ORI 6 B N IR RR i X3, #6 B K v
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FEIN 58 M — HInlZk, KRIEKPLK 100°C. 200°CHI 300°CiE K FEFH7E K3 B
T35 F I BE BRI AT D, U A TE 1R IR FE VS BB P, R S (R e 24T
FEHH CoFeB ZkHA)Z TR, 5 AR KFEMARLL, 300°C il JHF: ity (R 7 9 A BH
IR, RUZHE S R T BRI KR 2 8] BRI & o 145 R Ui, 300°C
FES G WS B0 FMR XU 45 M AN Bt 187 5 UA R T4 G0 J2 1) S R A 30
11 58 7] fe 5 R 5 50 % 7oA Ok

W IR KGR B — T, 400°C AT 500°CHREGHIY M — HIFIZEIH B JE5E, JIF
SISV URRRAE, R IR S I AR AR SE I B ISR AT UE R iR
JARHE Gd 5 CoFeB [ IAIMK FHTH B4 i, s 5 1 B/ T i B B S 1D ke o
MRS ES « B GRS 5 2 S ECE JOHAGRE . %10 513
ANAZ e AE FITE 2% 18] R AR AR A, I3 s BE S Bl A2 A IR 4T FLALRL . R, 400°C
F 500 CHE i[RI 2 1) Fi2 58 FMEUR S B T vl R K S5 i S AR 3 ST PE IR G 5

TEEIRHNE, 2 ERE T AR KN W AR B R R By AR
RN A FARGE M TR AR B G S, X—HUEETE Co/Pt. Al/Zr
J Mo/Si %522 2 R Pl BB S5 MR AEFTIESE ™ o Rk, XFF 500°C
B RE i, F ST R G5 M T OBk iR U R, I TEM/EDS RAEAX
B P EPUE D HOM R, 1 3 LA AR ST 0 SR 300 °C XU BS ST il AL AT 0 ]
i

ST U R R, B KSR RTE S N RO BRI R, AR
UG ARSI PRI AE BRI R . B K — 7 TR Gd 5 CoFeB JZZ [HJf# 5t
[ EY B v REAE FEIH M T Rl Rk Gd—CoFeB HIRIX ks 75— J7 HItH ] RE i
CoFeB EMIHIH TR, 1 Co/Fe WIFEHFIE N Sr. BT A SR IR A R AR
o3 — BT HAMEIRAS WG -1 V&8 Wi &4, it CoFeB F S4k
FEX I Gd-CoFeB a3 F. I DX 3 e 73 o o8 DX dsl 3 ) g b 1) 2 PR AR R
S = AT TS AT RE T CoFeB £ R IX I 1 S REMTTIR 5 5. FEl 2
500°CIB KFEMI M — HIEIRAE & XA I — @ B2, UEHHTE K I ¥ Bl A kAL
SRR 1 AR TE A RN, W15 (0 B A 5 P A 8 R R A0 B v R A 85) S T [X Ak 1) 5 3
MR, [KIE, 500°CHESTE =g F RABOKMMLREE, H5HAEMS M - TS
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o I HE B SRR T A FEAN T i, T ) sz Bl ) v 8 K R ot T P % P 37 4
VEFITE 2 AR S

ARABKAE AL 300°C I8 K T I MBI FE AR AN, 1B 5 IR 3% 15 R el
FIBONAL. X 5B 2(a) H 300°CHE AN EZERINA CoFeB KM B
GER— 3 AL, 500°C IR KA it 78 Baf Ul o 4 rh 2 ) 1 S ) e 2 P A1
WA = LR SRR S A e B R AR R R A AT N S L SR
BRBER Z P RS e BB A, (EASRE TSR SE [F] T M3 —  CoGd 8K
Gd-CoFeB VEkH & < AT REAL 28 AT N

XfF CoFeB/Gd/CoFeB = JRJET &, Wil K)o/ B 5 Al e /& ik R
CoFeB #kMAIX 15 Gd-CoFeB Jajlgk H.IR X 435 LA A i 73 o2 IX el [ 4 Rt 1) 52 1
YRR, Gd-CoFeB H.JR X I AT G851 N R BB B, AR 4 iE AL 5 2 S I
SRR MR CoFeB 3T XIS 37155 T Rl Ak b RE AT T (1 S 7E ¢ = b
R RO R IRALSREE . Ik, 500°CHRERAEIRS M — T & B PR ek
WA, SHAEGEY M — H&E S B BRHAREEIEA T &, LR iR T
et 1B KA i B L PR S R P E AN A 3 SO

BeAh, AE 2~300 K JEEEIN, 500°CHE & IF A H L I R M il X ]
RESFEM R Gd/ (CotFe) LLBIRIZS MAEMI A A AA K. A REX IR e AR
AR A ME IR P A8 RT REAFAE AMERFAELE 220 M — T il 28 4 e s sl i o [
Wb, AU 5 ST AT M2 AU AN HE R = 3T Ak e 2 (R A7 E 1T 5 AT e U B v LR
KGR b AR W S5 0 o0 6 T A 2 R AR S S M

i b, B2 WS RRY, KRR KPR FERI N CoFeB FF
(RIERRAMA S 300 CIR KR il EARIE M — HI[Bl 4 AR SR I HH B S oo/ 3 o, (R
KA EY ORI N RS H oz R PR JORE S, i By 8
FOREVEARSL S0 1 B35 1 i, AR SO I FE T N A K, -5 BRI 14 B e 57 H 30
SRR . X NEEIE FMR XU S5 K I 2 ) 245 W 273 SCER Ak 1 B as it
A

3.2 BN BN AL NE L TR KL B

eI B A R — R R T IR K SIS . B 3 (a) NAFBR K
TR RE S ARG IR S HGE . RIB KM 100°C . 200°C IR KBE Fh 5 2 8 — 3 4t
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Yl 2 BEUIRIR O TR R Eh 25 A7) E AE X 35— ) CoFeB #RHZE L%
300°CIB KT, JEA B— FMR WAL AP WT 20 AL IRRFAE I . 455 XU UL
R Kittel 00T, XA SO0 RAF A B2, RILR kG
R it TR T RS I AN [ B JR R X A o R KR BE 4R BT 2 400°C
500°C, {55 BEMRIRISIF IR T, XD HRE T Fe. X5 BIR SRS R — 2
IR IR T G T LA HSOR A 3 ST, A 3R i 2 DT BT FX) X7 S )
iR Jie T 1)l 38 S i 5 O

HBE— 53 300°CHB KRR I BERE, B 3 (b) 45 Y 7 ARERME FMR S0 10
KU o LB 2R P A FRCKAC 2L 0 B BRI, 43 0 REAR
AP IIRIY SCo BG5S SLI YIS R AT, W] 300 CAB KA
¥ MR 5 2 RE ] B9 45 B — JLARUE A Je 5, B Wl REVR T 79 /I 3l 24 k) e T
INE=yIIE

N Wi e 5 2 T A R I BRI, X 300°CaR KR AT T 2 4R
i FVR P, S5 5RINE 3 (c) o FEAFMIRT, PIZkIiRy SCemiEsaaE:, JFH
Wi A SO A T e B A ) i 3 75 TR RS Bl X — AR MG R4 & W IRk A AR 14
Kittel EEIRER, UKL 1 2 A, T2 LA WA 1 A3 i o2
IR 3

B 3(d) &t T 320 K R FEIRT SRS -SRI R R . WA ST 43
B Kittel RERME ",

f = =/ (Hres + Hi) (Hres + Hi + 47Megy) (1)

Hor, FAOUERANR , y NHEREL , Hoos NFEIRE , H NG RS 10 S 137 4 Mg
N BERHEIH . A5y S M FE LA 2k, A4 R nER —prR:
F 1 300°CIEKFEHPIA MR 4R 2 Kittel BLESH

Table 1. Kittel fitting parameters of the two FMR resonance branches

for the 300°C-annealed sample.

BE  Hpes/O0e  #IEAH/Oe  4AnMeg/0c  H/Oe  Kittel 14 R?

1 641. 168 55. 245 16499. 066  —37.061 0. 999997
2 689. 874 51.486 15798. 416  —61. 217 0. 999994
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E: AHEUE 9 GHz. 320 K T AXUE FHUSAC LM A LR, Hrh AHRA FWHM;

4TMyg« Hy, 1 RZH 9~14 GHz ) f — Hpes X RHHT Kittel &34,

Note: AH was obtained from the double—peak derivative Lorentzian

fitting at 9 GHz and 320 K, where AH is defined as the FWHM. The values

of 4mMeg, Hy, and R%*were obtained by fitting the f— Hs relation

over 9~14 GHz using the Kittel fitting.

XG5 R DS T OB N 3 37 BB, 0B AZO0L A 45 R AN BT
SRR AN Y 5 J TR BRASC S AR M AR o A i A AR A SRR Tl AN ) B
OOV TR 3 N AR B — LRI AL SR I I TEAN S R e R
e M N, ASCHBEAELE 9~14 GHz YR NI ESHER:, JEH 2
AR Kittel BHORR, BHIENTE TR R BA ARG S A
W J82 43 3, T A A P — P U ) 7 L S o™

S5 AR TEM/EDS FNEASHATESE S, 300°C IR KFE il A 1) FMR U B% 24 m] 5 [X]
TR K5 FH Gd-CoFeB FH i B4 HOE B HIRA R 704k o 1B K )G, #7 IXHATs R
FF CoFeB = FHIERMANA L, 1M FLTH P 1) Gd—CoFeB LR DX W EAG AN [F] ()45 2k h
B & ) ek M JE R . PSR IX B S S AR, FEF R
XFREANF R Y, TR AT 73 HE) FMR 733 ek, B 2 (a) Hisil
AR KA it A H IR ST 5 S A 5 v R s R e Bl S Bk AR A
D] b 12 B 228 B AT e SR [ 3B K SR SR 858 22 5 R 3 22 shas i 8L, 1 3F 58 % Gd
25 CoFeB ZZ A HIKALE A S Bk & . BMAT S, FMR 45 2R5EH], 4Rk
ffi CoFeB/Gd/CoFeB 2 2 JI5 MAH T B8 — FR) Rk ) 25 Wi N2V A0 XL 70 SR NG 5 3B K
T RE— T e, 0 R A T LAy SOM R 1 I e DA i il 2 i o, XU 73 %
JE R 2 BEAIG

3.3 THHAAEISHERYEEE

R IR R K T ) ST VR RE SRR PMR BRI R, FRATTRI A MuMax3 FF
J& T REERA Y o S R SR e s CoFeB 2 I TRRIREL 5 & HY
M, =1.2x10% A/m, ZHHEIA,, =2.8% 10712 J/m, PHJE &¥a = 0.02. %I
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F Gd 4 B BN IR )Z , HBiME S 5055 U4y Gd—Co 45 4 1A SCHRE ™,
Frah &S0 VR BT 138 44k .

IR E T E R, BT EE1000 x 1000 x 24 nm3 (14 X AT L
AR A Aoy = 240/ (oMB), Forhpg = 4m x 1077 N/AP AR S5, B
PRI RS ON2.5 X 2.5 x 2 oo BN SMEAzR p 77 RN, ORI x
J7 N, CABKBN LA G4 75 10 R AR/ F R RS s SRR I W B Dy 9~ 14
GHz, 55258 FMR W AT 2R 3 — 2.

TRADL I SR AE T AR K 5| 1) S THD 45 M AL A A AR RE PR R . )
4(a) = (c) fiian, ARSCHGEE T =R RS LUK AN 7] R38R K B o AIE R R FH 2
18 CoFeB/Gd/CoFeB ZZ&5#), AGIANMEY #Z. 300°CIRKFESTE Gd/CoFeB
RS N—EH R EIRE, HUENOR K% S 1 Gd-CoFeB JaigA &6 X 35;
ZHIRERAMS M A fla, VLA T 5 CoFeB 2RI B, 500°C
AR K it DU FE B iR ) ST ELVR A, B JRL CoFeB/Gd/CoFeB X 484l ot 2 4 5
MW AR, AHEA = IR K 5 S Bl — B s A

4(d) - () A T ANRIEAL R BN 25 5 1 H A5 S BRI vt oo Tk
IBKFES, SEIHRY 58— CoFeB 32 UMl il 2k & chy, RUIFTIE
CoFeB 344 Z KRR % & HH A IR AGIR 1R JCHT (1 32 ZEB) AW B . 7E 300 CIR KA AL,
Hi T~ CoFeB X385 Gd-CoFeB A 2% HLIRZ BA AR MRLIESH, HFEAR T H I
FASTT 43 SER I 82, X -5 S 6 82 B ¥ FMR XSS 1 — 55, 1 B AT LR
SIS BT LARRE 300°CIB KR it IR B 3 5 ISR o, FLIRJZE
ZHNIEI A, = 1pJ/m™, WRIBLAL SR EERAL M, = 1.15 x 10 A/m, FHLJE REL
Ha = 0.01, BAUFTR PSR 5 35 L8 A HA BUF I — S, 328 300°C
AR KA St AR AE T A AR (] 14 3 745 10 87388 3 (1 AR o

X T 500 CIB KA, ASEALL I 20528 T 3 DN B — R SRR S, XU 43 % i B
R, X5 S0 P iR R ORE i FMR W10 e 8 Rk T & IR I R AT o 1445
REH, MERKERERE— P m, FMEY BSOS, A F X
A P 2 B Sl e SE RS 34, AT A8 JE A T 9 % P XU AR 9 S 0B 45 9

LRSI SRONSE R, WA N RS B KRB Gd [A4H4R CoFeB JZ
B, JFAE Gd/CoFeB ST BT LR RIS HIR X . 2438 K IR IL ]2 300°CHY,

10
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FHT IR BE 3 M e, B 5 [R] I A7 TE BA CoFeB 2y = [k e 5 [X AT Gd—CoFeB
HRIX o XX IR RO A SR T« 28 He/E AN BE JE R P S-S ], 7E FMR
B O AN R 3R, R SR B S T 20 i SR I . 4k HR 2 500°C S,
TCERY UM S [ MLk PGSR, WA SR A R ) B TSR, SN B4y
SO HERE AR, PMR 1% 2202047 Je 58 J il T o — R Ugm . FoRZ5 U, iR
K-S Gd-CoFeB Fiifl TLIR & 3% CoFeB/Gd/CoFeB 22 /2 M5 s il 5 25 i v
HERE.

4 & ®»

AWTFELL CoFeB/Gd/CoFeB 2 JZMRNXT R, RGUHTTT 1 IR R X H S i 4
1) AT B v AR E 25 0 JSL R 52 R o B ST R I, 1B KT dE Gd S5 AHAT CoFeB
JEZ BB A . 4R KR EEIE EIZ) 300°CHF, Gd. Co F Fe JLERAEF X
Y1) 7 [A) 43 AT B % B R0, R B R MG AT RE TR T Gd—CoFeB TLIRIX K. 1%
HR X IE A AN F] T 4 CoFeB kAR 1 JR s A5, SR it RO R 14 i o2 MG T
B KR ARXS B — 1) CoFeB BkHAT Ay, B M A N BA B VR AR SIME I 526 1
XN

FAS VRN 45 R R, (RIRIB KPR M F RN CoFeB F T (BRI
JB7: BEAE IR KRBT i, WA [ 20 e v, WAk SO R AR AR T SR L. 500°C
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Annealing-induced interdiffusion and magnetic

dynamic evolution mechanism in
CoFeB/Gd/CoFeB multilayers
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Abstract

Composite magnetic structures based on rare-earth/transition-metal (RE/TM)
systems are promising candidates for high-density and low-power spintronic devices
because their net magnetization, magnetic anisotropy, and spin’ dynamics can be tailored
through composition and interfacial engineering. However, thermal processing may
induce elemental interdiffusion and local magnetic inhomogeneity, which can
substantially modify both magnetization reversal and high-frequency magnetic
response. In this work, Ta (10 nm)/MgO (2 nm)/CoFeB (5 nm)/Gd (5 nm)/CoFeB (5
nm)/Ta (10 nm) multilayers were deposited by magnetron sputtering and subsequently
annealed at temperatures ranging from 100 to 500 °C. Their interfacial structures, static
magnetic properties, and ferromagnetic-resonance characteristics were systematically

investigated by cross-sectional transmission electron microscopy and energy-dispersive
16
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X-ray spectroscopy, vibrating-sample and superconducting quantum interference
device magnetometry, multi-frequency and temperature-dependent ferromagnetic
resonance measurements, and micromagnetic simulations. The low-temperature-
annealed samples mainly exhibit CoFeB-dominated ferromagnetic behavior and a
single FMR resonance. Cross-sectional EDS analysis shows that annealing at 300 °C
broadens the spatial distributions of Gd, Co, and Fe near the Gd/CoFeB interfaces,
providing direct evidence of enhanced interfacial interdiffusion. At the same annealing
temperature, the initially single FMR resonance evolves into two clearly resolvable
branches. Double-peak derivative Lorentzian fitting adequately reproduces the
experimental spectra. The two resonance branches can be continuously tracked at
different microwave frequencies and shift toward higher magnetic fields with
increasing frequency. Separate Kittel fits yield distinct effective magnetic parameters
for the two branches, indicating that they originate from two different dynamic response
channels rather than from simple linewidth broadening or instrumental phase distortion.
Their resonance fields and peak separation vary only weakly with temperature,
suggesting that conventional long-range interlayer antiferromagnetic coupling- is
unlikely to be the dominant origin of the splitting. When the annealing temperature is
further increased to 400 and 500 °C, the magnetic hysteresis loops become-broadened
and more inclined, while the FMR signals weaken and the two branches become less
distinguishable. These observations indicate enhanced magnetic inhomogeneity and a
more broadly distributed magnetization-reversal process at high annealing temperatures.
Micromagnetic simulations based on an effective Gd=CoFeB intermixed interfacial
layer reproduce the experimentally observed two-branch-dispersion for the 300 °C-
annealed sample, whereas a more strongly intermixed model yields broadened and
partially merged resonances at higher annealing temperatures. These results establish a
direct correlation between annealing-induced Gd—CoFeB interfacial interdiffusion,
static magnetic evolution, and the formation of multiple high-frequency dynamic
response channels. The central finding is that local magnetic-parameter differentiation
induced by interfacial intermixing can generate resolvable FMR mode splitting without

requiring dominant long-range interlayer antiferromagnetic coupling. This work
17
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provides a physical basis for optimizing the thermal stability and high-frequency
dynamic performance of Gd-containing CoFeB composite free layers in magnetic

tunnel junction and spin-orbit-torque devices.

Keywords: CoFeB/Gd/CoFeB trilayer; interfacial interdiffusion; ferromagnetic
resonance; magnetic dynamic response; rare-earth—transition-metal intermixing
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Fig. 1. Cross—sectional TEM characterization results. (a) Schematic of
the sample structure Ta(10 nm)/MgO(2 nm)/CoFeB (5 nm)/Gd (5 nm) /CoFeB (5
nm) /Ta(10 nm) ; (b) Cross—sectional TEM image; (c) EDS line scan of

the as—deposited sample; (d) EDS line scan after annealing at 300°C.
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Fig. 2. Static magnetic characterization of the samples annealed at
different temperatures. (a) Enlarged in-plane M — H loops in the
low—field region. The inset shows the full field M — H loops
measured from -8000 to 8000 Oe. (b) Low—field M — Tcurves of the as-
deposited, 300°C-annealed, and 500°C-annealed samples measured under

an applied field of 100 Oe.

20



10

11

12

13

14

15

16

17

18

19

20

21

22

dPAH (a.u.)

—_
=
T

O Componeil 2 data

Kiteel firting at 320 K

———Component 1 Kittel il
—— Component 2 Kite! fit

dP/AH(a.u.)
-liCIH o= S =

00

00 800 1000 1200 1400 1600
H (Oe) 1T, (0¢)

B 3 ANTFIR R AR At 1) FVR 3538 4E K 300 "CIB KAE St UL HR 73 S
(a) AR R EERE i 0 2R FMR S0, 4l &9 400 "CAH 500 CIB KR
JERFBRIE . (b) 300 CIBKAES FMR FHEIRUE A 45 R . (c) 300 CiB
KFE A AEAN R AR P45 ) AR T VH — A8 FMR MR s B o I3 — A5 5 5 SN
Inorm = (I = Imin)/Umax = Imin)» F=H DRFEIGWHCREE, Inax 1 Lpin 70 50
LA FAS B KA e/ NSO B R R R I G IR0 5. (d) 320 K N
NIRRT f — Hees OHUR R I Kittel A4S
Fig. 3. FMR spectral evolution of samples annealed at different
temperatures and dual-resonance branch analysis of the 300 ° - C-
annealed samples. (a) Room—temperature FMR derivative spectra of
samples annealed at different temperatures, with enlarged spectra of
the 400 ° C- and 500 ° C-annealed samples shown in the inset. (b)
Double—peak fitting of the FMR derivative spectrum for the 300 ° C-
annealed sample. (c) Temperature—dependent normalized FMR absorption
intensity maps of the 300 ° C-annealed sample measured at different
frequencies. The normalized intensity is defined as Iorm = (I —
Imin)/Umax — Imin), Where Irepresents the raw absorption intensity, and
Imaxand Ipipdenote the maximum and minimum intensities at each
frequency, respectively. The dashed lines indicate the two resonance
branches. (d) f — Hgesdispersion relations of the two resonance

branches at 320 K with corresponding Kittel fitting results.
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