c019m W + %= {4 e oL

OB RO TR A esh )5

 EEEE
5 S
SR
T
b3k 8

5] 4E TR

AR LS

=

5 3§ #K &

X =

17 B e L =

Bt StE Fa AR ERERE
WP R EA G B FET

2016 %9 HZE 20194F 6 f lwrvr™ig




L PE A
2019 BRAE ST

BB 2 B AR R 5L 1 e ) 2%
SRR S5

fEEfE

S o M A

FREL b ¥

HRAmE FESHEETF

EREN ErtrBtETHPERE RS
L8 K 2 ' BB 5

FIFER 2016 4F 9 HAE 20194 6 H

—O—JLENAH



Thesis for Master’ s degree, Shanxi University, 2019

Experimental investigation of spin dynamics in

ferromagnetic film by ultrafast optical technique

Student Name Yan-xu L1

Supervisor Prof. Jing Zhang

Major Optics

Specialty Solid State Spintronics
Department State Key Laboratory of Quantum

Optics and Quantum Optics Device
Institute of Opto-Electronics

Research Duration 2016.09-2019.06

June, 2019



v OO I
ABSTRACT ..o e 111
B T e 1
0 = =SSOSO 1
12 A BRI ZZHE oo 3
BT BB IR ) 5
0 | = OOV OV 5
22 HERIB I oo, 6
22 L AR oot 6

2.2 2 R R R e 7

2.3 FABEIE BN .coooovooe e 8
230 FREIEB e 8

AR B L G T 10

B E Sl R B e, 13
B L Gl B e e 13
3.2 B TB) A3 R YA B0 RS oo 13
321 BEIEINGR IR oot 13

3.2 2 TER B BB oo 17

323 TEIRBEN oo 18

3.2 4 W TR R ZETR IR oo 20

3.3 RGBT T e 21
R oo s S — 21

3.3 P R R B e 23

3.3.3 XUF BRI B oo 24

334 MBI o 25

SHPE CoFeB/MgO SXiEEABIRBIER NDEFEMT....cooeeeee 29
O = =SOSR 29
A2 B HENE oo 29

4.3CoFeB/MgO 2k i JR R PRI AL 20 J12E M oo, 30



A 3L R T oo, 30

432 FEIHRE B FE IR oo 31

4.3.3 BEIZBRIE B A PE IIBEM oo 33

B ZINEE et 36
FERE ZHEME CraGe:Tes BIBIRBRENIIFEMR. oo, 37
o — OO ————— 37
5.2 BRI E oo, 37
5.3 2R CraGexTes HEERBEAZN 1M oo 38
= OO TO 41
B T R oo, 43
B A A HA ) B A A T R oo, 49
B e ettt 51
A B T R BB T B oo 53
gz Q2= SOOI 55



Contents

ChineSe ADSEIACE. ....corvmmmsmsvessmm s s s oS e s s s s I
ADSELACE ... I
Uhapter ] PEeTaCe oo i e s e R B S O A S PO eesnys 1
L1 INrOAUCHION. ...ttt 1

1.2 Article's STUCTUIR ....oiiiii it 3
Chapter 2 Overviewof ultrafast spintronics dynamics.......................... 5
2.1 INEEOAUCTION. ...ttt ettt et et 5

2.2 Ultra-fast demagnetiZation. .............cooiiiiiii i 6

S L B 5P 71 g5 g TSP 6

2.2 2Three temperature model...............cooooiiiiii .

3 BT P OB BIOE wwsssmssonresvesomsesnasssesmismsso AR50 RRA N300 8

2.3 I PIECESSION. .. c..iiiiiie ettt et ettt ettt e s s e e 8

B 5| 115 (11 T ——— 10

Chapter 3 Construction of Experimental System................................. 13
3.1 INtrOAUCTION. ..ottt 13

3.2 Time-resolved magneto-optical Faraday effect.....................oocooii . 13
3.2.1Magneto-optical phenomena and theory...........ccoooeiivieiiiiciic e, 13

3.2.2 Faraday effect. ... 17

3.2.3 Kemreffectcm i ssisssssasms i ssoossssmos s ssaois 18

3,24 Timé-resolved plmp detEetion. ..o 20

3.3 System Design and Optimization.............c.ooii it oot 21
3.3.1Construction of the measurement SYStEM..........c..oooevvieiiie e 21

3.3.2 Balanced Light Bridge Detector..............ccccooiiiiiiiii 23

3.3.3 Double phase lock amplification measurement................ccoveeeeveeerneennn. 24

3.3.4 Optimization of space-time resolution................cccoocciiiiiiiiiicie 25

Chapter 4 Ultrafast Spin Dynamics Study of CoFeB/MgO Thin Films....................... 29
4.1 TNIFOAUCHION. ... e ettt ettt e e 29

4.2 Static Magnetics wow somsmsmmm s sissssssi s s 29

4.3 Ultra-fast magnetization kinetics measurement of CoFeB/MgO film................ 30



4.3.1 Expenimental methods...... cooosavmmn srmossimmmm s 30

4.3.2 Effects of pump energy density.......c..ooceriiieiiiieiiiie e 31

4.3.3 Effects of magnetic field strength and angle...................................... 33

4.4 Conelusion o this CRAPIE. s 36
Chapter S Ultrafast Spin Dynamics Study of Cr2GezTes...............ooooooii 37
5.1 INedEl O e T T I T 37

5.2 BEAC MABNOMES ccsnumouusnussssnssmennessssesisssassssosmss s s s i 37

5.2 Ultrafast Spin Dynamics Study of CraGeaTes..........ccooooiiiiiiiiiiiii 38
Uhapterio ConCIUSION: e s o s s T S O e o 41
L OO — 43
Research achlewemients. .. qoumnm somessms s s s s s s s snss 49
AcCKNOWIedSIMENT .. .. ... e e 51
Personal profiles............... e 53
Lietter oF COMMUIIMBIIL. ... ouwvmmssmmmmssmmmmmmsvmmmssemv s s s s s s s s s 53

AUthorizZation StAteIEIIL.. ... ..o e 57



T

PICHER

(S BRI R AR, HAE N T N B R 2 — 7 B R A AT £
W8z 20w 2 R Wik, DWWt RI A BT B AE B8, il iEiE
FERINE e, SEIMEER A7l BRI E . B ES SN H DR R =R H e T
FROETA . WS AR A R E A B e B A7 A o A W b4 572 L0 5 e i 1 R
BR. ZEME B AR A EACFE R IR, N 1 SEBN AR IS B K B PUE AR, AT
Rk A R R R AR AR R BRI sh A, 432 B e HiL T 2 AT 08 ) 99T .

FEB AL Pk v IR s B A T A A e AV T ok B P TR A B A AR PRAR W I R FE
AN S I REA A AN A AN A I R o T RATT H A X 1 A A e PRt 18] ROEE () B
BEAT AR N R H A B RGIRAN B Bk, 8 7 58 R 16 i it 7oA se B A
RAEREA B SEBRN . FRATTTTRE T AR SEUG KB 58 PR K O U R A4 B Y
H s 71t e . hAh, —4EJufffE (Two-dimensional van der Waals, 2D vdW) H
AR T Hrh S T RR IR 7 RST P AR VR 2 8 A B BT I RAF DA SE e R,
M2 2 BT E R . AR MEAR R b ol 1947 A BSR4 8h 2 F A 1
AR, A POGE R REGEE . 15 DR R T 4 S A A o B 1
MR A EEE .

N7 IR ISy F

(1) o T 29 - 2R I o' B R 8 57 1 AR TR iy RS I I TR S FE VR L 5 e By

( Time-resolved Faraday rotation, TRFR) Rl &4t . 1% & 18 1 "D ki sz
T PR SR ISR 7y 22, RAEGDERTIA R0 2pm 1250 7 #E 28, LA KOT DUME
BEOUCER MR SWS ML . SRz G EER T X EE#E X R 7N
CoFeB/MgO Skt il it 47 1 Bt B e 8l /) 2 M S 3 Ak T AR &8 1 o] JE 1R AN 23 40 7
BE /7.

(2) o FH 48 2 0 IR IR) 20 B O C 2 3 - SR A R SR e e R &, REillE T
CoFeB/MgO £k i 1 5 44 oG U 0 B e sl J 77 7, W3 1 PLR I M H e
HWENE S, FFUEA T AFEMEERESE. NN F A N B heldt a7 Rl
T AR AR BELJE I S o SEIG S5 SR RE AL i B 5 Bl S e g i Rk T WIE - B G 2%
-7 /R1A%F (Landau-Lifshitz-Gilbert, LLG) A2 (G 1 HARIEAYI & . ILAMERT
FEaniBREME T R AT 74, MR T HEwE 13h 1) 238 4.



R AE B RE A TR B ES) 2 R ) SR 7

(3) LEAMEHTTE 1= CraGerTes fE NFFIL 2D vdW HEMEM KL S REVE S HE
ENEN EHVIESUR

BRI IN I) 7 B REL D CVE B B RN XS - R s R FRES) J1%E:  CoFeB/MgO
T, R R AR

I



ABSTRACT

ABSTRACT

With the rapid development of information science, spin 1s expected to
break through the limitations of charge in electronic devices as one of the
intrinsic properties of electrons. Therefore, spintronics, which studies various
application functions such as data storage, logical operation and quantum
computing through regulating and manipulating spin, came into being.
Magnetic materials are constantly being proposed as higher performance
requirements as spin information storage media during the research process.
Driven by high-speed and low-cost information storage, in order to achieve
faster control of magnetic moment motion, the study of the magnetic moment
in magnetic materials on ultra-fast scales has attracted the attention of
researchers in the field of spintronics.

Ultrafast pulsed laser can stimulate the phenomenon of ultrafast
demagnetization and recovery of magnetization and precession of magnetic
moment when the magnetic material rapidly reaches the non-equilibrium
state. However, our current physical connotation of the spin behavior of
magnetic materials cannot be systematically understood. Therefore, in order
to complete the theoretical research and practical application as a storage
material, we carried out specific experiments to study the spin dynamics
process of ultrafast pulsed laser excited magnetic materials. In addition,
two-dimensional van der Waals (2D vdW) magnetic materials have been
observed experimentally due to the many quantum phenomena in which
quantum-restricted atomic sizes are generated, and thus have attracted wide
attention of researchers. In the process of understanding the behavior of
electrons in the system and improving the application value of magnetic
materials, the study of various related physical properties such as optics,
magnetism and electrostatic regulation 1s of great significance.The main
contents of this paper are:

(1) Based on the pump-detection magneto-optical technique, a

I
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low-temperature and high-sensitivity time-resolved Faraday rotation (TRFR)
detection system was established. The platform achieves a sub-picosecond
time resolution with a femtosecond pulsed laser. The focused spot can
achieve a spatial resolution of approximately 2 um and the angle between the
sample surface and the magnetic field can be arbitrarily changed. Ultrafast
spin kinetics measurements of CoFeB/MgO ferromagnetic films with
perpendicular anisotropy were also carried out at room temperature using the
platform to verify the reliability and space-time resolution of the system.

(2) Using the time-resolved two-color pump-detecting Faraday rotation
detection platform, the system measured the spin-dynamic process excited by
laser in CoFeB/MgO ferromagnetic thin film structure, and observed the
signal of ultra-fast demagnetization and spin precession. The effects of
different pump energy densities, applied magnetic field strengths and angles
on spin precession behavior and Gilbert damping are investigated. The
experimental results show that the magnetization precession frequency is in
agreement with the  theoretical calculation based on the
Landau-Lifshitz-Gilbert (LLG) equation. In addition, the spatial distribution
of the sample demagnetization signal was scanned, and the dynamics of the
magnetic domain were observed.

(3) The static magnetic properties and ultra-fast dynamics of 2D vdW
magnetic materials were studied. The Gilbert precession in the ultrafast
kinetics process was measured, and the LWG equation and its derivative
formula were used to fit it well and the damping constant of the material was
obtained.

Keywords:Time-resolved Faradayeffect,; Two colour pump-probe; Ultrafast
spin dynamics; Two-dimensional van der Waals magnets;
CoFeB/MgO films
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100 Gb/in?. [EINF, {5 BEAFAE R E FE A AWINIR, Wi I 2h 28 ) Bk sl £ 0 &
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PR PR LR B B R AR (S BN BT BRI E RS 1y, M SRI T
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FHE W B IR R TR & FE[10]. FIAMRAMA B 5 A7 i 55 FE Al T Rl 17 i 50
[M6E ST A R ARTHFE LA, XS MRAM 723 E B ARMAEH Hm g . —
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MTI) FIMRAMAL 570 7547 EAH IL 8 B 0UE S &g . EE AL A2 (Bit
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JE A E A A B Sl R A 2 S B R BRI, B RS
FRYINEREIE ), MBS RE ST, AP KRR SR A BRI, B
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MEEE R e » B N6, BGRR[0 77 ) 5 58 i3 77 10 7= A
Ffo

anEl2.650 BT PR ASOIT B, HEAEMT 58 A H B o« 7 107 AR T2 K



BRI 2 B A R A NS 1 5 0 20 e 1) SE B0 A

PSR BES), MR BOAR O A T e EEEER, IR REZ) 10ps.

M T ROGIK st RS AR B, A ROAEPIG T MIRE (E2.60) » BRI
PR, (E AR RE 2 1R IR 52 21 P BL A B e dies B 1) 5t T 18] (¥ 710 240 K5 BBl 58 Hene
J7 TR SR B 1Al X LT IR 1) 7 BG4S 5 I 4 R rh T aa ™ AR IR R Y
JMITEIR A5 S . AR Hrn] 15 2R AL RO PHJE R %L

HC 1’6
(a) N © Hy. ©
0 ‘ //’9' "
M! ~° H eff M ’,>ﬁ

B2.6 R B atseiE SRk E T & B
232LLG Hig
W — MBS EACTIRE R BV 2RI X . 7R X Se /N X3, b
S FE N AR 510 o X TR AN Xk, WEIE 3 v] DL 2 i b B . i
WA S R A e T (E2.72) , MEh BB C R

L=m/y 2.3)
Hrpy el . fE4MHY, HHEREE T A
T=mxH (2_4)
A sh R ] SR A 2 TR, )
b 9. s

BH27 #itds (M) £ () XAMEMGFEIL T4 (b) AHEMEMGEILT B2
(H) #yt5h
Sehr b, SBERIERMNAE R HaB K20 s, HHREEEENE R, ik
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S5 ER A besh /oA iR

i, HEREMZITLSRTFIMER, B—FH.
dm
— =ylmxH |=yT
a (2.6)

BT AR B R A T R S8 RO Hea ) B . Henf RIE 000 (2.2) BRT 5M7
Hext» HE TR HEE R A B RE R o I — DR NBSNE AR ZERIN To 1FHIAE
BEENR) m b AR AR B [ AT A HGA R R AR B B, ARG T [T AT T
R 17 o] Herre

T, C{mxi—?} 2.7

HrpCAFEMER LUBIH 2L, R E LB BEH AL XA, AT & MLLG A &,
KoM R KA EIER 7.

(1+a2)%—’? = y[mxHeﬁ] m[mx(mx]{eﬁ,)}

(2.8)
LafR ANHIIAE, KT AR AT LLG A RS A N5 B [28]
om a om
—=y[m><He_ ] {mx }
ot |m| ot 29)

AR (2.9) BRI FURE b E B0/ X kb RO REACSh AR . D 70 1 [X 3
f 28] RUSF TERR AN, ) X3 B A e e i A i A R EF— B

T AR b RO RORR, SRR A s — SRR L, BT A Hee SR AR
FEM,  BCINLLG 5 R U JE A R TR 1SN )5 72
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SRR S FAR BEAE IR B Esh 71 2 RE ) SR 06 0 7
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o E SER RS

3.1 5l5

PO R B E R BOG S 1R T BRI A RE A A5 B AN AT B ) S5 5
T B A ST I TR P B AR It CoFe B/MgO Rl 14 7 Ji o 3 AR 7R AT Y6 2 R,
A LR 1S 28 B RE S o) S PR A RS R R B e B ) S AR O e A AR R R BH
JE B 7 & 1a) e A 3 5544 R I e I

A SO0 WA R R R TR ) B €SNy E AT, R B TR R [ 23 R A
55 e ¥ (time resolved Fraday rotation, TRFR)$: A FIE G 7 /R i A (MOKE) .
TRFRPAZZ - R H AR AL A, 3 2230 56 1 SO A L= A I P A 1 E i {5
BT RN o @i A G RRON 5] A R ARAR T, ) P 4 A R DR DN E s R 7 1) L
B R B REsh ) fE . dhah, @ BAME SR B RS A R, FRATT AT BASR
15 WA T A R0 R [P 28 1 4 I Wk T AN SR R R EE R . TR AR 4
I B A U ST T B ) S R
3.2 B[] 3 #iti e AR B
3.2.1 A& KIEiP

Y5 R B BAE A 2 B YRS R, i R B A W T A . HL
SR S RE AR A AL e 2 1) (X A A LA = AR BN o 33 5 A R A A7 1) L
R T EEAEA, RGN R R DL LS T B R s B e HUE RS TE N
(1725 RN T R R SR T SIS R

B3l &HFARGUTTER (£) FRBEALREAE (F) « NTEAAMFKE, Hoiymil
5| A2l Ik d &Y e 4 Foog i AR [E] AL .

13



BRI 2 B A R A NS 1 5 0 20 e 1) SE B0 A

1845 4, Michael Faraday &I & P iRk 6 AE B A R € Widn 10 B R AE FEIE, H
%I ] R BEEE 1, TESE 5 Wk R /ANDGLE A Jot 4% 48 R B A 55 [30]. X2
RPN, B KR TR B E DGR . 2 )5 1877 4F, JohnKer
R 5% 1) A M AR ' PR et 41 T L2 AN — SR 5 v B2 A R R 4D 29 THT S ST IF Y e 2 B A ol /R
BNL[31]e XEERNRE T SHEA I RIVE A B L A BAR R . LR IER S RN

DT IR 8RR IE B o — PRI B PR o AR T H R B R, Bl 2 B TR R
(GRS

LRI AN E G €T MR, BEEH T M EA B REERE, 7] LUE
B, ATRATLR AR AL I ER T LAEAE 2 A~ B A 2 & )8, B ZcJe Bl iR (LCP) Al
fiiEE IR (RCP) , RIEEL=Er=E/2 . H—F M, WMiEMIRNETLIEERZLPA
SAE IR RSN, XA R I R AR MRS CnR A o& 1
S, MR 2R B mIRE)) o B2t Imdik ot 28k th B B i 7 A E 1E
SO TR, T AL AT R R R B 1 . SR AR AR AL AT BLEAE 2 A AN 3]
Pk 7> ELCPHIRCPI &N o

B 3.2 A6 BT
TR, LCP HiIgpR S 3l o 1 B G2 [ 52 1E b O 22 e[ R IZ 3, 1 RCP HL3% 3K
s FHEANA R izs). BT A2 2 0 I 1 £ B B 0 BT 57
f, AR BT IR IR RN BRG] T R ) HBERE e AE R T Fa, IELE T
EHuER 2 (Fa=-kr) » HEERARIMEMESNERT, 248 FHEs)HRA
T HUE RS, AR rR:
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HoE R RSEE

el /2m
2 2

G = (3.1)
Hh, o2 S ASE, m LB FiE, H Ho =k/m, M EE B (o>00).
E IR, e REAREA . BT HMEIE PSREHERFEE (P =eR)
MIEEL, HP=NP; (N =R AAARPERED , FIEM D =cE=¢E+ P HIZR 2,
A H B e Fm N

R L
el +krm =mor, ==

oo 8(1+Ne /2m£0)
0 (3.2)

HREF| n? =er=e/eo (= 1) , EHEE 7o A0 [RIAR A0 H fd 20 2 i DL D AH AT B 3R 2
[R50

NI B IETT R IN RGN AR AR, BRI AR ZE TR 0]k
BERELEARE B FRER (B 3.2 . Fit, BRSNS WAEERE
RS PN

eF [ 2m
(0* —o," FoBe/m) 3.3)

ek, . +kr, , teor, B=mo’r, ,=r, =

DRI, 7 T (R s 0 9 R A 8 ) 41 35 A 8] 190 9 H 5 8ORURE 2 ) 3 3 28 e A0 g 722
AFEE, FEARMERER. Ria, AOUREAFITHERS L ZE, Pk
PRI BAHNZE A= (oL )/ (n, —ny) - FE AT AL R P A [ i % 73 B2 SR A,
BRI ARE, HARIRTT AR T 10 LA E0=A0/ 2 Jie ks . P31 oo AT ng
A LLRIRN:

oo D O o

’ o —o,” FoBe/m (3.4)

5 Ne /2m8

ne=lt— 0
o~ (3.5)

@B 1

5=(?)(w2_w2)

o (3.6)

o = (1 2)E
’ 2 (3.7)

0=2%n —n )= ~ __IB=K(w)LB
2c( 2 %) 2c  2mec o’ -, @) (3.8)
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R AE B B TR B ES) 2 R ) SR 7

IR BRI R P RRARN LR K RE IER RSN AR, ZNSAER
THOEE (MO) MHtd. RIEXAN (3.8) , e MEOS N KRE B &
Lefil, HHE R L ARl /G, Lol Ok T e (bl 2
AR N YE RS Verdet HHD

SRTMT, CERTE 19 AR, ANTULEZ RN i 2 P AR 3 1 AN 3G A T8kl ek, Bkl
PR B HAT 3R K MO 8. LISl T BhREar Bk miAh Rl o0l 5 21 1 Jig
A B (A R0 1 RN T BE S EUE N 102 ~10° T R, ZERRBLAH R IR, 5%
£ 3.8) H11p B UAIHLA B, B=Bo* (1+y) , H¥ Bo=poH, ZHTH
RGN SR, R BEAEER (x=poM/ Bo, M NHEL) o FEBREEATRIIEIL T, > 1,
B3] B =Bo *y—pwM, Kk, XARNX (3.8) RPAXMIERLT, emEs L s
JR IREAL S M R L f81

B VR0 0 5 s 2 M AR G AR P [ D 1R 2 2 ) 8 NP B R ALY, SE B
FEWA SRR A R A AR G PR 23 B DAAS [R] 173 AR 1 A
BAAFRMBRAT AR, SEOERERE GD A 80 L2 AR R
RAE, FEURIM Y, ELf Er AT, X145 2 M E s E k. R,
ProF % o, R AR BARMSH, HHTLEd RS (3.7) KToR, M TEIH
BN, n*=n+i BB, @D ZEEA IR T B 1R,
T ELE B T F AR T A I E ], w=k/k (k2 HAF PR RE, wielt
BOREE) o SR, e IS AR Quuk, H Q #RA Voight KEIF H 5
&R B (B M) bl [ER—RME, ERF wBMIERT, &=QHH
RIER RN (6) 5 BRfl, mxHX (3.7) ¥ EH6].

B g S n(lilQ.uk)
2 (3.9)

n NEFATE R, HIEE T RS H S ATR I R s B R AL . BRI,
W ERMER FERE:, FHXRA (3.8) iEfHF
rln

0=——=~Qu, =0, +ig,
A (3.10)

Sorbe AR, IF Ha 2 thSHRICIOMRE. MriEat (3.10) T
(A AT SRR Q e (BB AR, LU AE A NS R AR o7
ERIGACRE, DMERE 0 Rle.
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HoE R RSEE

3.2.2 FR BH R

PR, AR R RO AEFE L B A WAL R 7 1] B0 PR 37 P A T R 22 5 D
RIS, w2 froc. Bk, ks SN RABE RS iEk.  EHRF R
i, BEdee, a1l s, Wi 3.1 (a) fiw, H5Wb5EE B fff i
FE 1 BIE b

1
¢=VLBM=KB 115

VBB AR, SR T AR IR, TSR RS KA
et 1 L QLU T T HG NG 010, SF FLERIRIRDL, 30 57k
R ER T AR,V AE.
FEBATIIOWIR T, Z 007 AR F AT (R (LA CGS S 7R)
2t

V-D=0
(3.12)
V-B=0
(3.13)
V}(F:la_D
¢ o1 (3.14)
Vx§'=—la—B
¢ Ot (3.15)

Hrb D ZWAIAE, BREBLERN, HRZHY, B2, Hhufmanilx
BT AN R N o LR AT RE RS, 5 F R 5] RS KN PR R m AT oK
WL LR R A

D=E'+4z) N,m (3.16)

B=H'+4z) N,u (3.17)

Na RS a PERERLAR > 78 Eh BEGHSAHERENTE (Saé-
XY, Z) 7\%

my=a,E' + B, H' (3.18)

My = Yo B g H, (3.19)
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R AE B B TR B ES) 2 R ) SR 7

ooy 4y il B AL AR AL BK B, FE RS AN H g s, H
M, Wik E LIS A

&= %s seg Llg T (3.20)
T =X . Bmg Hyt (3.21)

BRI L, 3 SR R ()R IR AR N
m =g, E'+ f, /' +0‘(n( )+ﬁ(1)( ﬁ) (3.22)
p=?’(o)§+7&o)ﬁ;+?’m (EXI?)JFZUJ (]?X]?) (3.23)

RIEEIT 0, BZ T Hr=H77 el

f, =1 +27rza N, {05(0)“ + X0y FiBoy Ty +[ii05(l)“ +igy + By~ ]H:} (3.24)
HEWEHR O =¢-i0=0(i -7 )/ 2 &, HhofM R EASHEREE.
p=w(n -1 )/ 2c RIEFBTERE, 0 =0l —Fk,)/ 2c WAL, & X ERR R — 1A
Mo Wik, BB HRENX, 7 TR IS H

NG {—ﬁ(o)a +7(0)G +|:a(1)ﬂ s Z(l)a iIH:} (3.25)

ARif oy, F g 53 IS NS 60 I RS BXA H R Le], e H 25 st i i
MG FIES . R, 2 &a (0) >>B (0D, y (0D, % (0) , a (1) Hz;
FHHo (1) >>B (1), y (1D, L (1) fiL. XEXRAFNR (3.24) LN

n, =1427) N’ 5]
VR E AR SR B AT 3, o o o RSB AN RE 020 00 B2 T4 8 n IR K &
. sAh, B (3.25) WHL, ARBOLHEA:

2. a a
lfwzaNa {ﬁ(o) A } (3.27)

B, 2 B,y FEERS, 2 MBIGAIRS), 353 B SRR & i (5 — A
fig s tE[13] .
3.2.3 /R

TUORRUNL, LR PR A AL AR A ERESAVE R I & @R bR ST R H I
S ) R HRAE MR, I EL iR e S aAe MR 0 ) B R R bR .
MAZYR (ZESARD AT HIE - PUBEHMHIAEHFMAE SRR . RHE M 177 (&
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o E SER RS

3.3) , MOKE 3 =# LT 45th: thetk, Hhm, S, JATBAHE, e B
I & = Fh MOKE #3121,

sample

longitudinal transversa

polar (meridional) {eguatorial)

B33 ARLRUT, A: S ATFHSRBE, CHAHME. F: FFAEERK
B, LHATHE, BLEEREFLLENSFE T, £: 2ETAMFEGELRE T H
ERBE, SHRAFE EETEMOLREEAZAE KM 0 F A

R B AT WG TEE S IR S, Bk Po MR K /£ 2 S fe il F f H
NSRRI b, R Er ) oce™™ . ATNA THAE D f 5% H
FHE LK B.

Vi, je{L2.3},D=¢E =2,5,E & D, =2,(0)E, (3.28)

B:/JH=/10(H+M)<:>‘B: :/uu(m)Hj (329)

Hrr, e, e Mlpsr sk D R, MRS SURER NS
R TR A AERETE A B L E 3 % o (Landau 150D . Bk, RAMERK
M= 10, Hrhd 2 Kronecker £f 5. i/ ER), 2w fEm e
e

V.-D=0
(3.30)
VxE=-3,B 331
VxH=j+8D (3.32)

R j B E RS RIKE, 6:j=0F jﬁﬁs'=€+i%f€>‘iﬁ’i&ﬁ%ﬁ§i, Fi

(3.32) fiTAEHk

2
L Vx88=0,j+6:D & -VxVxE=0'u,(iZ +6)E S HE—(kE)=2¢'E

Ho & g (3.33)
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R AE B B TR B ES) 2 R ) SR 7

B Ja — A A AT DU B B S RO

o . (3.34)

(3.35)

HL A 5 5K B AU R A S e I8 5T Onsager FIBIER R : &' (M) =¢" (-M). fEz

B M LR AL T, RS EOKEA:
e, ¢, 0

g=|=e, €% 0 e'xyei R
0 0 &'

(3.36)

R TRLE 0 hAE R R, PR — e e, (BB =0
n=0) . M EHER (335) PRKEBEEAREATER. 5, T
BB, =i, = 1B, . KEREEER N BA R LA 105, KU
5 n A n-fEdE. A

D, =u}(E +iE,),D_=n’(E,—iE,) (3.37)

Bt I S MG T . RIS 3 B RS I 030 5 2% A R 4 B (1 s
A p BEFEE R B 20 R 5 NG T IE A B AT I W .

FE 3 g E
.5 ’Sp }SS 1,8 (3.3 8)
Ejﬁﬁﬁ:%ﬁ Okerr %ij%jjﬁiﬁnken FH 5 %%H |y j‘%iéﬁt

leri‘,s = Re{}:ﬁ E Ukerr,s = Im{rﬁJ
s » (3.39)

r I
Brarp = Rc{ | e = Im{ ;’”J

Top "o (3.40)
3.2.4 RiE] 43 R i ER

PR M- RN B AR A PR e A B 8] o F ot 0 b e ) N FH 22— [ 7]
HIATF PR A A AE R B A K BOGAE 9 R DE B A B 5 b, BORKE b

~
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o E SER RS

EIRT A R SR D e B RO AR I I8 i SR £k (Delay line )
SEMCEEEMRNFE — & LB A SBR[ 5, 3R BAR X IE IR I 8] 55 At,
PRI e 5 BB ER 73 3547 1A EHE B e (s SR AL IR AR R AR, TRIFHAT]
T L AL B e B I TR A S BRAE D2 BRI R R 2 BE R . B 3.4 & — N SLBLIN [
O AR - PRI SR G 1

B 3405 #FRd - MR E, AREROPERAZIS R ¢ 30 A Mk 78 T 320 o) &
Widsbde £ T ANES (Voigt /UM) , AR ZLZMITiHs. REMNERELESFALRK
B 5| A2 6 AR M) AR Ak T @ 69 AR 4,

3.3 ARGt 5

3.3.1 MERFRIEE

BT ISR A X AR TRFR AR M6 /gt 1.

F40 0 B R TR IO D6 YR D el 36 [ S i A B O m) AR T RO 1 A ot A
( Spectra Physics, Tsunami), ;=4 HFU0 i< 770nm, kb 55 B 150fs, 55 H 4% 78MHz
(k. O bk — &8 21 I 6 A H i D O R B R . T ) —
BB O NGB G TG LT (Newport, SCG-800-CARS ) A g 4L 1% I3 o JiE Ik
Fr 2635 O K 820nm (1958 ik ip SR I RE s o

FGEAE PRI ) RS FE 2R 1 6 SR ISR 9 SO AR X G FR 22 DL 58 1 It
[0 9F, 2BV G KRN 1.2m, @3 &6E R VFAHXT I I [EAt £ 8ns ¥ [H]
TEA A . ST & MPERE)TT R 5RO 7 10T, XL 61
N FE DGR B AL E R, ARG SGE T OURE S LS ERA
B DL R 2N BIRE S AL E

% 50:50 7y 2% 5 L 2R 1 FEIM AR Y 22— 0 TR B N £=7.5mm, NA=0.4
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R AE B B TR B ES) 2 R ) SR 7

(9 22 1 B A S AR AE R AR T B B JEUNHE B IR o e ZR T D6 3 IO 4
e of BT A R B SR S RIDG AR X B, ST HOGLERE b BRI
wAEA B CREEEER D .

/ / fs-laser

supercontinuum
fiber device PC balanced
s filter detection
pump probe beam s-wave p-wave
[ Woll
beam chopperl:l:l:lE 80Hz REF IIock in2 pric;r?ston
IIIIE 10kHz REF lacic i1
half-wave plate
mmm POariZEr magne‘ttjc field
1l sample
/\‘ . . I,. L e
50:50 cube lens
x-y-z stage

\\ —=)| =

time delay

B35 A hFdELdnEEEFER

FF i [ 78 12 325 1E i 5 P AT A e e /A BERORE B b o el 1 U 1o [ 5 dn 1)
3.5 i, Wi G -650mT~650mT. i ek e 5% 4 6 AT Sl [ e 7 [l 3% T
P SAMIA M J AR . BRI T 24E 90K PR 6 L, B AP SRR
F 328 1] AT S R BE i DCOIRMOKORS P2 (032 S F e CR A 2) o [EHiR SR
FE Y ] 4K £ 350K LT

ﬁ#mﬁﬂ%ﬁﬂ%¢ﬁmﬁﬁmSﬁﬂpﬁﬁ%%ﬁﬁ%ﬁﬁ%ﬁﬁﬁﬁ%,
I e Ak A U P DA BRI A P SRR D B A0 T PR I B R A 0 Sl NS G AR R 28
A B .

JEEE L IR SE AR 43 ) 22 H B i A5 34T 10kHz A1 80Hz )78 52 i i,
e PR b MU BE AT AUM2 U R T DAME AR PR ASOGHUE h  ERL B AR Y, IXRERE T
AR U o) ARORT Y R I R A R BOR, KRR A E MR LR R R E T
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HoF LRREHEE

0. (1) oc S(1)» ZAF T HIR WL 1 FF db AL OB A7 [ R BEAE AR 1L .

H, cryostat

T X-y-z stage

l

. sample

lens

balanced

50:50 cube detection

Wpllaston
prism
polarizer mirror
B36hTrRAARZGHESamE (@hT6) LFMNERETIRE
HeTHEC TR BN X i S HEPE T R G K 3.6 P . BRIDE R4 Hv2
B AT O EEAK 22 TR AR B A R S R 25 ), B R B AR A AR A R
I, A SEARHEN 53l 75500 v [FRR R rR AR ds b o I 2 4 [ 5 T 1) R 3
Y0 L AT DA B il BT [ 2%
3.3.2 FEEHFIRNZR
RIS B a0 3.5/3.6 Fiax, Zore ol Ja DRI (1338 5/ SR 8 73 4 TR hr B i e 456
73 PPN TR 77 [0 AH T3 L) 735, 49030 AP s IR 23 (1 AN 6 A R .
i@ % R S0 WA 5 T TBCE I 2 I Rl T L SR R e R e o R 4 B AR
B RPEPE . PRINES ALK RS LG 5 A FRHUBOR#R 4 i FELUR (S 5 Ua #1 Us,
IEHCT PG RVE AL OG5 1o A Ise XY HLBAS 5 20 AIMBURGERIZ 5, X N ZEES
N Usig=Ua-Us, HJEHFPE Usir=00 38 Sl 75 3 4800 ' 328 3/ s 338 20 0 D 41 1 ¢
HEAmFEI, M2 AR, Uar0. AN T A AmIRER DG, 3% 67 e sr &
A g sy Tot Mo A M [F BRI MAHRE efrie, & MAHXAHAE N 20rk, BRI LL

" -1 ; b —
7’9”—“, | Ex A1 Ey A AR
n

(&) )]
E, i) nEl - (3.41)

X Ei=ePEy2, B/ GERM ALV B, A FEER .

23



R AE B B TR B ES) 2 R ) SR 7

1~ n e—zlﬂF,K ot

1 — 1 1+
= =\2ER £ Ly =E (1+1) "
E, 2)1\i) n+1 —i 1= 157 1200

—l—€

1+7 (3.42)
TR S 132 59/ S B 3584y 2 1 Rk b a2 DUJS e O SRR R M B &, A
R E BT SEH A0 B GEER D, B Ak k. RS LR
BER:

2 147" +(1-7")sin(26,,,.)

Iy = ZOE:Ex =4Z, |E1| 1 2
A+m) (3.43)

il 772 . 772 )sin(ZQF,K)

I, =Z,E,E, =4Z,|E|

(A+m)° (3.44)
MM ZEES . AE 5 RIENK:
Ly =1 -1, =82, |E[ " sin26 )
‘ 1+7 (3.45)

L, =1 +1 =87 |E[ 1;'72
(1+7) (3.46)

o, Zy =y ! &, =376.7Q 52 B2 H )5 4 FOO - [t ke e AL, BT

VE B 55 R e f0ec =0.5 mdeg<<1, 3 ITLLIFR sin(20px)=20px, H LA FEA[HI,
T LR HE P Lo BLEE B T R R A TERE R
3.3.3 WEHEBANE

RGN BLAE Ik PO BROR B R AR R i3y, B4R 5 BB SR B M v e
/TR BN o A% B 1l AR th MU R =N BE ) B IS SRS SR
LI RS o, T DL RGeS 36 AT N IR 1 R e ik BB/ T R T B AR s S Bh T B
TRORHA W B B AR T B0 2 s 3 ' am it A2 A

U AR — T I2 B H T = 1 56 7S B0 S0 i es 222815 SRl 3
B M 32 2 10 BhAH SEORS I8 B O R F AR U 55 5 H AH R AR B X R IS5 (5
SYEAEEEAE, R8G5 ARG A 5525 SR (BUEHD , [FAH RS
FE ISR NE, AT S B0 MATUE, L DR R 2 00 o) T 5% M 7 St v A 0 SR B8 T 5 M L 1

S F 40 SR FBVORH TR I (1) A s 3 7792 2 1 B misd #% (Optical Chopper )
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HoF LRREHEE

XF PR G EAT — 5 AUt o o A ] o XL ' I R BT Ul i Ja T D S B ' AR TS Y
JEL S AR A, 5 24 S R AL 2500 25 000 381 1 A2 3T B TRA U 5 5 P A BBURH T K 28 P R 5
LA o - 100 R 308 L 2 18] ) B ke

RYirh, FEIFDG KR BT i 25 10 9 E R AR O 10kHz,  #RIE N — GBI K
Kés, VA HWBHETHE . I kb X i i 5% 18 ) O i 1) 18 /1] 430 2 80
Hz, {ENZRBAHIBRR SRS HE S0,

el rh B IR B R DGHE N BRI 25 2 B AR TR B, X AR BOL S
ST AL i 2R T P 32 S/ S 23 0 e Bk e At e 2 o R et 2 Y R A R A e 1
B SRR T o W FAAE SE PR B G RS R AR, TRMDGHEA G R I 25 2 A
FICEE P IS IPE B F, XA AT AL FE A8 F D6 5 7 VR DE BRoRg N ' e RN 5
AECE, HERERE T, RRETNENERL.

3.3.4 R SR

RPN EAR T, N 1 REE X SR el 77 2 R BT 2 3R, X%
SREGEH VAN S 1 B A /N T 3R B 7750 Fo 5 0 A 8] 1147 o L P Bk i 98 2

XRIAEXT RGEHDGIRIR T A R S E BT R . WM BOGES TR
TRFF AR ESRMICIR . A R G 6L A BO6 s 9 35 [ S i W 8 w) A2 7 [ gl R
BREABOLEE RS (Spectra Physics, Tsunami)

FE— U R — SR s e it BRI SEAIRIN R B [ — st el o i s
PRAF . EH IR R HOG IR/ T 1 10, S AT Ik 728 i R0 D 114 T 28 SR B IR H X
B PER TP HFAHEBRP AR w] Lok B 4l [F 25 J5 P AN kb oG, el fr
IEFRDC S HNDC IR . RGOy T 35 4L BHREAT AR T —Fotd.

FEFE 1 1 BE LR PR AL A% T & F ORI P AR JC IR S, AT LATRCE TR — R ) S
b R A EER], 58 GRS B FEROKHS U0 M8 B AT el A8 K th — 30t
IDGHE, MTTIE S B HOG AR XTI ZE fs o0 RE B FE ) 238 - 0T i2F 65 R g FH Rk
T fs ERNER A sl 71507

RT3, ARG, 7 0] RERR m S EIRE fh L P HOG 1
S 1) 20, ATVE 23 SRR 0 20O I 1 00 A4 A2 938 Smm Bk A 9 2R3 06
Pl AR5y WHHE TR . XA Tl Aot g rhBO ik e 1 R 9843 3 TR K
WRRE R4, (645 PRAR AN 3 R v g 8] 5359 AT 4 03 7 B ik B I b B 2
{EL IR I P SR G 98 A 22 R T I i s — SE R BE S T O R SR AR, WM A T
NA=0.65 (1771 02 M08 K 58 BOSOE AR FE bl 3R 1 [ SRR, I BN BN e T R
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Delay time (ps)
B3.7 Heikil s A b B A B L R R AR AR AR ek

SRR, e AR AR A KRR R PR T ORE S A RN, BV AR
SRean )7 ik B HTieRe . MOMAE 2 J Bah A& b8 H T B35 B ik S5
BRI, R AT IR R R A 1 T YR SR AR P RN T e RS2 ) L i
K7, BRI RS D EEDOCARE B0 S K BOE R0 2 R K7 A
LB R S R N 3.5 ik, T AR OEOR,  E ARSI AR bk 98 2 D150 fs .
X TR, s 7= i ot 22 [32] 11 5279 22 = 820nmr [k 7 5 £ 40.98ps,
BRI HEAT BN 18] 53 35 2 80.99ps, 5 E3.8FTRIB#(E 5 BLA HORRAE IR AR, 1%

R AE T 1) BH S5 2R T A R e A5 RO AR W R R AR I 1]

0o 1 2 3
Delay time (ps)
F38 R BHIAZFHHE XL FRIET0p
Mo T2 [\ 70 9, FATH R RBEAL 8 /1 AR R &5 F 48 P s (Al A f e =
B 1 NI R I B IR C AR B, 15 BRI G IBUACT K A I TB] A
A ARAY o« E PR RO ARG IS ZEAC=0 I, 30 4R s A B (1) 5 R0 27 D' AE 2 [l
A4 N BNE SR e (S 5 0e, A 7 I v B 515 2 RO s A R S R
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Time (ps)
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B 3.9 CoFeB/MgO 4 % Y #L R 2 i ] 4%

27 ()4 R 3 2 DU T e ] 7 o ) = 4818 6 1R B o S TR DX AAROK G 2 1) 32
AAHE . FRADR THE o B[R] — XA A B ) Rk 18 o0 S kAT 7RG 2 [, L
HARMTAE 3.10-3.12. RSN A, B 50l 3.9 frox, #E ] 2e b g3 A
[a) T 46 5. — 7 T FAHEAZ U 5 Jo i B A A s B R 2[RI N A 3 24 At D)
DN BT R RO e ok v 4] e TR SE 3R
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= = 5
S 40 10 S 40
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23
= »

: L ”, Fa,
’ = 10,
~ / -20 5
DO 20 40 60 ao DO 20 40 60 ao
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B 3.10A &, At=0 #= At=350ps &9 &L= 6] 5 Af

0 20 40 G0 80
¥ position (um)

B 311 B XA, At=0 8Lz a5 7
] 3.10 =y 23 [A) 20 # b se B 1 A [R] X IR Yk Z IS A2 M sh A48 4k . PIEIE I —
B S TR, SRR BRI D i 5 1 T W I W B
Kl 3.10 5 3.11 % b6 7 AR AARES TS0 IR MLE 5745 A ) 2 57 - BEI
MBI E ST SR, HRREE R .
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SP% CoFeB/MgO BEREMEMNIEINL £ Hea) 7121 5t

$INE CoFeB/MgO SAHEH ISR B HERN HFE MR

4135|lF

] i€ %% 50 W4 56 M A7 % 25 (spin transfer torque magnetic random access memory,
STI-MRAM) K HARINFE, @il JEG KM TR E N 2 6E B3], BE A
Bk I R PH B O REB% JE 45 (magnetic tunnel junction, MTT) %% A4 2 A ] i Gk () 85 B2 40
RSy [34]. N T P IRRINRE. MEINAAERE . RAB AR, XESRMMM
R Rk I LA B30 V1 T % T PR R I P BELJB 5 8 (35]. A MgO #1£21) CoFeB
IR N PR R, H S MgO )2 142 fu Ao 7 L W Hh A K 1 8 LI % v S M 17 0
IR T IR S5 4491361(37](38][39]. MhAb, BREARHLLE fif 88 1110 'S5 N B R 1
YRR R A ICEHJE R, W58 S B D 25K = BHL 8 A 50R) T3/ B e 7] 6 Inf 1]
(5l CoFeB / MgO IR (1 # A 5h 77 27 AN BH Je iff 78w A5 | or 2,

FORMARF e AR ERET ARPGEME/EM, 5& /W ki, KPR H
TEHERARE, W A& dRET SEfE[40]. thAt, BF MR ER, WEE, #EE
FIVEEG 45 170) S 1 A AU 5 FELJE 35 B[4 1][42]« 4BkRE 2 (5 15 L 0T, ERREIE P24 1
B e TR R ARAR R, B0 TR 28, AT G SR BH JE (. 7EAHX & 1) CoFeB Jii
T T, alld5 20 0.004[43]1 5/ ME, RS SR B om0 k. sl
FG 4% 160 S 1% T B CoFeB B HE i, M4 CoFeB JEFE M /Mot 1 . FA 1K F iz
BIHA i 18] 2 PR Yei b 5524 N, TRMOFE) KIRSIHEHH, X 5& 4k
M IR AR (FMR) 264bl. Satoshi lihama %5 A F3X % Fil 7 20l & CoFeB #f Ji5 330k
frxfb, EmmAbEHY, KRG T X T 1.2nm JE ) CoFeB JE 1) 4/ afH 20 K
0.01[44][45]. 0% £ = SN ER L T BT DA A A6 B B REAL BN A 3 ok, B
NULET RSN 1 A E WA R AR SR BIA I, (AIRDH AL
Rk 37y T BEAT I A FURE W P B L . AR A, JRATRS T AEBUNMNEE
N #F TRMOFE ll & CoFeB/ MgO i ) & RAAFFIH B oft HEAT R A BT 5L
4.2 BRISHLE

FANTWE A0 (R 2 o B S P I 7 iR AR K R FE DN Inm (1) CoFeB/MgO i
fsi . A I TB) R T AR AR CRE B AN 3.6 Fram) WY AN A 5 il 75 1) AN P9 X
Sty 77 e A5 P T s i 2 P 4.1 C B R R R 2R AR AR AMIN B 3 e 2 TS T (¥ T
ShJiTA), ALERARR AN INELY 7 AT TR T TN ) .
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—H L

R osl—" Jfim ] |

@

E 0

¥

0.5}

I

o 20 o 20 40
pH (mT)

B 4.1CoFeB/MgO & & a4 # 2 a3 it =] 4%,

i 4.1 fros, ENEEISIGEN, N TS T R A/ T Ay
o] o AR, AZRE R TAE H EE ELLA m) et (PMAD , IX T CoFeB #l MgO
(14 SR 1H] 2% R3O [38] - ARSI T /X RSEIN AS AL % AR Bz, B M-H [l 2
A EIAE S AR CoFeB/MgO I 1) 2 B Hr i /) 9 He=11mT.

4.3Col'eB/MgO $xH4 EIE B IR LB N E
43.1 LWHE

TEE B M, FATE e idad {8 A DL RE SR 0 eR B0 2040 A SIS 2O Sk vF il it
A BT E], XK BRI E (BT AR AR G
) A AL

0, (1) oc Aexp(—v)+ A, exp(%) Sin(27 fi +¢,) + B an

Hef A, v B A BIRIBREIEIE, WREERMGIE. Ao £ tHlgo 52
VR, HESNE, BEACHESNShILIN MR RIA . FRA (4.1 ELEHUS TRER )
GERUATAF] £, 1 RGE R R MM R, (R a, =Qrf7) B3]
SRBOFIERM RO G R, TSRS R R A, WRMAREE, i
IBEF T 1, BRI

XH, AT LLG TR SR f, ) 1/

di di
—m=—ymxH2ﬁ +amx L

dt dt (4.2)
Hrbom ZHALH AR E, Ha 2R E, WS R RS, T2
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SV E CoFeB/MgO SRR H AR X IR B iEsh 71°# ) 7T

HA R R EM R (R M OANS [) pE 3  BL T MR D o BEAT- 17 [ ) /N

thidksh, iz PR, FREILITN (43) & (4.6) [46]:

f="2EH,

z (4.3)
1 1
—=Ec¢y,uo(H1 +H,)
4 (4.4)
H =H_,cos(0—-6,)+HY cos’ 8 (4.5)
H,=H,_ cos(0-0,)+ H cos20 (4.6)
200 ' ; :
OW Fp=2.1mJlcm2 1
= Fp=35mJicm2 |
-40} e -
s, Fp=5.3mJ/cm?2
= -60r
& gof Fp=7.0mJjem2.
-100} " Fp=8.4mdJ/cm?2
-120}
-140}
1800 100 200 300 400 500 600

Time delay (ps)

B 42 TR REHS HATREN AP AR ES Ou=60° i H,, =400mT i) . Bé& s

Hids (4.3)

A F A&,

(4.4) KU EHALBEN IR £ M e Az ay 1, Hop i, 2 43

sy C5HE hAErh 2G50 o B A O 7 S 7 A0 % fe) 7 1k 1 32 B 40

FAF ARV

Hm

sin(0,, — 9)—%]—]? sin 20 =0

4.7)

Horf g o Ry IR A 1 R AR, o B = 2K i Ry =g, /

S Hob K ORRES N RS, g NEATE g T, pe RIERHET, MR HITHE

2
o

4.3.2 RiAREE EERIF M
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Bl 42 457 THRIBAREESE T (2.1~8.4mJ/em?) , CoFeB/MgO i fif [y s 7Y
TRFR {55 8o T HEihah )5l 72 . %45 SLERE E M40 M B or=60° Fill&. M
B BRI LR R, BEFRBIVBOEIIR, MR MR AT B B
Je R FE AR BB B, SR B O E S RIS A TR, W R RIS REOR
RLEERS N T30 1 3.7 Al 3.8, iZI BUAFIERT [RIIYTE R ps WIS Al &L, X553
BEAHNMER SRR BRI E . TR T AR R T A
s AR B RS 5, HENLR A RE & 25 FERR S AH IR Y B el BE T T e i 3 3
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i B &""‘“m-“‘
25 "‘-..____‘“'
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HA3 TR AAET, QELEDMEL LREFS 1 (OF KL Ras bt RiAREE LIRHME

CuH,, =400mT ) o

K 4.3-4.5 BoR T B & RS uH,, = 400mT S F, JUNAFERSNS f E
TR AL ) R A R f, B AR 10 (RAEE (4.1 SRk iEs)
HZ1FE]) LA BILE R ¥la,, MEMBEREEE F KNSR, WTUE R A
SETHIE A Fy BN I, X ¢M%TU@ RO I FAAE R il R R N T 5 A Y
HP WO AKMERE . EFMBEEEET, fEDAMN T4 RE. 24 F, 2%/,
£ NZMAL T Fpo BRI, IXHE RV SR e A ISR, TR RATT VA AE TR AR
(2 EE T W R B 2B ERILMIIES. MEMEREE, Uy J9FR
F IR X R O AR IR T 5 5 BB Te MELZRIE I, RGUEE T 4E 10ps
i 18] RS R RI9& 500K [47], R Ak 5th TR TA) AR AS | BT 5) 52 1 52 5 Wil O i A %
[48]. X5 Z Al F% 8 & ) BH JE S22 — B[47)[49]. A RATER M ae =%
i Fy=6.4mY/cm? FEAT I 42 7l i &
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B45 RRAET, QBALEHNES OABFST 1 (OB XL Raeff IR AREETE

At CyH = 400mT ) o

433 #inRE R ARSI

4.6 7L LA E A% R OH=50°,60°,70°,80°, &7 1t shARER £ )it in
R IE Hee MMM, PP 25 A0 AR B TRFR SEEGHCET X (4D UEBEIM
BESIRE £, M9 EE R (43) (45 (4.6) A FHIEAED), Heppiftk
10 HA (47) HEMENEREESH. HEKEIUNESHE N 2 ES
wHT ~670mT WERF T g¢~2.01, 5 X#kFTid CoFeB/MgO i 2 #— (]33]
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Y 25 [
20}
=6 60 80
6, )

B 4.7 st shmE £ a9y A Ou A XM, AP REAMESEFHIAZFE, bR AK
¥ LLG 46/ A2 506 P 5 247 3],

UG B A £ SRS f BE AT B R —BROL T, B Rl o B2 ) 18 st
BRI 2 KRR M. TX T fE 0= 80° 4IRS Ml , Lo Ji+ B e
WRKZAEAEKTREXEK, B fHIBRME. 0, ~ B IR 8] B 7
Ay ZAEIN AR AEIE 2 A I R AT 16 N 3 T S IR N T At
BB/ . SRR T 90/, £ H,, ~ 717 MBI R fEGES
T 2

B 4.7 s A2 LA R HOWES7) S RE N B0 T RS £ BRI . om i A St
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B 48 A#EAE4 1t 8950933 E Ha AR £, BEERRELAX (44) FHHGEE, £4
MAFETREGFETN> et ELRE,

014 | T —60°
—70°
012 —380°

200 400 600 800
“'OHe g {mT)

B 4.9 A 3R e 89 713 7% . Hexe 48 A Mo
MAEE 4.8 1, & s AN ARR A0 A FE R TRFR LS ER@E L (4.1) i)
GRBMREAEL TR, BT o, = Qo) B e R

Cor , EWAFUEAL TR, R (44 FEE o REEE 00260 BFE 48
PRELR, IXPERELR 5K 4.6 sk —B.

ALLES], @i LLG HAMR I HERE T £ AZE 1 AL ERKIRE, XEMT
% FhAME DI DRI 2 500 % ) 57 e ) 23 (AR AL P B i R 5008, S Tk R EIR
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BRI 2 B A R A NS 1 5 0 20 e 1) SE B0 A

do
dH;’ﬁ

! :lay(H1 +H2)+%

eff’’
k

T

cale.

(4.8)

S — MR R IR, B mNdE s k. M wE
do
W& SR PR E R, T oM (43) - (A7) AR

=27y | ag s N RAR (4.8) WIS TUS G L, AT
R, %ETHERHEAGE 1/l LLG AR5 T RIEFMRRE. 2850
BN AR, REALIER Tk 3850280 T A A e T bRl 1 W L 3 PR T
eI i, (Heee > BTy shmr plams Aok, B o & BEBREO REAL 7 1A 14
St B T R K ok, AR T SR TR 52 AR 4]
SRR 2% ) S PE 1 CoFeB/MgO JEIE IR H i Al — ¢

4.4 NG

FRAT AT P Ao 1) 0 B 3 o S 2057 U R 9 1 T L #5177 1 CoFeB/MgO il i
(REAGIE B0 3N )% . )15l FR i LLG AR T /0, WALk sh A2 4E AN M
FFEANGE BE R Y REAR I IO B MRS, T AR SR At TR X T8k 30 s & A i A0 R BELJE T
T TE 2 8 1) 2 104 % o) S 1 47 1) 2 ) W R 20 AT A RE BE 4 1) 49 BUMFRE . L Ah, Hhiz il
(13N SRR S T B S ECE AR R 3K W T Inm BB AT R E R A
TR CoFeB/MgO TR £ 734 15 21 & /R 4F B JE 3 #0299 0.026. 183 % TRFR [
S HTAR 2] TR i 1) % 1] 3% 670mT FEHAER T 2.01, X 53k Tk CoFeB/MgO
RSB PN o B 22 R Ae % B g R, BRIt E
R 3.8mJ/em? S N4 15.3md/em? I, BHLJE R -7~ tH i 2 38 0, 1% 7 B 2R DGO RE
B IR ARS8 BT LLG FREHIE, 9256 E 3 pE kit h 4
BELEA R B MG 3% F FE A58 FE T 3 RRARGF (AR RE, T FEAICREI 26400 T 1k B I %
FF A B AE 25 8 T e B RA TS 10 S 3 1) 2% (RIS FEE 40 A 2 St RRAR G 10 75 21
e XS5RATOTUAMEEF, 780500F T I050F & B F e MRy Sk .
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SETLE YRRl CroGeaTes (1R A IES) /12501 7

EHE —HME Cr.GeTes WBIR AN HFHR
515|8

JER M Bl AT B Y E B SN R [51][52]). T H PR IR E T
FoF, BFEHAE THRAESR FR LS. NERIMERN —4Efame (2D vdw) #
BN LR R 388, 0 XY BAL[S3][54], Ising BEAI[SS]IEAEFRAL T RIF 17
&, WAWTETH, UFHHNESE, 7R, =T8RSR
kT EEMORENES6]. AR — A, WHTETE 2D vdW MR R Es K. 31
2D vdW A L5 F At A3 B A TOAE ] 2 AT G O S 2 PR, Gl i A ke HE
PR AN T, Hdig ol LIRS 2D vdW 484575 1 CrI[57](58][59], & @S
Fe3GeTe[ 60|13 SAK 1] CraGeaTes[61] 1 H ieds: Crls 1E AR T 4 22 H Tk B i [z
WL R T TG B B RS E RGP AR [62]: i ¥ 4 8 — Bt 1) B i mT LA
# 2D vdW R AT BERTE [63]. IX L3 IR T EATTE M N & ). 2810, 2D vdW
T A A H (1 S o IV P 3 5 A DA 22 DB ) Do 38 1 () i [64] o TG PP R PEE IR AN 11 sy
Pt bz —[65], BEHBERE TEES AL MEE LR, 52 MK 5 —
AN e RN A2 A AR FE G R G, B (RRE A7 G #5415 N R B R R A LR IR
BELJE ZR 40, T $it far g 1o 8 U0 225k BHL 6 R E0OR) T80 B e V) et a) . 21 H A E,
2D vdW R YEARH R AR LA B ) S R B Z W 5T, — T TR 2D vdW i P4 R
7R ~F 38 8 52 BN LR B9 0 BRI, JE3 R FH an il B e S0 55 2 00 7 =Xt 7 [66] s
Fi— 7 AR PO AR AL T B AP E A, T AR R E #A 8 ) #d R 67
[l B 25 iR 2D vdW BETEA LBk 2t 0 ¥ A IR B R .

2D vdW AR RS BR 1] SE X B e sh ) SR80 R G54 T 2 () 40 H ) 22
Ko FERESEILH IeA Fr a5 [ 7 HR 2 Ml S & FBrrh, Je T X e m [ — Gt
BRI LI 5 X I 2 B TR [68 A1 X S 4 HiUR S HEL T B SBR[ 691 IR X A 2R IR KB
T B K S (B A HERE D, RIS I (A FRRS FEAE R T AP B B T
5y — 77 TR FH R AR ORI 2R i BRI R &5 & E T HOR 701, Aot v /R A
FNEH R RAUN[68][71], AR 45 5 SCIE JE AP (IS [R) 23 #1721, SR — BN EERE fh
F MR HEGBE R ST A BEIA B 2D vdW AR 25 18] 20 B4 1 25K

5.2 BRASHAME

FATHEFC IR S B Sel i L SAH DT (Chemical Vapor Deposition, CVD)
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M EHEIATE RN, BG4 il 28 ] FRE SR AT RHZIR CraGeoTes ) 5 HlHF i /) A
He=8mT, iP5 ff o o 7R 3808 DN A5 A0 5 i R AR RS BSR4

CraGeaTes #4 B 25 7] 7 A4 300 /T 5 DU 25 Fr ik 1) CoFeB/MgO il i, i
30 2 B i i 1] 28 %o 5 A FEE 0 UK .
5.3 BIK Cr.GerTes BRI N ZEN =

B5.3~5. 525 H T A FIAMNARE R, BRI CraGeaTestt £ H U TRFRIG 5 Bon T
Hupitbsh 15t 1. A5 S AL e 140 M BEou=50° T Ml & .
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AR S L CoFeB/MgO 1 1 I AT — 4 vu {8 A RO 8UA, 8 IR (8] 43
P HTZRL S RE R BORR B e sl Jy s ad ARk AT SR ST DA R B 0 M. 1R S R AT
FEN MR T
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i
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B A T OCHOR BN ) S R R R R R A Bl i R R =T AR R L B
WHERE, BB/ REs) o R AR e = AL O IR R T o4 .

BT EENE 7T GBS RN RIS KRR . X SR
T L) B BESh 2 R vh i S B RN S A6 e AR AT T R R4,
T NHETE TR ANERL S PR S A Y B ) et AN G IO AR A8 fij i s Az
J VAR ) TR Y e T I TR) 43 B AR TR - PR A Sl ) ST 56 N R S I ] 0 A RE U Tk
o B RSB LR, SRS [A) 73 B e SRR il 2 (8] 23 HF RE 71 2 ] I oK B 4

5V EEATR G0 IT T CoFeB/MgORE 1 LR (11 B Jiesh /1 5 32 3 4h 5 I R 52
i o 30 T o A e 2 Tl A i R Tl A T Sl el R s (1 AL R AT 21 T MR R T
Y IR T A RS N S 5L Rl W BOt e E, S
T 37y 9 FEE ARV A3 FEE o T Y i R AR s ) 2 AR AT BH B IR 7 IS i . 73 ) 0 437
it i R AR AR e 0 52 e 5 i LLG 7 #2308 S OG T 45 ) 744 225 18] 43 A ) (/) T 8
TEWE

FRFRAEES A 7 A ZLEVE IR B RHEZ CraGe Tes LB TR B ez 7151
GEOMIR S 2 E

41



SRR S FAR BEAE IR B Esh 71 2 RE ) SR 06 0 7

42



%
a
<+
Z

B2 3 Hk

[1]Http://www-03.Ibm.Com/ibm/history/exhibits/storage/storage 350.Html.

[2] A. Taratorin, S. Yuan and V. Nikitin. High data rate recording Moving to 2 Gbits[J].
Journal of Applied Physics, 2003, 93, 6444,

[3] Samuel W. Yuan, E. Lee, W. Hsiao, H. Santini, et al. Advanced Write Heads for High
Density and High Data Rate Recording[J]. IEEE Transactions on Magnetics, 2002,
38: 1873.

[4] http://www.mram-info.com/history.

[5]https://en.wikipedia.org/wiki/Transistor count

[6] Coughlin TM. Digital storage in consumer electronics|[M] Springer2008.

(7175 %5, R 8] 0 Fr 6 & e 105 & 5 85 EA SR AL YWt XD o R B k2,
Hh A 2 e Y B 5T, 2017.5.

[8] Bigot J-Y. Femtosecond magneto-optical processes in metals|M] Comptes Rendus de
I'Académie des Sciences - Series [V - Physics, 2001, 2(10): 1483-1504.

[9]Landau LD, Lifshitz EM, King AL. Electrodynamics of continuous media[M].
Butterworth-Heinemann. 1984.

[10]Iwata Y, Asao Y, Hosotani K, et al. Magnetic random access memory. [M]. US. 2004.

[11] 2388, HARBEW R AR R[D] BRI ERBRE LRSS R
A 5 E m L5 . 20185,

[12] Tudosa I, Stamm C, Kashuba AB, King F, Siegmann HC, Stohr J, Ju G, Lu B, Weller
D. The ultimate speed of magnetic switching in granular recording media[J]. Nature,
2004, 428(6985): 831-833.

[13]S.-K. Kim. Micromagnetic computer simulations of spin waves in nanometre-scale
patterned magnetic elements, J. Phys. D Appl. Phys, 2010, 43  264004.

[14] Anjan Barman, Arabinda Haldar. Time-Domain Study of Magnetization Dynamics in
Magnetic Thin Films and Micro- and Nanostructures|[M]. Elsevier Inc. 2014, ISSN
0081-1947.

[15]E. Beaurepaire, J.-C. Merle, A. Daunois Ultrafast Spin Dynamics in Ferromagnetic
Nickel[J]. Physical review letters. 1996 76 (22) 4250-4253.

[16] AGRANAT M, ASHITKOV S, GRANOVSKY A, RUKMAN G. Interaction between

43



PR RAK B T B s 71 2F 1 R0 ST A

picosecond laser-pulses with the electron, spin and phonon subsystems of nickel[J].
Zhurnal Eksperimentalnoi I Teoretichesko1 Fiziki, 1984, 86(4): 1376-1379.

[17] Vaterlaus A, Beutler T, Guarisco D, TLutz M, Meier F. Spin-lattice
relaxation in ferromagnets studied by time-resolved spin-polarized
photoemission[J]. Physical Review B, 1992, 46(9): 5280-5286.

[18]Hiibner W, Bennemann KH. Simple theory for spin-lattice relaxation in metallic
rare-earth ferromagnets[J]. Physical Review B, 1996, 53(6): 3422-3427.

[19] Aeschlimann M, Bauer M, Pawlik S, Weber W, Burgermeister R, Oberli D,
Siegmann HC. Ultrafast spin-dependent electron dynamics in fcc Co[J]. Physical
Review Letters, 1997, 79(25): 5158-5161.

[20]Hohlfeld J, Matthias E, Knorren R, Bennemann KH. Nonequilibrium magnetization
dynamics of nickel|J]. Physical Review Letters, 1997, 78(25): 4861-4864.

[21]Scholl A, Baumgarten 1., Jacquemin R, Eberhardt W. Ultrafast spin dynamics of
ferromagnetic  thin  films observed by fs spin-resolved two-photon
photoemission[J]. Physical Review Letters, 1997, 79(25): 5146-5149.

[22]Zhang GP, Hiibner W. Laser-induced ultrafast demagnetization in ferromagnetic
metals[J]. Physical Review Letters, 2000, 85(14): 3025-3028.

[23]Ju G, Nurmikko AV, Farrow RFC, Marks RF, Carey MJ, Gurney BA. Ultrafast time
resolved photoinduced magnetization rotation in a ferromagnetic/antiferromagnetic
exchange coupled system[J]. Physical Review Letters, 1999, 82(18): 3705-3708.

[24]Jean - Yves B, Mircea V. Ultrafast magnetization dynamics of nanostructures|J].
Annalen Der Physik, 2013, 525(1-2): 2-30.

[25]van  Kampen M, Jozsa C, Kohlhepp JT, Le Clair P, Lagae L, de Jonge WIM,
Koopmans B. All-optical probe of coherent spin waves[J]. Physical Review
Letters, 2002, 88(22): 227201.

[26]Zhang Q, Nurmikko AV, Anguelouch A, Xiao G, Gupta A. Coherent magnetization
rotation and phase control by ultrashort optical pulses in Cr O2  thin films[J].
Physical Review Letters, 2002, 89(17): 177402.

[27]Miller GM, Miinzenberg M, Miao GX, Gupta A. Activation of additional energy
dissipation processes in the magnetization dynamics of epitaxial Chromium

dioxide films[J]. Physical Review B, 2008, 77(2): 020412.

44



&
R
}(}"
=

[28]J. Stohr, H.C.Siegmann. Magnatism.[M] Spinger Berlin Heidelberg. 2006

[29] £ 1H 51, FePt/CoFe & & LAl Jy 45 MERIBOCHR M R W 7 [D]. HH K%, {5
EREES TSR 20115

[30]Faraday M. Experimental researches in electricity. Nineteenth series. Philosophical
Transactions of the Royal Society of London. 1846, 136: 1-20

[31]Kerr J. Xliii. On rotation of the plane of polarization by reflection from the pole of a
magnet[J]. Philosophical Magazine Series 5, 1877, 3(19): 321-343

[32]https://www.newport.com.cn/medias/sys_master/images/images/h66/h0d/879726100
4830/SCG-800-CARS-Data-Sheet.pdf.

[33]Hiroaki Yoda, Tatsuya Kishi, Toshihiko Nagase, et al. High efficient spin transfer
torque writing on perpendicular magnetic tunnel junctions for high density
MRAMSs][J]. CurrApplPhys, 2010, 10: 87-89.

[34]C. Tiusan, M. Sicot, M. Hehn, et al. Fe/MgO interface engineering for
high-output-voltage device applications|J]. Appl Phys Lett, 2006, 88: 062512.

[35]S.Mangin, D.Ravelosona, J.A Katine, etal. Current-inducedmagnetization reversal in
nanopillars with perpendicular anisotropy[J]. Nat Mater, 2006, 5: 210.

[36]8S. Ikeda, J. Hayakawa, Y. Ashizawa, et al. Tunnel magnetoresistance of 604% at 300
K by suppression of Ta diffusion in CoFeB/MgO/CoFeB pseudo-spin-valves
annealed at high temperature[J]. Appl Phys Lett, 2008, 93: 082508.

[37]Masahiko Nakayama, Tadashi Kai, Naoharu Shimomura, et al. Spin transfer
switching in TbCoFe/CoFeB/MgO/CoFeB/TbCoFe magnetic tunnel junctions with
perpendicular magnetic anisotropy[J]. Journal of Applied Physics, 2008, 103:
07A710.

[38] Chih-Wei Cheng, Wuwei Feng, G. Chern, et al. Effect of cap layer thickness on the
perpendicular magnetic anisotropy in top MgO/CoFeB/Ta structures[J]. Journal of
Applied Physics, 2011, 110: 033916.

[391W. X. Wang, Y. Yang, H. Naganuma, et al.The perpendicular anisotropy of
Co40Fe40B20 sandwiched between Ta and MgO layers and its application in
CoFeB/MgO/CoFeB tunnel junction[J]. Appl Phys Lett, 2011, 99: 012502.

[40]P. He, X. Ma, J.W. Zhang, et al. Quadratic Scaling of Intrinsic Gilbert Damping with
Spin-Orbital Coupling ml10 FePdPt Films:Experiments and Ab Initio

45



PR RAK B T B s 71 2F 1 R0 ST A

Calculations[J]. Phys Rev Lett. 2013, 110: 077203.

[41]1G. Malinowski, K. C. Kuiper, R. Lavrijsen, et al. Magnetization dynamics and
Gilbert damping in ultrathin Co48Fe32B20 films with out-of-plane anisotropy[J].
Appl Phys Lett, 2009, 94: 102501.

[42] A. Natarajarathinam, 7. R. Tadisina, T. Mewes, et al. Influence of capping layers on
CoFeB anisotropy and damping[J]. Journal of Applied Physics, 2012, 112: 053909.

[43]A. Conca, J. Greser, T. Sebastian, et al. Low spin-wave damping in amorphous
Co40Fe40B20 thin films[J]. Journal of Applied Physics, 2013, 113: 213909.

[44]Satoshi Ithama, Qinli Ma, Takahide Kubota, et al. Damping of Magnetization
Precession in Perpendicularly Magnetized CoFeB Alloy Thin Films[J]. App Phys
Exp, 2012, 5: 083001.

[45]Satoshi Iihama, Shigemi Mizukami, Hiroshi Naganuma, et al. Gilbert damping
constants of Ta/CoFeB/MgO(Ta) thin films measured by optical detection of
precessional magnetization dynamics|J]. Phys Rev B. 2014, 89: 174416.

[46]S. Mizukami, D. Watanabe, T. Kubota, et al. Time-Resolved Kerr Effect in Very Thin
Films of CoCrPt Alloys[J]. Trans. Mag. 2011, 47: 3897-3900.

[47]Liu Bo, Ruan Xuezhong, Wu Zhenyao, et al. Transient Enhancement of
Magnetization damping in CoFeB Film via Pulsedlaser excitation[J]. App.
Phys.Lett.,2016, 109: 042401.

[48]P. Nieves, D. Serantes, U. Atxitia, et al. Quantum Landau-Lifshitz-Bloch Equation
and Its Comparison with the Classical Case[J]. Phys. Rev. B. 2014, 90: 104428.
[49]S. Mizukami, F. Wu, A. Sakuma, et al. Long-Lived Ultrafast Spin Precession in
Manganese Alloys Films with a Large Perpendicular Magnetic Anisotropy[J].

Phys. Rev.Lett. 2011, 106: 117201.

[50]F. Hellman, A. Hoffmann,Y. Tserkovnyak , et al. Interface-Induced Phenomena in
Magnetism[J]. Rev. Mod. Phys. 2017, 89: 025006.

[51]1Gong C, L1 L, Li Z, et al. Discovery of intrinsic ferromagnetism in two-dimensional
van der Waals crystals[J]. Nature, 2017, 546: 265.

[52]Huang B,Clark G, Navarro-Moratalla E, et al.Layer-dependent ferromagnetism in a
van der Waals crystal down to the monolayer limit[J]. Nature, 2017, 546: 270.

[53]Berezinskii V. Destruction of long-range order in one-dimensional and

46



&
R
}(}"
=

two-dimensional systems having a continuous symmetry group [ Classical
systems[J]. Sov. Phys. JETP, 1971,32: 493.

[54]Kosterlitz ] M, Thouless D J. Ordering, metastability and phase transitions in
two-dimensional systems[J]. J. Phys. C, 1973, 6: 1181.

[55]Onsager L. Crystal statistics. I. A two-dimensional model with an order—disorder
transition[J]. Phys. Rev. 1944,65: 117.

[56]Burch K S , Mandrus D, Park J G. Magnetism in two-dimensional van der Waals
materials[J]. Nature, 2018, 563: 47.

[57]Huang B, Clark G, Klein D R, et al. Electrical control of 2D magnetism in bilayer
CrI3[J]. Nat. Nano. 2018, 13: 544.

[58]Jiang S, Li L. ,Wang 7, et al. Controlling magnetism in 2D CrI3 by electrostatic
doping[J]. Nat. Nano. 2018, 13: 549,

[59]Jiang S, Mak K F, Shan J. Electric-field switching of two-dimensional van der Waals
magnets[J]. Nat. Mater, 2018, 17: 406.

[60]Deng Y, Yu Y, Song Y, et al. Gate-tunable room-temperature ferromagnetism in
two-dimensional Fe3GeTe2[J]. Nature, 2018, 563: 94.

[61]Wang 7, Zhang, T, Ding M.et al.Electric-field control of magnetism in a few-layered
van der Waals ferromagnetic semiconductor[J].Nat. Nano. 2018, 13: 549.

[62]Song T, Cai X, Tu M W Y, et al. Giant tunneling magnetoresistance in spin-filter van
der Waals heterostructures[J]. Science, 2018, 360: 1214.

[63]Zhong D, Seyler K L, Linpeng X, et al. Van der Waals engineering of ferromagnetic
semiconductor heterostructures for spin and wvalleytronics[J]. Sci. Adv. 2017,
3:e1603113.

[64]Park J G. Opportunities and challenges of two-dimensional magnetic van der Waals
materials: magnetic graphene[J]. J. Phys. Condens. Matter,2016, 28: 301001.

[65]van Kampen M, Jozsa C, Kohlhepp J T, et al. All-Optical Probe of Coherent Spin
Waves[J]. Phys. Rev. Lett. 2002, 88: 227201.

[66]Hellman F, Hoffmann A, Tserkovnyak Y, et al.Interface-induced phenomena in
magnetism[J]. Rev. Mod. Phys. 2017, 89: 025006.

[67]L1 J, Lee M S, He W, et al. Magnetic imaging with femtosecond temporal
resolution[J]. Rev. Sci. Instrum. 2009, 80: 073703.

47



PR RAK B T B s 71 2F 1 R0 ST A

[68]D. D. Awschalom, D. Loss, and N. Samarth, Semiconductor Spintronics and
Quantum Computation|M]. Springer, Berlin, 2002.

[69]]. Ferre and G. A. Gehring, Linear optical birefringence of magnetic crystals[J]. Rep.
Prog. Phys. 1984. 47: 513

[70]1B. Van Waeyenberge, A. Puzic, H. Stoll.et al. Magnetic vortex core reversal by
excitation with short bursts of an alternating field[J]. Nature, 2006,444: 461.

[71]1]. Raabe, C. Quitmann, C. H. Back, et al. Quantitative Analysis of
MagneticExcitationsinL.andau Flux-ClosureStructures Using
Synchrotron-RadiationMicroscopy[J] Phys. Rev. Lett. 2005, 94: 217204.

[721H. Ebert, Magneto-optical effects in transition metal systems[J]. Rep. Prog.
Phys.1996, 59: 1665

48



T2 S0 1) HAR T 70 R

BUEF (L HAE] ERIS R B 5T AR

[1] 23008, kM, 88, 0y, BRBifk, iKik. CoFeB/MgO ki il th H
W2 13 SR BB R L K 2724 2019,42(2).
[2] Zhi Wang, Tongyao Zhang, Mei Ding, Baojuan Dong, Yanxu Li, et al Electric-field

control of magnetism in a few-layered van der Waals ferromagnetic

semiconductor[J].Nat. Nano. 2018, 13: 549.

49



SRR S FAR BEAE IR B Esh 71 2 RE ) SR 06 0 7

50



i

B

IRl an St B, FeliRidr, =SFRIR AR R LS. =F R
TAR BB 2 o (PG K200 T ST 0 R AR 2 S0 SRR AR ) SR 9 34858, £
XILFR PR Z LAV AR AR GBS 7R 2 RIfm A . AR ERZbR, BRER AR
INESZS &R R s

EoE, BRI AR G LA RO, IR ARG . — 2 AR
TSR R A AR PR AT R AR 4 N, I 23 4 B 55 Jumiidt .

5 | SR U ) T TS B AE R B3R 3, MU R BT SR FORS i, R TR
S AR B D AE AR AR L G . LRI LA AR, AU AL T i
RHJPRE M, ERZ3 T NI RN o0 B PREE AR R, b gt T
RIS, R 20 OIS T 1), AR i L2 LA i R0 2] 14 S8 55 ) 7t
{7 SN BRI GG . FEBEIR [0 P E R st k2 (Y U 5 B LB AL
o

TR e R 22 e W PHURIE 7 P 2 ) o o SR 6 = AT g 2 AR A3 10 0k Tl P
et AT LR} 2 e ) ERAE 70 BITOL BH <2 J P B sk R 2 I B I D 2R CraGeaTes 4 it

TR S0 5 O P R, U O R T 0 £ S5 v ) 3 B AR A R g
Bk, BB, BOEhAIES S T, X 715 A B A
Foly, AEBRAERBHTE RS FARIEAE HHCATAT o RGBT 7T 2 B B REAE it [ S5 AR
A2 Py [ A B AR 24T SR B B

BRUHEWT O T A PRARKZ . REE T IFE2MEE AR, &
TIFZ KNS KR HER, R T YE I ERERI IR, Bototil 2 ImE sl #
%, BT THEMREE, BEEPHIREIMEGRE. RITERR ERERANEE A
PR TAEFT L 1 e

U BILIN L Z [e] AT A W T 2 TR 2 AT TR R B, D T A =% A0
i FR) S FF A 5 B, URATTI) 3 B AR A 1 12 STUR 52 7K o

R AT SCEERISR N, BRHAATTN e AN A 5 B ST AN il 5 ) B R
XA BRI, AR

Ba, R RAE 3 ERT A A T A F B A AT,

51



SRR S FAR BEAE IR B Esh 71 2 RE ) SR 06 0 7

ZFHANE
2019 43 A
LG RS e LT 7 P

52



N N

MABREIKERTN

. W

Hal: %«

FEOL LA KFETHR EE
HAH#: 199243 A5 H

2,
i+: 2016 £ 9 H-2019 % 6 H  1Lh§ k¥ CHBTR AT
A 201289 H-2016 FF 6 H 1L Ry

53



RiEP

ARNEFEH: FELHFAMIRL, BESINTEST ML TERE],
FALE AR FERUR T I R . RS R LA A4 KRR EE
BEHAR] AR SO RN A, BARIBERETTE. BROUPELE S R
SCERBERISL, REAE AR EM N AR CERRSETE
TR -



FAIe 3 AR

RAFTETRUARER MRE. SRR CHAE, Bl ¥
R BUR B 3 16 [ 5 A NSRBI IR S8 SUHI R B AT 2 730,
VPR S A AR, TTELRRARE. FESAMEFRERE. T
PRI FRL B RS AR AR REA RS B R 1£1&
WX & FRERER T A

TR 1AL ML RR S JE T T bl

eres.  AAf,

emss. IR 71
() £ S A H






