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Fig. 1. Schematic illustration of magnetization dynamics*
(The precessional motion of M around Heff is depicted
by the blue solid dashed curve, and the nutationis shown by
the red curve).

3 RUKRKPHERELNES I
ks

Beaurepaire 55 P 7£ 1996 4 ) H- G114 52 5645
TN TR R | AEsh J12Emy kA, INTi=A: T
R TR, I H R A 2 R SE 0 b B Rk )
R TR ERIS AR, R E AL’

FRNLA LR, R T R AR, 752 Rets
TE THz Ju BN A TRE DG 73 A 7Eid £ ry LA
i FR S ETEOE IR PU A i THz SRS g
TR ZE AR G SR FE B 127, B TR 1
BN AL T 2 A1 A, TR B AR S THz /6 5%
Hy, ] D= A FE S M x Hory, , 3G B
Jeim MBS RFSEE] THz kb &5 H 448 H Al
AT DATE B AR ST IR ™ AR5 H TR 24 THz
W, e fisE 7 2 i 5253 (%) TELBE %45

il # HH TELBE A A48 ST, 758 A THz
T3 T R SRR R A e e At B, LA AR
X} THz #%3) Hr, BRI THRIE R G o 55 5, H
KRGS /R RN (magneto-optical Kerr effect,
MOKE) il n 37 (1) 4 iz FAH A7, X B SR 1)
FRAE. i (1) 2R (2) =47 20 0% 55— 300 L JHC A 33
KI5Z%, HRBEATR BN G 2 4Pk i, W] LAY
A B e B %52 THz B3 ARGy Y. H% THz
Grir R AR w MIES%IR , 76 M AT Hoy, 1F
LG OUT 2008 L PR 8500 B IE — b 1 Ak 5
m (t) = M (t) /Mg B[R] L A] AR Ak

. o
m () = h| [ Husintwt)dt = 1 22

SCHK [54] FFE T 3 FASIRI A BEARE S B 1HR
HA 5 P mi e : 78 Si/Sio2 #HE FAE KR
it CoFeB, LK AH31E 25 MgO(100) Fl (111)
Ji§ EA K AOAME NiFe FIZ i NiFe. S 1 MK
Al BME, XF (3) b4 IH—1k, i L
W4 A5 3] 0, 0.2, 0.4, 0.6, 0.8 F1 1.0 THz 45
6 NAFESIR T CoFeB. 4ME NiFe F1Z ) NiFe
) MOKE IR i 5 K AH, KEGERA 0.9, Frxt i i
W R R 0.5, 0.55 F10.55 THz. JHI%
1825 I BB IR [ UK w, . FR 3R SCHik [29], 55

Zcos(wt). (3)

n

BRULZ A, ik PR g e iR i o3 S i 1
A 3SR RAFERLE o, JFSEBOR N 7
MR, 4351 72, 49 A1 12 ps. FHK 46 7 (B K g5
PE LLG R EUETHE 055 3 ASFE & TR
AR TP B K 298 0.5, 0.6 1 0.6 THz, I
BT SCOR BRI B, A 1 NS R, 1E
EH DR IEAR R A B Z IR 8l T4 10%, JLT

Vitarpy|H 1/(ar). (4)

aT

107502-3



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 10 (2023) 107502
ML T a. 5 2fﬁ%ﬂ’a%%§%%%, Sy D 1Y) M — M (969+¢sin96¢), (5a)
T UABLS SR BTN A . AR D i T ) dt
KT A e B 5 A2 325 A2 2R R B SO 40 15 1) 5% d&>M

Wi AR, W0 R T R B o7, S
TR,

FI AT SE B i 2 I 1 78 THz (R &
FAAE—FhILR, & A B RS R G A
TEFE SRR AR ] RO |, 553l n] gk
AR T REFE Y RF B P2 FE SR [5] o, AR AR
P RO ST B 2 R ik B gy, ] RUBE AT RETE &
PO S — R UL, XA F R S IR T AN
SR E R RS, X RECT AN ARG BT,
RANKITT [0S FAN TR A (o AN [F] X 22 ) AN
4 5] P o 2% TR KN ) LR 8 3R TR K Rl 1 &R
GE (AnwEMEAN R IBORE) AR N AR . BT,
Bastardis 55 22 DLRCFi@ I AW IE T 8k 40 ok
TR R A58 BE B 127, 4 HH 3R RO DS 1)
P BE T B A [FISR IR, I RE 1 AR A L iR K
FOpR, HA R R ARSI A 25 & S 80k 1
WAL B B 1~ i E S SRR R UL, 7R
SR Z AN R BT RGBT 2 R B A A
RIS ARG fo A fo s HF RN SR FE 2 5
BT LLG J7 B 75 MO IEAT H IS5 AT L8, 1%
TR AT MER R BRI (5201 R B
] RO L), SEAROEFE AT TREAE AR I TS 4k
(AN 1w 45 1) S PR 80 AT I+ i R 8 SRSt b
TR S X 4 AL Bk IR 1) B T L 2 T
TILE.

3.1 EEEHIRMEHIR

BRI (ferromagnetic resonance, FMR) J&
— PRI R A LR A5 B BTSRRI
HBENE AN A Esh J1 22 st T SRl G2k
Yy J5 v A i 3 R — AR A B 1 S s
FLPR AR A R ZU W e R R, gk AR
IR TR PE A A Sl AR 4 R0 2 1 RN i Aok B
T i 25 ) S Pk A 0 TR [R)ESR) F k g dEe
RG] LIASUSF 20800 7 A

FEZASCHRIARGE & BRI R % L
BRBEICIRAR 5, O T AN ILLG 5 R B IX
—mi, SCHR [55] FHERIE fA BE 24000, ¢) SR A ik e Ak
SREEAE, Horh 0 2, o BRI, HILAT L
153

- Mg (79-2 — gbzsinz@) e

+ Mg (é — gb%inﬁcosﬁ) ey
+ Mg (¢sin9 + 2¢>9'cose) e,. (5b)
TE 277 10 EINER S #EY H = Hz FAE o J5 0] L4
AN R 271
H*T = H (coshe, — sinfey) + h cos(wt:).
T OTE, X E T o, BTG 5 40 [E]
t=t/7, TERRAAR R (2) A H

0" = — 0 — 7 'sind + (,O/QSiIl@COSG — (97 5ind
+ W3 Ty cosbeospcos(wt'), (6a)
@"sinf = 710" — 'sinf — 2¢' 6’ cosf) — w37y singcos(Wt'),
(6b)
Horp
0 =do/dt’, 0" =d%0/dt’?,
o =dp/dt, ¢ =d%p/dt?,
JtH.

71=7/11 =1/, 09 = weT = 7YH,
w3 =w3T =T7vh,0 = wT.
SCHR [55] SR HIUURS BE — B e M - 15 50 0 0
(6) AT T BEAAY, Ho P IS ECh
v =10"rad/(s - T),

CIRYREE]
F1=10, @y =2x 1072 (H=2T),

r=10""s, a=0.1,

O3 =107%hyL =0.17T).

B, A SR T, Blh, =0,
TSI T 8 AL B B B Bl MME R AW IR 4%
IR, B 2 g AR By i M,/ Ms = sinfcosep,
M,/ Ms = sinfsing Fl M, /Ms = cosf [¥) i [&] 75 1L .
K 2(b) B KBRS ¢ > 7, MK 2(a) BRHE
BpfE]hASt < 107.

N H TR IR Y, SRR A
SR BE R N, 35 SR AL R B A I (A B IR 1Y
KA B 722 R3S R TR 00 38 w FIHR IR b 1Y
[T 22 (L, VAR A o) T 5 B P~ YA (ML) (R RsT
[ AE A1), Rk R BE R R

M (t) = /M (t) + Mg (t).

107502-4



¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 10 (2023)

107502

Iy
=)

()

e e
o

©
IS

—-0.2

M,/ M, My/M, M./ M
o
[\

v/ M,
_04}
0.01 0.1 1 10
t=t/T
1.0
(b)
0.8 F
=
=
=
=
>
=
=
3
=
5000 10000 15000
t=t/T

B 2 WAL SR BE ) 1 A I R 3 A My / Mg = sinfcosp (#&
2k), My/Ms = sinfcosp (£14k) Fl M. /Ms = cosf (£R4k),
MFH=2THh, =0T RUERMVIIAFMHEE 0, = 30°,
w0 = 0°, Bp = 0 rad/s Fllpg = —24/3 x 104 rad/s (a) Jrt
332 ¢ < 107 BoR 1 i BRI G R ES R ; (b) K
DB 2 ¢ s> 7 R 7 85 o P o B 3 B 5 9

Fig. 2. Time evolution of the magnetization components
M, /Mg = sinfcose (black line), M, /Ms = sinfcose (red
line), and M. /Ms = cosf (green line) for H = 2T and
h; =0T, and for arbitrary initial conditions 6y = 30°,
wo = 0°, 6o = O rad/s , and $0 = —2v/3 x 10 rad/s : (a)
Short time dynamics ¢ < 107 showing the nutation oscilla-
tions due to the inertial term; (b) long time dynamics
t > 7 showing the precession oscillations around the fixed
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Fig. 3. Resonance curve of the transverse susceptibility
X1 (w)with respect to the oscillating field pulsation w.
Two resonance peaks are observed: the ferromagnetic reson-
ance at low frequency and the nutation resonance at high
frequency. Inset: Example of the calculation of the trans-
verse susceptibility x such that (M) =x,h, ob-
tained for w = 2 x 10! rad/s 5,
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Fig. 4. The calculated spin pumping dc current for inertial
relaxation times 7 =0s and 7 = 10713s. The used para-
meters are Mg = 2up, K =10723], v = 1.76 x 101! T~ 1.
sl a =005 Hyo=1T,|h|=10"3 T, g/* = 1019m—2 15,

4 (11) X, SCHR [58] 45t T AN )15t 1 b 74
Ma] n B ISR B e Y LE(E, Anl&l 5 .
AL BRBESLIRINANL T T IRBRE N, FEERREA
M T E G AR/, FEBRBERAL 1 A e
MREB winr ~ 1/ 20 + IR ELH]. SR, 75 BRRE 5
BARAL Y 32 5 A LR TR wrve ~ —n . LI,
B nBUINEE, A R T PR RO R AR
17, 24 BRI, X HCER RS T 2. IR Legl RN i
STIBUR Rl NED R ERT B ST -2 AL NS R A R e
FSER T

(ijXR/jEMR)

10716 10715 1014 10713 1012
n/s

5 A TAE R Bl MR B BE Sl IR A Y BRBEAR, L BEFRL I
LG (B 0 15 B R E] B R S B My = 2up,
=176 x 10" T=1.s71 o =0.05, K = 10-23 J flHy =
1T B8

Fig. 5. Ratio of spin current for ferromagnets at the nuta-
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Fig. 6. (a) Spherical coordinates used for the numerical simulations described in the main text; (b) geometry of the thin film sys-

tem considered, the easy magnetization axis lies along the y direction, and the in-plane hard magnetization axis is along the x direc-

tion; (¢) main plot is the magnetization state diagram for different magnetic pulse amplitude and FWHM obtained by numerically

solving the ILLG equation, side plots are magnetization precession trajectories in selected points of the diagram. The color bar

shows the y component of the magnetization vector at the end of the simulation. The magnetization starts always from the positive

y direction, i.e., aligned parallel to the easy magnetization axis
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Fig. 7. Magnetization switching times calculated for differ-
ent pulse amplitude and FWHM width using (a) the LLG
and (b) the ILLG equations. All axes and amplitudes are in
logarithmic scale; (¢) switching time along the diagonal line
cuts (i.e., perpendicular to the lines of constant pulse en-
ergy) shown by the black-dashed lines in panels (a) and (b).
The dashed vertical lines indicate the boundaries of the bal-

listic switching region for the two simulations!®].
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Fig. 8. Temporal evolution of the kinetic, potential, dissipated, and deposited energy terms for a few selected simulation parameters:
(a) LLG and (b) ILLG dynamics of the different energy terms for an applied magnetic field of 2 T amplitude and 1 ps FWHM, i.e.,
in the precessional switching region; (¢) LLG and (d) ILLG energy dynamics for 8 T, 2.1 ps magnetic field pulse, i.e., in the ballist-

ic switching region!63.
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Fig. 9. Typical TR-MOKE response to (a) linearly polarized (LP) light pumping and (c) right (open circles) and left (full squares)
CP light pumping, for an out of plane applied field of 42 kG; (b) genuine magnetization response to LP pumping obtained by aver-
aging the curves in panel (a); (d) genuine magnetization response to right (open circles) and left (full squares) CP pumping ob-
tained by averaging the corresponding right and left CP curves in panel (c); the solid lines in panels (b) and (d) are fits to the data
using Eq. (15). Inset: Schematic representation of the experiment; the canted magnetization forms an angle ¢ with the normal to
the surface; CP pump photons carry a whole quantum of angular momentum =/ ; probe pulses are sensitive to M.
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Fig. 11. (a) Geometry of THz pump-MOKE probe setup; (b) frequency spectrum of terahertz pump pulse; (c) magnetization loops

for fcc, bee, and hep cobalt measured using the longitudinal MOKE!™,
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Fig. 12. Solid symbols: time-resolved Kerr rotation measure-
ments on fce, bee, and hep cobalt thin films. Dashed line:
integral of the pump THz magnetic field Hyy,. Inset: en-
larged main panel data for ¢ > 1.7 ps. The data are shifted
vertically for clarity. The continuous lines are the best fits
obtained using Eq. (16) [4.
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Abstract

Inertia effect should be considered in ferromagnet magnetization dynamics on a sub picosecond-to-
femtosecond-time scale. The inertia effect can be described by the inertial Landau-Lifshitz-Gilbert equation.
This paper mainly introduces some theoretical and experimental developments of ultrafast ferromagnetic
resonance, magnetization reversal and inertial spin dynamics. These results will be helpful in better
understanding the basic mechanism of ultrafast demagnetization and magnetization reversal, and deepen the
understanding of the microscopic mechanism of magnetic inertia. In the end, the development trend of future

experimental and theoretical research are also presented.
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