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Abstract

Helicity-dependent all-optical induced magnetization switching has been achieved in Pt/Co/Pt
samples with perpendicular magnetic anisotropy. Applying a dual-pump laser excitation, first with
a linearly polarized (LP) laser pulse followed by a circularly polarized (CP) laser pulse, the
timescales and contribution from heating and helicity effects in HD-AOS were identified with a Pt
/Co /Pt triple-layer. When the LP laser pulses preheat the sample to a nearly fully demagnetized
state, the CP laser pulses with a power reduced by 80% switch the sample’s magnetization. By
varying the time delay between the two pump pulses, the results show that the helicity effect, which
gives rise to the deterministic helicity-induced switching, arises almost instantly within 200fs close
to the pulse width upon laser excitation.

All-optical-induced magnetization switching in Pt/Co/Pt triple layers has been further explored as
a function of the thickness of the Co and Pt layers, respectively. The Ab initio calculation shows
that the Pt atom significantly improves the spin-orbit coupling of Co’s 3d electrons. This enhanced
spin-orbital coupling only occurs at the Pt/Co interface. Moreover, the ab initio calculation gives
a surprising interlayer antiferromagnetic coupling in the Co/Pt multilayer system, which is due to

the oscillation of the RKKY coupling.

The effect of ultrafast laser heating on the interlayer antiferromagnetic coupling of synthetic
antiferromagnetic tri-layers has been investigated by time-resolved pump-probe measurements
together with transient hysteresis loop measurements at selected time delays. Time-resolved Kerr
hysteresis loop measurements have shown that the interlayer antiferromagnetic coupling can be
transiently suppressed by the laser’s heating effect within the first picosecond after laser excitation.
While the Kerr rotation time scans show, the antiferromagnetic coupling can be transferred into an
apparent ferromagnetic coupling state and then recovered to the antiferromagnetic coupling state
as the recovery of the magnetization of each Co layer.



List of Contents

AADSEFACT ... 2
LISE OF FHQUIES ..o 6
ST OF TADIES. ... 14
ACKNOWIBAGEMENTS. ..o 15
DICIANATION. ... 16
PUBDHCATION LLIST ... 17
Chapter 1 INTrOQUCTION...............coviocicee s 18
1.1 History of magnetiC reCONAING...........c.ooorveeeeeeeeeeeeeeeeeeeeee e 18

1.2 The EIeCtron/SPin AYNAIMICS. ..ottt 22

1.3 All-optical control of the magnetic direCtion..............cco.cooovoeoeoeeieeeceeeeeeeeeeeeeeeeee e 24

1.4 Introduction to two-dimension MAtErialS .............c..ccocoivoiiiiieeieceeee e 27

1.5 Synthetic antiferromagnetic MaterialS................co.oovivoioooeeeeeeeeeeeeeeeeeeeeeeeeeeee e 30

1.8 THESIS OVEIVIBW ...ttt 31
CRAPLET 2 TNEOTY ..o 34
2.1 OVBIVIBW. ...t 34

2.2 EXCREANGE COUPIING ...ttt ettt ettt e sttt ene e, 34

2.3 SPIN-OrDIt INTEFACTION ..o 36

2.4 The MAGNELIC ANISOTIOPY ..ottt ettt e ettt e et s et e s esee s esenens 38

2.5 Z8eMAN INTEFACTION ... 39

2.6 Magneto-0ptical INTEIrACTION ...............ccooiooeeeeeee e, 40
2.6. 1 HEATING BFFECT.. ... 40

2.6.2 Kerr-Faraday €ffECL ... 44

2.6.3 Magnetic circular dichroiSm (MCD) ... 46

2.6.4 The Inverse Faraday EFfeCt (IFE) ..o 49



2.7 First principal CaICUIALION..................co..oovooeoeeeeeeeeeeee e 52

2.7.1 Introduction to Density functional theory ..., 52

2.7.2 PSEBUAOPOTENTIAL ..o 55

Chapter 3 EXPeriment teCRNOIOQY ...........co.oooiooeeeeeeeeeeeeeeeeeeeeeee e 58
3.1 Magneto-optical Kerr effect image SYStEM..............coorviiieeeeeeeeeeeeeeeeeeeee e 58

3.2 Time-resolved pump-probe SPECLIOSCOPY............c.veeeeeeeeeeeeeeeeeeeeeeeeeee e 60

3.3 MagNELrON SPULLETING .....c..voeceeeeeeeeeeeeeeeee e 63

3.4 Vibrating Sample MagnetOMEBLEY ............oo oo 65
Chapter 4 Heating and helicity effect in helicity-dependent all-optical switching................cccococoo..... 68
A1 TEFOTQUCTION. ... 68

4.2 EXPerimental TECRNIQUE .............oo. oot 70
4.2.1 SamMPIE FADFTCALION. ..., 70

4.2.2 EXPerimental METNOU ...ttt 71

4.2.3 Double pump OVErTapPINg...........oooooeceeeeeeeeeeeeeeeeeee e 73

4.3 EXPEriMENTAl RESUITS ...........o.oooeeeeee e 74
4.3.1 Energy combination and delay time dependence. ................ccccooovoioieoeeeoseeeeeeeeeeeees 74

4.3.2 Switching ratio and Light elliptiCity ..o, 81

4.4 Time-resolved MOKE scans and Simulations..............ccc.ccooocveeiiosieiiecseee e 83

4.5 Timescales and contributions of the Heating and helicity effects.............ccoooovvvivecececein, 87

4.6 CONCIUSIONS.......oovooeririei e 91
Chapter 5 Tuning the power range in helicity-dependent all-optical switching....................cccoccoco..... 92
5.1 IMEFOUUCTION. ... 92

S.2 MEENOUOIOGY ... s 92
5.2. 1 EXPErIMENTAL PAIT ..ottt 92

5.2.2 First-principals CalCUIAtION ..................o.oooiooeoeeeeeeeeeeeeeeee e 93

5.3 HD-AOS RESUIES ..o 95



5.3. 1 EXPErIMENTAl PAIT...........oooiooooeeeeeeeeeeeeee e 95

TR I ] I 0T 1 o OO 98

5.5 CONCIUSTON........oo e 105
Chapter 6 Ultrafast laser-induced spin dynamics in synthetic antiferromagnetic materials............ 106
B.1 INEFOTUCTION. ... 106

6.2 SAMPIE ELAIIS ... 108

6.3 Time-resolved MOKE experimental detailS..................cooooooooioioeoceeeeeeeeeeeeeeeeeee s 113

6.4 Ultrafast laser-induced magnetization dynamics in SAF ..o, 114

6.6 Discussion @and CONCIUSION .............cc.cooooviiiiieiecece e 125
Chapter 7 FULUIE WOTK ...........oooooiooeeeeeeeeeee e 132
7.1 Potential of enhancing AOS With 2D MOSE) ... 132

T 1L IMEBENOM. ... 133

T L2 Preliminary RESUILS ...ttt 133

7.2 Potential of dual-pulse AOS in SAF Materials..............oooooooooeeoeeeeeeeeeeeeeeeeeeeeee e, 140

LSt OF ADDIEVIATIONS ... 142
LISE OF SYMIDOIS ... 144
RETEIEICES ... 146



List of Figures
Figure 1.1 Development of HDD data storage density [1].......ccccccevvriierirenieiiieieereeieseeieas 18

Figure 1.2 Schematic representation of spin valve based on the GMR effect. An unpolarized
current flows through a tri-layer film with two ferromagnetic layers F1 and F>
sandwiching a nonmagnetic metal spacer layer N. The magnetic directions of F1 and F>
are parallel in (a) and antiparallel in (D). .....ccooeiieiiie e 19

Figure 1.3 The schematic diagram of the HAMR writing process [12]. ........cccocvevvriveieanne 21

Figure 1.4 (a) An optical schematic of the time-resolved pump-probe experimental set-up.
(b) Time-resolved ARR transients for copper [13].......cccooiiiiiiniiniieiee e 22

Figure 1.5 The temperature variation of electron (Te, hollow squares) deduced from
differential transmittance is plotted in(a), where the absolute electronic temperature
scale is obtained by normalization to spin temperature (Ts, solid dots) measured by TR-
MOKE. (b) Calculated spin (Ts), electron (Te) and lattice (T1) temperatures from three-
temperature MOdel [15]. ..vvoivvieiee e 23

Figure 1.6 The landmark experiment observed all-optical switching in GdFeCo [17]. (a)
Magneto-optical image of the initial magnetic state before exposure. (b) Three different
polarized laser beams scanned across the sample from left to right with a speed of
30 um/s. Here the right-handed circularly (o +) polarized beam switched the M — to
M +, and the left-handed circularly (o —) polarized beam switchedthe M+ to M —,
while linearly polarized beam remained a multidomain state............c.ccccoccvveeiveiecnnenn, 24

Figure 1.7 Magneto-optical images of helicity-dependent all-optical switching in [Co/Pt]n
multilayer samples. Three different polarized laser beams scanned across the sample
from lefttoright. (A)N=8.(B)N=5.(C)and (D) N =3[23]. ..ccccoevvrrrrrirrrrrnnns 26

Figure 1.8 (a) A simple bandstructure picture of the conduction and valence bands at the K
and K’ valleys of monolayer MoS2, along with the relevant optical selection rules and
scattering processes. (b) Nano second spin relaxation time in MoSe; detected by the
time-resolved Kerr rotation [52]. ......ccooveiieiiie i 29

Figure 1.9 The dependence of the interlayer exchange coupling strength on the spacer
thickness. (a) Metallic spacer layer Ru [85]. (b) Antiferromagnetic spacer layer NiO
[84]. (c) Insulating spacer layer MgO [86]. ......cceveieriiiieierereee e 31

Figure 2.1 The spin-orbit parameter ¢nl for the valence shells of neutral atoms in their
ground state. These parameters are calculated by Cowan by using the relativistic
Hartree-plus-statistical-exchange method [93]. ......ccooviiiiii i 38

Figure 2.2 (a) Simulating ultrafast laser induced demagnetization for Ni based on the M3TM
theory. Here the red line presents the electron temperature Te(t), blue line presents the
lattice temperature TI(t), and green line is the ultrafast demagnetization m(t). (b)

6



Similar result for the Gd [103]. (c) Transient remanent longitudinal magneto-optical
Kerr effect (MOKE) signal of a Ni(20 nm)/MgF2(100 nm) film for 7 mJ/cm2 pump
FIUBNCE [L5]. ettt 41

Figure 2.3 (a) ultrafast demagnetization process on the 3d transition metals. (b), Similar for
the extra 4f system [103]. (c) and (d), Element-resolved dynamics of the Fe and Gd
magnetic moments measured by time-resolved X-ray magnetic circular dichroism
(XMCD) with femtosecond time-resolution. c, transient dynamics of the Fe (blue open
circles) and Gd (red filled circles) magnetic moments measured with the first 3 ps. d, As
c but on a 12 ps timescale [20].....cccveiiiieiiee e s 42

Figure 2.4 Single linearly polarized laser pulse induced all-optical toggle switching in
Mn2RuGa. This MRG sample has a compensation temperature above room temperature.
The laser pulse used here has 200 fs duration and 800 nm wavelength [106]. ............. 44

Figure 2.5 (a-f) The HD-AOS model based on the MCD mechanism [28]. A Nx by Ny grid
of cells are taken into consideration. (a to ¢) shows the initial state before exposed to
laser pulses. The characterise spin flip time for spin up (a) and (b) is the same. (d to e)
After exposed to a right-handed circularly polarized light, due to MCD, the spin down
(b) cell’s temperature is higher than the spin up (a) state, which makes the spin flip time
TAD 3> TDa. i ————————————————— 47

Figure 2.6 Magneto-optical Faraday images of domain wall motion in Co/Pt multilayers
induced by (a) circularly polarized (b) linearly polarized 40 femtoseconds laser pulses
with fluence per pulse of 12.5 mJ/cm?. The white star points out the centre of the laser
spot, and N is the number of laser pulses. (¢) Normalized domain wall motion as a
function of degree of laser’s elliptiCity [34].......ccoeviiiiiiiiiiiii 48

Figure 2.7 (a) The magnetization as a function of time after exposed to three different
polarized laser pulses. The linear polarized pulse is assumed to have no magnetic field,
while the circularly polarized pulse has a magnetic field of 10 T and a duration of 0.4
ps. (b) Phase diagram of HD-AOS as a function of IFE field’s magnitude and duration
0 USSR 50

Figure 2.8 Schematic representation of the process of impulsive stimulated Raman scattering
on the magnon [123]. The right axis shows the corresponding energy, as it indicates the
photon energy is lower than the edge of the fundamental absorption Aw < Eg, and the
difference equationsto Q.  The incident photon pair have the frequency of w — Q
and w. After they participating in the SRC process, the scattered photon pair’s
frequency drops to w — £, and this process generates a magnon with frequency (. ..51

Figure 2.9 Materials specific ab initio theoretical calculated total, orbital, and spin IFE as
function of the photon energy and laser polarizations [32].........cccccooeviiineninienenennens 52

Figure 2.10 The schematic diagram for the overlapping of different electron orbits. When
the atoms composed to molecule, the overlapping of orbits (1s, 2s and 2p) of inner shell

7



electrons is ignorable. Core states are approximately inert and insensitive to
environment. Hence, we could combine inner electrons with nucleus to make a pseudo-
o] PR STSUP PP TRPRRN 55

Figure 3.1 (a) Schematic drawing of experimental setup for magnetic domain imaging using
the magneto-optical Kerr effect. (b) The raw magnetic domain image of the Co/Pt out-
of-plane thin film, while the sample is on a multi-domain state. (c) The image of a
single domain state. (d) The subtraction image of (b) and (c), which shows a better
(o0 1o E A1 =T (o) PRSP 58

Figure 3.2 The single hysteresis loop of the out-of-plane Co/Pt multilayer sample. (a) was
taken from MOKE image system, and (b) was taken from the VSM. ..........c..cccccuenee. 60

Figure 3.3 Experimental configuration of the time-resolved pump-probe technique. The laser
beam is split into pump (blue line) and probe (red line). The time delay between pump
and probe pulse changes with the movement of the retroreflector. To extract the very
weak signal, an optical chopper system and lock-in system are used...........c...ccecuvruee. 61

Figure 3.4 Schematic diagram for the detection scheme of TR-MOKE. (a) The pump pulse
is blocked by a driving optical chopper with a special frequency of f0, where 10 is the
origin signal without pump pulse, and Al is the pump pulse induced signal change.
Here we amplified the proportion of AII0 to make it more obvious. (b) The detector’s
signal (10 + AI) is related to the delay time between the pump and probe pulses, as

the pump induced signal Al changes with the delay time. ..........cccccooeveiiiiiiecieen, 62

Figure 3.5 Normalized time-resolved signal of the intrinsic GaAs sample. The pump’s
fluence is 24.4 yuJ cm — 2, and it is right-handed circularly polarized (RCP). While the
probe’s fluence is 2 pJ cm — 2, and it is linearly polarized (LP). (a) A(A + B) signal,
which is considered as the change of reflection. (b) A(A — B) signal, which is
considered as the change of the Kerr signal...........cccooooiiiiiiiiin 63

Figure 4.1 Double-pump scheme and its implementation. (a) A magnetic domain image of
the Pt/Co/Pt triple-layer sample under laser illumination from the substrate side. The
magnetization is initially saturated along the perpendicular direction of the sample
plane labeled as M T state (red arrows). The area exposed under the laser is switched
to the opposite direction labelled as M | state (blue arrow). (b) The magnetization of
the exposed area as a function of time with dual-pulse excitation. The first linearly
polarized (LP) pulse heats the sample to a demagnetized state (red curve). The second
circularly polarized (CP) pulse arrives after a certain delay. For a short delay, the
domain switching is expected (blue curve), but for a long delay, the switching may not
OCCUT (YEHOW CUIVE).....eiitiiiieiieiee ettt bbbt 69

Figure 4.2 Magnetic hysteresis loops of the Glass/Ta (5 nm)/Pt (2 nm)/Co (0.6 nm)/Pt (2
nm) sample at room temperature. Here (a) is measured by MOKE image system and (b)
IS MEASUIEd DY VSIM. ..o s 71

8



Figure 4.3 A magneto-optical Kerr microscope was coupled to the TR-MOKE laser system.
The 450 nm light-emitting diode (LED) served as a light source for the Kerr
microscope. The reflected imaging beam was directed towards the charge-coupled-
device (CCD) camera by a polarizing beam splitter. As the sample’s substrate is glass,
the laser beam was focused by another objective lens and pass through the sample from
the glass SUDSLIALE SIUE. ......cceeieiieie e r e 72

Figure 4.4 (a) Time-domain scan data of the interference at zero delay point on an intrinsic
GaAs sample. (b) The interference of two pumps induced multidomain state at the AOS
SAMIPIE. et 74

Figure 4.5 HD-AOS induced by dual-pump with different power combinations at a fixed

time interval. (a) MOKE images of magnetic domains induced by a sequence of LP and
CP pulse pairs with different power combinations and a fixed delay time, 1.6 ps, in a
Pt/Co/Pt triple layer. The horizontal axis shows the total power of the LP and CP pulse
pairs, increasing from 100 uW to 180 pW, while the vertical axis gives the power of
the CP pulse increasing from 10 uW to the the total power of each column. The green
frame highlights the images with CP pulses alone showing a threshold CP power of 120
uW needed for the HD-AOS effect, while the red frame highlights the images showing
a clear HD-AQS effect with the CP power as low as 20 uW after preheating with LP
light. (b) Extracted switching ratio for each image frame...........ccooeveieiiniic i, 74

Figure 4.6 The effect of the delay time between the LP and CP on HD-AOS in a Pt/Co/Pt
triple layer. All figures have the same total power of 120 pW, while Each fig shows a
different CP and LP power combination. ...........ccccocviieiiiic i 77

Figure 4.7 HD-AOS in a Pt/Co/Pt triple layer induced by dual-pump as a function of time
interval between two pulses. The first pulse is LP and the second is CP. The upper
panels show MOKE images of magnetic domains induced under two different
combinations of LP and CP powers (a) LP 40 uyW + CP 80 uW and (b) LP 80 pW +
CP 40 pW under the same total power of 120 pW. The number next to each image
indicates the delay time. The red square symbols in the lower panels, (c) and (d), show
the corresponding switching ratio vs delay time. The horizontal red-dotted lines indicate
a switching ratio of 50%. The superimposed blue lines are the simulated
demagnetization curves from the LP pump excitation only, indicating the transient
magnetization state before the arrival of the CP pulse. ..........ccocooiiiiiiiii 79

Figure 4.8 MOKE images of magnetic domain induced under the power combination of LP
80 uW+LCP 40 uW, where the number indicates the delay time between these two
O LU0 01 SRR 80

Figure 4.9 MOKE images of magnetic domain induced under the power combination of LP
40 yW+LCP 80 pW, where the number indicates the delay time between these two
S 1080 0PRSS 81



Figure 4.10 (a) The MOKE image of LCP 80 pyW + LP 40 pyW at 3 delay times (0.5 ps, 1
ps, 1.5 ps. from top to bottom). The sample was initially magnetized to the M T
direction. For each set of scans, we chose the area in the blue rectangle that is not
exposed to the laser as the reference area. (b) The distribution of the number of pulse
pairs across the width of the scanning track, the red line indicates the calculated
SWITCNING FALI0 @IrBA. ..eevveivie ettt e sneeneas 82

Figure 4.11 (a) Magneto-optical Kerr image of all optical switching in a Pt (2 nm)/Co (0.6
nm)/Pt (2 nm) thin film exposed to 120 pW RCP laser with different light ellipticity,
which is changed by rotating the angle of the quarter-wave plate as labeled on the left.
(b) The corresponding AOS switching ratio 0f (2). .....cccoevevieieniiiiiee e 83

Figure 4.12 Time-resolved ultrafast demagnetization excited by a single laser pump with
various laser power. (a) and (b) are simulations by two-temperature model, where (a)
shows a zoomed-in view of the first 10 ps, and (b) shows the whole 800 ps duration. (c)
and (d) are the time-resolved MOKE Kerr rotation excited by linearly polarized pump
pulses with various power, where (¢) zooms in the first 10 ps, and (d) shows the whole
SCaNS Of 800 PS AUFALION. ......veviiiieiie et re e eas 86

Figure 4.13 Simulation of dual-pump induced magnetic switching process. The temporal
profiles of the simulated demagnetization induced by both LP and CP pulses at 5 ps
time delay for two power combinations, (a) LP 80 pW+ CP 40 uW and (b) LP 40
uW+ CP 80 uW. Two short vertical dashed lines (in blue) in (b) mark 0.2 ps time
interval after the CP pulse excitation. The effective energy barriers (Efat, Efbt),
determined by the transient spin temperatures, between M T statesand M | states at
four-time delays (t ps) are illustrated for both cases. ........ccccovevieviv i 88

Figure 4.14 The HD-AQOS model based on the MCD mechanism to explain our experimental
results. (a) The LP pulse arrived first, and then the CP pulses. (b) The CP pulse arrived
first, and then the LP pulse. (c) Using elliptical polarized pulse. ..........ccccceevveivevnennne. 90

Figure 5.1 (a) The front view of the calculated Co/Pt multilayer structure. 2 Co layers (Blue
balls) is placed on the top of (111) surface of 13 layers of Pt (Silver balls) with a BCC
structure. Co layer are free while Pt atoms’ position are fixed. And the lattice constants
a and b are fixed, and c is free. (b) The system free energy as a function of lattice
(010] 0181 7210 | B o3 OO O TR UPRT TP 94

Figure 5.2 Magneto-optical response in zero applied magnetic field of Glass/Ta (5nm)/Pt (2
nm)/Co (0.6 nm)/Pt (2 nm) samples to various laser power and different laser
0101 T 72 U1 o] o OO PSORRTSR 95

Figure 5.3 Magneto-optical response in zero applied magnetic field of Glass/Ta (5nm)/Pt (5
nm)/Co (0.6 nm)/Pt (5 nm) samples to various laser power and different laser
[010] Fo g 14 Ui o] TSP S PR 96

10



Figure 5.4 Magneto-optical response of Pt/Co/Pt samples to circular polarization light and
varying powers. The green bar shows the power window for AOS, and the red dot
shows the average switching ratio when AOS happened in the power window. (a) The
switching ratio and AOS power range as a function of Pt layers thickness. (b) The
switching ratio and AOS power range as a function of Co layers thickness. ................ 97

Figure 5.5 Magneto-optical response of Glass/Ta (5 nm)/Pt (2 nm)/Co (1.4 nm)/Pt (2 nm)
samples to various laser polarization and power. (a), (b) The laser’s polarization from
top to bottom is RCP, LP and LCP. And no HD-AQOS is observed for laser power of (a)
160 yW (b) 200 pW. (c) 300 uW LCP and RCP (from top to bottom) are used. The
laser scanned area shows difference for LCP and RCP at this laser power, but as shown
in (d), this area’s hysteresis has permanently increased.........ccccoovvvviiiiiiieniiieniiieninnn, 98

Figure 5.6 The Co and Pt atom’s (a) spin-orbit energy and (b) orbit moment as a function of
Hubbard U correction. Here the label Pt indicates the Co’s nearest Pt layer, and the
label Pt2 indicates the Co’s second nearest Pt layer. Here the left y-axis is for Co and
the right Y-axiS IS TOF PL. ..o 100

Figure 5.7 The magnetic distribution of Pt layers. Since the periodic boundary condition is
used, the magnetic distribution shows symmetry in the c-axis. RKKY induced
antiferromagnetic coupling is shown in layer 4, 5and 9, 10. ........c.cccooeviveieiiicieens 102

Figure 5.8 (a) to (d) Room temperature hysteresis loops of [Co(0.4 nm)/Pt(tPt)]8. (e) to
(h) Room temperature hysteresis loops of [Co(0.4 nm)/Pt(1.1 nm)]N multilayers
L7 ettt renre s 104

Figure 5.9 Pt/Co/Pt single stack structure and the magnetic distribution in the Pt layers. The
magnetic moment of Co atom is 2.054 uB, which is 10 times larger than the Pt. ...... 105

Figure 6.1 Schematic of Co/Pt SAF sample’s structure with PMA. ... 108

Figure 6.2 Magnetic hysteresis loop for Glass/Ta (5 nm)/Pt (2 nm)/Co (0.8 nm)/Pt (0.6
nm)/Co (0.8 nm)/Ru (t nm)/Co (0.8 nm)/Pt (0.6 nm)/Co (0.8 nm)/Pt (2 nm) measured
DY VSV .ottt 111

Figure 6.3 Magnetic hysteresis loop for Glass/Ta (5 nm)/Pt (2 nm)/Co (0.8 nm)/Pt (0.6
nm)/Co (0.8 nm)/MgO (t nm)/Co (0.8 nm)/Pt (0.6 nm)/Co (0.8 nm)/Pt (2 nm) measured
DY VSIML ottt rerens 112

Figure 6.4 Magnetic hysteresis loop for Glass/Ta (5 nm)/Pt (2 nm)/Co (0.8 nm)/Pt (0.6
nm)/Co (0.8 nm)/NiO (t nm)/Co (0.8 nm)/Pt (0.6 nm)/Co (0.8 nm)/Pt (2 nm) measured
DY VSV w.ooeoeeeee ettt 113

Figure 6.5 Schematic geometry of pump-probe TR-MOKE measurements. ...................... 114

11



Figure 6.6 Normalized dynamic MOKE signals for [Pt/Co]./Ru (0.8 nm)/[Co/Pt], measured
at different applied field with a pump fluence of 12 mW. (a) shows the whole dynamic
process up to 1.4 ns. (b) shows the first 3.5 ps demagnetization process. ................... 115

Figure 6.7 Normalized dynamic MOKE signals for [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]> measured
at different pump fluence with an applied field of 2500 Oe. (a) shows the whole
dynamic process up to 1.4 ns. (b) shows the first 3.5 ps demagnetization process. .... 117

Figure 6.8 Normalized dynamic MOKE signals for [Pt/Co]2/NiO (1.0 nm)/[Co/Pt]>
measured at: (a) different applied field with a pump fluence of 4 mW and (b) different
pump fluence with an applied field of 1500 O€. ........cccccveviiiie i 118

Figure 6.9 Transient magnetic polar Kerr loops of [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]2 thin film
excited by 6 different pump fluence at the same delay Of 1 pS. ....cccovvvivviveieiiieiennnns 119

Figure 6.10 Transient magnetic polar Kerr loops of [Pt/Co]2/MgO (2.0 nm)/[Co/Pt]. thin
film excited by 5 different pump fluence at the same delay of 1 ps. .....c.covevvviernnnnen. 120

Figure 6.11 Transient magnetic polar Kerr loops of [Pt/Co]2/NiO (1.0 nm)/[Co/Pt]> thin film
excited by 6 different pump fluence at the same delay of 1 pS. ....cccevvvivviveieiiieiennnns 120

Figure 6.12 Magnetic dynamic MOKE signal for [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]> pumped by
a laser fluence of 12 mW. The numbered cycles in the curve indicate the delay time
when the transient hysteresis 100p Was Measured. ...........ccccveveeveeiieeseciee s e 121

Figure 6.13 Transient magnetic polar Kerr loops of Pt/Co/Pt/Co/Ru (0.8 nm)/Co/Pt/Co/Pt
thin film at 9 selected pump-probe delays as shown in Fig 6.12. The pump power is 12
mW, and the interlayer antiferromagnetic coupling exists at this pump power........... 122

Figure 6.14 Transient magnetic polar Kerr loops of Pt/Co/Pt/Co/MgO (2.0 nm)/Co/Pt/Co/Pt
thin film at 9 selected pump-probe delays as shown in Fig 6.12. The pump power is 8
mW, and the interlayer antiferromagnetic coupling exists at this pump power........... 123

Figure 6.15 Transient magnetic polar Kerr loops of Pt/Co/Pt/Co/NiO (1.0 nm)/Co/Pt/Co/Pt
thin film at 9 selected pump-probe delays as shown in Fig 6.12. The pump power is 4
mW, and the interlayer antiferromagnetic coupling exists at this pump power........... 125

Figure 6.16 Three important parameters to explain different shapes of hysteresis loops. (a)
The hysteresis loop of HIFC > HAFM > Hc. (b) The hysteresis loop of HIFC > Hc >
HAFM. (c) and (d) shows the atomic simulation results. ..........c.ccccooevieiiiiciiececee, 126

Figure 6.17 The single hysteresis loop of the out-of-plane Co/Pt multilayer sample. (a) was
taken from MOKE image system, and (b) was taken from the VSM. ...........c..ccceee. 126

Figure 6.18 The schematic hysteresis loop for HAFM and Hc > HIFC and (a) HIFC =0
() HIFC 75 0. oottt st et et e s e s et e s e nbenbesreeneaneas 127

12



Figure 6.19 Schematic diagrams AFM IEC suppressed by laser heating effect. (a) Diagram
for the applied magnetic field is smaller than Hex and (b) the applied magnetic field is
Greater thaN HEX. ....ooviiiiiiiiee et 129

Figure 6.20 (a) Normalized dynamic reflectivity signals for [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]2
measured at different pump fluence without applied field. (b) shows the first 3.5 ps

PIOCESS. 1.ttt ettt ettt eit e et et e st e bt e ekt e ekt e et e e bt e e bt e e R b e R b e e R b e Rt e e nb e nn e nre s 131
Figure 7.1 The front view of the 2H-MoSe> unit cell, the left is the bulk and the right is the

monolayer. (b) The bandstructure of monolayer MoSes. ........ccccovveevieeiieiinciie e, 134
Figure 7.2 The phonon dispersion of the monolayer MoSez. .......c.cccevveveiveieiie e, 135

Figure 7.3 (a) The 9 phonon modes’ frequency at the I' point. (b) The schematic diagram
of the different phonon MOTES. ... s 136

Figure 7.4 (a) The optical microscope image of monolayer MoSe,. The magnification times
of the microscope is 500, and the monolayer triangle’s side length is about 75
micrometres. (b) Diagram of the experimental geometry. Both wavelengths of the pump
and the probe are the same, and the incident angle of the pump beam is about 45°.. 137

Figure 7.5 Wavelength dependence of electron relaxation time in monolayer MoSe> based
on the degenerate time-resolved pump-probe measurement. (a) the transient reflection
induced by the pump beam decreases with the wavelength increase, and it downs to
negative when the wavelength is greater than 785 nm at 80 K. (b) the reflection
deceases to Nnegative at 805 NML. ......eoiiiiiieiee e e 138

Figure 7.6 Temperature dependence of Kerr signal relaxation time in monolayer MoSe>
based on the degenerate time-resolved pump-probe measurement. (a) pumped by 800
nm left-handed circularly polarized laser pulse. (b) pumped by 800 nm right-handed
circularly polarized 1aSer PUISE. ........ccoiiiiiiiiiee s 139

Figure 7.7 The SAF structure for all-optical switching, and the switching process............ 141

13



List of Tables

Table 4.1 Material parameters used in the atomistic simulation. .........cccccevvviviiiinnnnen, 84

Table 6.1 Three different spacers’ hysteresis loop shift Hg as a function of thickness. ...108

Table 7.2 Born effective charges in the monolayer M0OS€2. c.cveviiniieiiniieiieiiiiniienecnnn 129

14



Acknowledgements

First and foremost, | would like to show my deepest gratitude to my supervisors, Dr. Jing Wu in
Department of Physics and Prof. Yongbing Xu in Department of Electronics. They are respectable,
responsible and resourceful scholar, who has provided me with valuable guidance in every stage
of my Ph.D. research. Without their enlightening instruction, impressive kindness and patience, |
could not have completed my thesis. Their keen and vigorous academic observation enlightens me

not only in this thesis but also in my future study.

I would like to thank my colleagues and we have shared a wonderful experience and time here.
Your names are: Dr. Xianyang Lu, Dr Xiangyu Zheng, Dr Yu Yan, Dr. Junlin Wang, Dr. Yichuan
Wang, Dr. Kunpeng Zhang, and Dr. Kelvin.

I would like to thank my cat Pangpang. Its companionship always make me feel like everything

would be better.
| am grateful to the Department of Physics for funding my study at University of York.

Last but not least | would like to thank my parents for their unwavering support and encouragement
throughout my PhD study here and my life.

15



Declaration

I declare that this thesis titled, “Ultrafast laser-induced spin dynamics in advanced materials,
and the work presented in it are my own. | confirm that:

This work was done wholly or mainly while in candidature for a research degree at University
of York and has not been submitted previously for a degree at this or any other university. All
sources are acknowledged as references. | am solely responsible for all the research work described
in this thesis except for the following collaborations:

In chapter 4, the sample was prepared by Jianwang Cai. After discussion with myself, the

atomic two-temperature simulations were done by Junling Wang.

Guangi Li
July 2021 in China
16



Publication List

1. Li, G., Zheng, X., Wang, J., Lu, X., Wu, J., Cai, J., Ostler, T. and Xu, Y., 2020. Timescales and
contribution of heating and helicity effect in helicity-dependent all-optical switching. arXiv

preprint arXiv:2009.12816. Accepted by Rare metals

2. Zheng, X., Wang, J., Li, G., Lu, X., Li, W., Wang, Y., Chen, L., Yin, H., Wu, J. and Xu, Y.,
2020. Paradigm of Magnetic Domain Wall-Based In-Memory Computing. ACS Applied
Electronic Materials, 2(8), pp.2375-2382.

3. Lu, X., Atkinson, L.J., Kuerbanjiang, B., Liu, B., Li, G., Wang, Y., Wang, J., Ruan, X., Wu, J.,
Evans, R.F. and Lazarov, V.K., 2019. Enhancement of intrinsic magnetic damping in defect-

free epitaxial Fe304 thin films. Applied Physics Letters, 114(19), p.192406.

4. Yin, H., Zheng, X., Wang, J., Zhou, Y., Kuerbanjiang, B., Li, G., Lu, X., Wang, Y., Wu, J.,
Lazarov, V.K. and Evans, R.F., 2020. Defect-Correlated Skyrmions and Controllable
Generation in Perpendicularly Magnetized CoFeB Ultrathin Films. arXiv preprint
arXiv:2006.02864. Accepted by Applied Physics Letters

17



Chapter 1 Introduction

1.1 History of magnetic recording
Magnetism has attracted human attention for over 2500 years. About 400 BC, the Chinese had the

record of the naturally occurring mineral magnetite, FesO4. Nearly one decade later, the ancient

Chinese discovered the interaction between the geomagnetic field and magnetic materials, and

they used this phenomenon for navigation. The first compass is the so-call Si Nan. Nowadays, as

one of the four pillars of modern physics, humans can easily manipulate the electromagnetic force

and utilize it for our needs. With the development of magnetism, people have invented many

technological devices based on magnetism and magnetic materials. One could give many examples

like permanent magnet motor, sound and video systems components, nuclear magnetic resonance

image, magnetic sensors, hard disks and its read/write heads. Nevertheless, the most important

achievement in magnetism is the magnetic recording of information.
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Figure 1.1 Development of HDD data storage density [1].
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Since the 1950s, fast-growing information technology has given birth to binary data storage. At
first, the computer system’s data storage was based on the punched card and pantograph, whose
writing and reading speeds are both far behind the computational speed. This restriction was not
released until magnetic materials were used for information storage. Magnetic materials are perfect
binary data carriers, as the spin’s direction is also binary. Spin up and down correspond to 0 and
1, respectively. In 1957, IBM introduced a revolutionary product, the IBM 305 RAMAC (random
access method of accounting and control) [2]. This first hard disc driver (HDD) has an information
storage areal density (AD) of 2 kbit/in?. It almost doubled every two years and rocketed to
2.6 Gbit/in? in 1997. Several technologies contribute significantly to this miracle, including a
thin film head, magnetoresistance (MR) head and the partial response maximum likelihood (PRML)
signal process system. Then the giant magnetoresistance (GMR) was discovered independently by
the groups of Albert Fert and Peter Grunberg in 1988 [3, 4], and after ten years, the GMR reading
head was created by IBM, and then the hard disk drive (HDD) AD rapidly grew to 12 Gbit/in?
in 1999 [5]. Due to its great improvement in information storage, the 2007 Nobel Prize in Physics

was awarded to Albert Fert and Peter Grunberg for the discovery of GMR.
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Figure 1.2 Schematic representation of spin valve based on the GMR effect. An unpolarized
current flows through a tri-layer film with two ferromagnetic layers, F1 and F2, sandwiching a
nonmagnetic metal spacer layer N. The magnetic directions of F1 and F» are parallel in (a) and

antiparallel in (b).

GMR originates from spin-related electrons scattering. FIG 1.2 shows a GMR sensor a spin valve,
while FIG 1.2. (a) shows the high resistance state and FIG 1.2. (b) shows the low resistance state.

An unpolarized current flows through this structure, and electrons with spin up and down scatter
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differently. When the electron’s spin direction and the ferromagnetic layer’s magnetic direction
are antiparallel, the high scattering probability results in a high resistance is Rn. Otherwise, it will
have a low resistance Rr. According to the results of Albert Fert and Peter Grunberg, the GMR
ratio in Fe(3 nm)/Cr(0.9 nm) superlattices at 4.2 K is about 80 % [3]. For the GMR reading head,
an antiferromagnetic layer is added to this structure, which can fix the magnetic layer’s direction
by exchange coupling. This layer is called the pinning layer, and the other is called the free layer.
The free layer’s direction could be changed by an external magnetic field or current, and the

information stored can be read by measuring the current flowing through this structure.

A new bottleneck appeared after GMR. From 2002 to 2006, the increasing rate of the storage
density dropped to about 25% to 40% per year. In addition to increasing HDD’s head sensitivity,
the HDD industry also focused on decreasing the magnetic grain size in each data bit. However,
thermal fluctuation plays a more and more important role in the reduction of magnetic grain size.
Furthermore, it will approach the so-called superparamagnetic limit. The magnetic direction of
each magnetic grain is protected by the magnetic anisotropy energy barrier K;V. Here, V is the
volume of the magnetic grain, and K; is the magnetic anisotropy constant, which is related to the

material. The magnetic relaxation time due to the thermal effect is determined by the equation:

1 -y .

-= foe kBT Equation 1.1
where f, ~ 10°s~1 isafrequency constant, and kg is Boltzmann’s constant [6]. For the first 50
years of HDD history, longitudinal recording media was used for storing information. To meet the
enormous demands for higher AD, researchers focused on the perpendicular magnetic thin film,
as it has a much higher magnetic anisotropy and geometry advantage. Perpendicular recording
technology was first proposed by Iwasaki et al. in the late 1970s [7-9], but it took 30 years for the
industry to make the HDD based on the perpendicular recording available commercially. The first
announced HDD based on perpendicular recording has a capacity of 80 gigabits (GB) [10]. After
15 years of development, in March 2020, most of the HDDs based on perpendicular recording has
an information capacity of several terabits (TB). Up to date, we are very close to the single
magnetic grain’s superparamagnetic limitation, and new technologies are needed for increasing

information capacity.
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A promising technology for the next generation of HDD is heat-assisted magnetic recording
(HAMR). This technology gives the magnetic recording a new degree of freedom: temperature,
and Fig 1.2 shows a specific process of the HAMR writing. The recording material is heated by a
focused laser beam, and with its temperature approaching to the Curie temperature the material’s
coercivity could have a significant drop. A much smaller magnetic field is needed for writing at
that temperature. After the data were written, the media’s temperature rapidly went back to the
storage temperature. Hence, the higher magnetic anisotropy material can be used by adding a laser
heating system. While according to the superparamagnetic limit equation, a higher magnetic
anisotropy material could have a smaller grain size, which offers a higher AD. However, several
challenges must first be addressed before the HAMR becomes a generalization commercial
technology. For example, the recording materials’ anisotropy should be not only large at room-
temperature, but also quite sensitive to the temperature. After the material was heated by the laser,
its anisotropy was reduced significantly. Also, the thermal conductivity of the disk should be taken
into consideration. Furthermore, the light delivery system must deliver the laser efficiently from a
laser diode to the recording media, and the focused spot size should be far smaller than the
diffraction spot size. Therefore, designing a HAMR HDD needs system-level optimization. In
February 2019, the HAMR HDD up to 24 TB was tested in the laboratory, and the next generation
HAMR HDD is aiming for 40 TB by 2023 [11].
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Figure 1.3 The schematic diagram of the HAMR writing process [12].
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1.2 The Electron/spin dynamics

As the working frequency of magnetic recording approaches the GHz frequency regime, the
electron/spin dynamic process at pico/femtosecond timescales attracts researchers’ attention. In
1983, the picosecond laser-induced reflectivity transients of Cu were observed by the so-called
time-resolved pump-probe technology, and the set-up used in this experiment is shown in Fig 1.4
(a) [13]. With the light speed of 3 x 108 m/s, one-millimeter optical path difference of pump and
probe pulse will give 3.33 picoseconds delay time. While the stepper motor’s bidirectional
repeatability is better than 1 micrometer, which shall give a time-resolution of 3.33 femtoseconds,
much shorter than the ultrafast laser’s pulse duration. This technology gives us the means to
explore new insight into the electron and spin dynamics. The combination of time-resolved
technique and magneto-optical imaging gives a time-resolved magnetic imaging system, which
provides information on magnetic domain wall or vortex motion [14]. Details about the time-
resolved pump-probe measurement will be given in chapter 3.2. Fig 1.4 (b) shows the temporal
profile of the reflectivity changes representing anomalous rapid heating and cooling processes of
the specimen, which is attributed to the electron and lattice thermal non-equilibrium state. Since
photons only directly interact with electrons, and the laser pulse duration is much shorter than the
electron-lattice relaxation time, this transient process could be observed by ultrafast laser. It is

obvious in this graph that the electron-lattice’s relaxation time is extremely short in metals.
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Figure 1.4 (a) An optical schematic of the time-resolved pump-probe experimental set-up. (b)

Time-resolved AR/R transients for copper [13].

If we consider the magneto-optical interaction in the time-resolved pump-probe measurement, we

could get the magnetic information at ultrafast timescales as well. The experimental set-up for
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ultrafast magnetic measurement is just a bit more complicated than the normal time-resolved
pump-probe set-up. Based on the time-resolved magneto-optical Kerr effect measurement, one

could observe the spin-electron-lattice thermal non-equilibrium state as shown in Fig 1.5.
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Figure 1.5 The temperature variation of electron (T,, hollow squares) deduced from differential
transmittance is plotted in(a), where the absolute electronic temperature scale is obtained by
normalization to spin temperature (T, solid dots) measured by TR-MOKE. (b) Calculated spin

(Ts), electron (T,) and lattice (T;) temperatures from three-temperature model [15].

To describe the dynamics process in Fig 1.5(a), Beaurepaire et al. introduced a new
phenomenological three temperature model (3TM) [15]. This model is an extension of the
modelization of the electron thermalization in metals called two temperature model [16]. The
energy transfer of three systems is considered, including electron, spin, and lattice, and they are
regarded as three energy reservoirs. The following differential equations show the relationship

between temperature and the heat capacity of each system.
Ce(Te)dTe/dt = —Gey(Te = Tp) — Ges(Te — Ts) + P(1),
Cs(T)dTs/dt = —Gos(Ts — T,) — G (T, — T)), Equation 1.2
C(THdT,/dt = —Go(Ty — Te) — G (Ty — T)

Here, C,, C,and C; are heat capacity and T,, T, and T, denote temperatures of electron, spin,
and lattice, respectively. While the interactions of them are defined by the coupling parameters

Ges, Gop, and Gg;. The first process when the magnet is exposed to the laser is the pure energy
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transfer from the photon to the electron system, which is presented by the laser source term P(t) in
the equation 1.2. Then the energy transfers from the electron system to the lattice and spin systems.
This equation set allows us to extract a value of the electron-spin coupling strength of the sample
from the magnetic dynamics. It is a major step to solving magnetic dynamic problems. More details

about this topic will be discussed in chapter 2.5.1.

1.3 All-optical control of the magnetic direction
The interaction of photon and magnetic materials has been under intense investigation into its

potential application in magnetic information storage. The transfer of energy and momentum from
the photon to the electron is commonly known. But, the transfer of angular momentum was not
unveiled until 2007, when Stanciu et al. demonstrated that laser could switch the magnetic
direction in GdFeCo [17]. This helicity-dependent all-optical switching (HD-AQOS) was
considered as circularly polarized light simultaneously acting as a magnetic field so-called inverse
Faraday effect (IFE). All-optical switching shows excellent potential for low-energy ultrafast
spintronics since the energy density required for AOS is < 10 femto-Joules for a (20 nm)? cell,
and the switching time is about ten ps, which is more than one order of magnitude faster than any

magnetic field induced switching [18].

Before exposure After exposure

Figure 1.6 The landmark experiment observed all-optical switching in GdFeCo [17]. (a) Magneto-
optical image of the initial magnetic state before exposure. (b) Three different polarized laser
beams scanned across the sample from left to right with a speed of 30 um/s. Here the right-

handed circularly (¢*) polarized beam switched the M~ to M*, and the left-handed circularly
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(o7) polarized beam switched the M* to M~, while the linearly polarized beam remained in a

multidomain state.

Hence, this phenomenon has widely attracted researchers’ attention, and in the next few years, the
range of material systems where AOS has been observed is continuously increasing. First, HD-
AOS has been achieved in a number of rare earth-transition metal ferrimagnets [19]. Then, a
transient ferromagnetic-like state was discovered in GdFeCo, which mediates the helicity-
independent all-optical switching (HID-AQS) [20, 21]. Based on this discovery, AOS was
achieved in Pt/Co/Gd stacks [22]. Then the material systems in which HD-AOS was observed
were expanded to the ferromagnetic material, Co/Pt multilayer, in 2014 [23]. In the next few years,
AOS has been widely investigated in these materials, as the interlayer exchange interactions spin-
orbit coupling are considered to play an essential role in HD-AOS [24], and the optical spin-

transfer torque is strongly enhanced by the Pt capping layer [25].
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Figure 1.7 Magneto-optical images of helicity-dependent all-optical switching in [Co/Pt]n
multilayer samples. Three different polarized laser beams scanned across the sample from left to
rightt. (A)N=8.(B) N=5.(C)and (D) N =3 [23].

Obviously, the HID-AOS mechanism is not applicable to HD-AOS. While the Fe and Gd spin
sublattices in GdFeCo are antiferromagnetic coupling, all spins in ferromagnets are in the same
direction. The most suggested mechanism for HD-AOS include the laser-induced heating [26, 27],
magnetic circular dichroism (MCD) [28, 29], IFE [30-32], and optical selection rule [33]. MCD
mechanism suggests that different magnetic states have different circularly polarized (CP)
absorption ratios. For example, when the sample is illuminated by the left-handed circular
polarized laser (LCP), the M state’s temperature is higher than the M* state as the former could
absorb more LCP photons. That makes the probability of M" — M' higher than M* - M".
According to a previous study, only 0.5% of MCD makes the AOS possible. IFE effect is more
uncertain, the origin of IFE in the metal is still unknown, and it is very difficult to characterize

experimentally [28]. Moreover, IFE is strongly materials and frequency-dependent [32]. Therefore
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the amplitude and duration of the IFE field are treated as free parameters in simulations. As the
AOS is at the picosecond scale, the effective magnetic field should be at 10 T scale. And the
duration of at least 0.15 ps is necessary to achieve AOS in Co/Pt [30]. But AOS in Co/Pt is seen
for a much shorter laser duration [23, 34]. In term of experimental observations of AOS, some
questions are still open. First, for the circular polarized laser, heating and helicity effects are
entangled. Overheating a ferromagnet only produces a random domain state. Heating it near its
Curie temperature makes magnons easier to flip. Additionally, a temperature gradient was
discovered to induce the domain wall drifting [35]. Hence, we could not identify the contribution
of heating and helicity effect by using pure CP laser pulses. Second, up to data, HD-AOS is still a
multi-pulse effect, therefore the most important information at picosecond scales in the HD-AOS

process cannot get from time-resolved measurements.

1.4 Introduction to two-dimension materials

The two-dimensional (2D) materials first caught attention in 2004, when the carbon atom sheets
stacked by the van der Waals forces were fabricated into 2D systems. The electrons in graphene
show miraculous properties, including ballistic conduction [36], fractional quantum hall effect [37],
Dirac point [38], and so on. Researchers soon found some of the properties do not rely on the
carbon atom, but the 2D structure is more important, and many-layered materials have been
mechanically exfoliated into monolayers. For example, transition metal dichalcogenides (TMDC),
MX2 (M=Mo, W; X=S, Se, Te), have the Dirac point and transit to a direct bandgap when they are
down to monolayers [39]. The direct bandgap gives monolayer TMDCs a promising potential in
future electronics. Devices such as photodetectors and transistors have been successfully
fabricated [40-42]. The bandgap in monolayer TMDC:s is in the visible light region. More than
that, according to a recent study, the 2D TMDCs materials achieve one order of magnitude higher

sunlight absorption than the most commonly used solar absorbers such as GaAs and Si [43].

The Dirac point in two-dimension (2D) materials gives the electron a new degree of freedom (DOF)
called valley degree. Unlike graphene, the metal atom in TMDCs provides a strong spin-orbital
coupling, and the inversion symmetry is broken in odd layer TMDCs. Both induce a spin-valley
coupling in TMDCs Thus the spin and valley can be efficiently controlled by the optical helicity
[44]. The direct interband transition results in an additional orbital magnetic moment at each valley,
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and the conservation of angular momentum makes the transition between the valence band and the
conduction band following the optical selection rule. Excited by the circularly polarized light, a
non-equilibrium state valley current can be obtained, like the manipulation of the spin DOF. It is
necessary to generate the valley-polarized current efficiently to operating the valley electronic

devices.

In most 2D materials, the electron in the conduction band bottom is no longer can be considered
as a single isolated electron. This is because in 2D materials, the dielectric screening is decreased
enormously, and the effective masses of the electrons and hole near the Dirac point is much larger
than in bulk materials [45]. For example, the electrons in graphene can interaction with each other,
and that makes it a great stage to study the fractional quantum hall effect. Things get more
complicated in 2D semiconductors, such as TMDC. This system exhibits tightly bound excitons,
trions, and even intervalley biexcitons [46]. Furthermore, the first principle calculation based on
density functional theory has shown that above the fundamental 1s exciton, monolayer TMDCs

have densely spaced exciton states [47, 48].

Several measuring technologies are used to study the basic physical characteristics of 2D materials.
The photoluminescence (PL) spectra shows that bulk MoS; with an indirect bandgap only has a
negligible photoluminescence, while the monolayer MoS; has a strong photoluminescence
emerges even in the room temperature [49]. The Raman shift also proves that TMDCs’ band
structure is strongly dependent on the number of layers [50]. Before long, time-resolved PL at 4 K
shows that the trion in monolayer MoS; has a great contribution to the PL intensity, and the
relaxation time of the trion is three times longer than the exciton [51]. As a potential valleytronic
and spintronic material, the valley and spin relaxation time are the keys to the issue. PL gives the
time scale of the electron and hole recombination as about 3 to 100 picoseconds. However,
according to the time-resolved pump-probe experiment results, the electron spin relaxation time
is longer than three nanoseconds at 5k in n-doped MoS; [52]. To directly explore the 1s
intraexcitonic transient to np in monolayer TMDCs, the researchers’ in Korea developed a new
technique called time-resolved mid-infrared spectroscopy, where the pump photon’s energy is
slightly higher than the A exciton, and the probe photon’s energy is tuned to the transient energy
[53]. Based on this technique, they discovered an intraexcitonic relaxation channel of 1s to 2p and
an even higher-order transition was observed at a higher temperature.
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Most of these monolayer materials have the same lattice structures, heterostructure, and they can
be assembled with each other by van der Waals force. The orientations of each layer are confirmed
by second harmonic generation measurements [54, 55]. The properties of these monolayer
crystals have slight differences, and when they are coupled only by van der Waals forces, the
interaction between them will induce phenomena that are absent in individual layers. In 2015, the
researchers in the USA studied the phonon mode in MoS2/ WSe, and MoSe>2 / MoS», and the layer-
breathing mode vibration between the two TMDC monolayers was founded by the Raman
spectroscopy [56]. Since the Raman measurement is a basic technology, this research provides a
convenient and useful probe to the van der Waals heterostructures. The lifetime of spin/valley
polarization in monolayer TMDCs is no longer than several nanoseconds. However, time-resolved
PL spectra show the spin/valley relaxation time in WSe> / MoSe; is 40 nanoseconds, and this long-
lived polarization is tunable by the gate voltages [55]. In 2016, time- and angle-resolved
photoemission was used to directly measure the transient band structure evolution in van der
Waals-bonded graphene and MoS; heterostructure [57]. The results confirmed that after the first
laser pump pulse, the bandgap is reduced by up to about 400 meV on several femtoseconds.
Beyond that, when the pump photon energy is lower than the bandgap, the higher-order multiple
photon processes were observed, and this result seems related to our new result since we also have
the negative reflection in monolayer MoSe> as well. These results are equally possibly come from

the dark exciton, which has been confirmed by the two-photon PL excitation [58, 59].

a b

. n. * 4 n N ns n, Y, E i
*3 =
a . L -E
o Y A C 5
c
— — =
e ~ p ~ ©
w0 SN TR
4 7K N/ NN =
v

0 — Pulseld pump, probe: ?60 nm
0 1 2
Time (ns)

Figure 1.8 (a) A simple bandstructure picture of the conduction and valence bands at the K and K’

valleys of monolayer M0S2, along with the relevant optical selection rules and scattering processes.

29



(b) Nanosecond spin relaxation time in MoSe, was detected by the time-resolved Kerr rotation
[52].

Researchers are not limited to graphene and TMDCs, and plenty of 2D materials with incredible
properties have been exfoliated from bulk. For example, monolayer Crls are demonstrated 2D
ferromagnetism, and it has layer-dependent magnetic phases, which is the first revealed isolated
2D magnets [60]. Before long, Crls and WSe, bond to create new van der Waals heterostructures,
and a large magnetic exchange field of nearly 13 T was found in this material [61]. Transition
metal carbides (TMC), produced by exfoliation of TisAlC, have also joined the 2D family in 2011
[62]. Bulk Mo,C was found to have superconductivity in 1966 [63], and monolayer Mo2C also has
superconductivity [64]. Black phosphorus is stacked together by Waals interaction as well. Thus,
monolayer black phosphorus was fabricated into a transistor in 2014, and its electrical mobility is
found to be layer-dependent [65]. These two 2D materials are just like bricks with different
properties. With more 2D materials found, researchers can create more devices with unique

characters to satisfy different requirements.

1.5 Synthetic antiferromagnetic materials
As human civilization needs to store and process information continuously increases, the main

objective of spintronics is to reduce device power consumption and scale. However, the limit of
current memory and process devices will be approached soon, and much more magnetic
interactions will enter the researchers’ scene, as they may provide a new degree of freedom for
controlling or detecting magnetic properties. Such as using the Dzyaloshinskii-Moriya interaction
to control domain-wall motion [66], switching the magnetic direction by the spin-transfer torque
[67-69] or spin-orbital torque [70-72], and tuning the interlayer exchange coupling by electrical
field [73-75].

With more important interactions being discovered in antiferromagnetic materials,
antiferromagnetic spintronics has become a fast-growing, cutting-edge field in spintronics. The
storing and the magnetoresistive read element are merged into one in magnetic random-access
memory (MRAM) [76], and the stray magnetic field is not even used in the spin-torque [69] or
spin-orbital torque  MRAM [77, 78]. Unlike traditional ferromagnetic spintronics,
antiferromagnetic spintronics has no stray magnetic field and, therefore, a much higher magnetic
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field stability [79]. Synthetic antiferromagnetic (SAF) multilayer is one of the easiest ways to
manipulate antiferromagnetic (AFM) coupling [80]. Two ferromagnetic (FM) layers are separated
by a nonmagnetic (NM) spacer layer, and there is an indirect interaction through the NM layer
called the interlayer exchange coupling. The interlayer exchange coupling is easily tuned by the
spacer layer’s thickness [81], and the interaction can be changed from ferromagnetic coupling to
antiferromagnetic coupling. As shown in Fig 1.7, the oscillation interlayer coupling is not limited

to metallic layers [82, 83] but also to nonmagnetic layers [81, 84].
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Figure 1.9 The dependence of the interlayer exchange coupling strength on the spacer thickness.
(a) Metallic spacer layer Ru [85]. (b) Antiferromagnetic spacer layer NiO [84]. (c) Insulating
spacer layer MgO [86].

In recent years, electric-field regulation has replaced magnetic field control due to its high speed
and energy efficiency. When the spacer layer is metallic, the interlayer exchange coupling is
described by the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction theory [87-89].
Controlling RKKY interaction by electric field was discovered in 2018 by Qu Yang et al. [90].
But for other spacer layers, electric field controlling is not achieved yet. Manipulating all the
interlayer exchange couplings becomes a new challenge. With the regulation of
antiferromagnetism gaining increasing attention, more methods with higher speed, more compact

and higher energy efficiency will be found.

1.6 Thesis overview
The study presented in this thesis focuses on the study of magneto-optical interaction in various

magnetic materials. The crucial experimental results are using the ultrafast laser to investigate the
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magnetic dynamics, which deals with nonequilibrium physical process on a femtosecond time
scale. To explore the underlying mechanism and the microscopic nature of the magnetic properties,
the first-principle calculation is used to reveal the static properties of samples used in this thesis.
The calculation results have two parts. The first part is the magnetic moment distribution on each
layer of multilayer samples. The second term is the spin-orbital coupling of different atoms, as this
parameter plays a key role in the magneto-optical interaction. The basic magnetic characterizations
are also performed, including magneto-optical Kerr imaging and vibrating sample magnetometer.
The results provide new physical insight to better understand the all-optical switching mechanism

and manipulate the magnetic direction by using an ultrafast laser pulse.

In chapter 1, a brief introduction and basic background of the ultrafast spin and electron dynamics
have been presented. Three sub-fields are introduced, including a brief review of the magnetic

recording, all-optical switching and the two-dimension materials.

The theoretical background of magnetism was presented in chapter 2. Magneto-optical interactions
are introduced, including ultrafast laser-induced heating effect, Kerr and Faraday effects, magnetic
circular dichroism, and inverse Faraday effect. The ultrafast laser heating effect plays an
irreplaceable role in explaining the magnetization dynamics. The Kerr and Faraday effects provide
us with tools to measure the magnetic properties. The magnetic circular dichroism and inverse
faraday effect are the two most discussed candidates to explain the mechanism of all-optical

switching. Finally, the first principle calculation is briefly introduced.

In chapter 3, all the experimental techniques used in this thesis are introduced. Three conventional
characterization techniques are introduced, including a magneto-optical Kerr effect image system,
time-resolved pump-probe spectroscopy and vibrating sample magnetometer. A new experimental
setup designed to figure out the heating and helicity effects in the all-optical switching is also
included, and details are discussed in chapter 3.3. Since all the samples were grown by magnetron

sputtering, this growth technique was introduced in chapter 3.4.

Although helicity dependent all-optical switching (HD-AQS) in ferromagnetic materials was
discovered in 2014, its microscopic physical picture of it is still under hot debate. In chapter 4,
several new experiments were designed, combining the magneto-optical Kerr image system and

the time-resolved pump-probe system. The experimental results provide a new physics insight into
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this field. The sample used in this chapter is a simple but of fundamental importance, Pt/Co/Pt
multilayer structure, which is the first ferromagnetic material that observed all-optical switching
[23]. To explore the contribution of the heating effect in HD-AQS, linearly polarized and circularly
polarized laser pulses were used. Several energy combinations and different pulse delay time were
tested. The results suggested that the heating effect could significantly assist helicity dependent
all-optical switching, and the phenomenological magnetic circular dichroism was identified as the

mechanism [28] responsible for the observed HD-AOS in Pt/Co/Pt multilayer structures.

Chapter 5 focuses on improving the energy efficiency and switching ratio for HD-AQOS. High-
quality Pt/Co/Pt multilayer thin films were growing by magnetron sputtering at the same growth
condition with different Pt and Co thicknesses. The all-optical switching power and switching ratio
were studied in all the samples. The first-principle results and the experimental results are
compared to further understand the all-optical switching. The Pt layer was found to enhance the
spin-orbital coupling of its nearby Co layer and, therefore, improved the switching ratio. However,

the high reflectivity of the Pt layer increased the energy consumption of all-optical switching.

Chapter 6 presents the spin dynamics in synthetic antiferromagnetic materials investigated by the
time-resolved magneto-optical Kerr effect measurement. Three series samples with the same
structure FM/Spacer layer/FM and three different spacer layers (MgO, NiO, Ru) were studied. By
changing the thickness of the spacer layer, the interlayer exchange coupling can be tuned from
ferromagnetic coupling to antiferromagnetic coupling. The transient hysteresis loops provide a
direct opportunity to study the interlayer exchange coupling. The results pave the way to
manipulating the interlayer exchange coupling by ultrafast laser pulses.

In the last chapter, two future works are presented that are based on the new findings and methods

in this thesis.
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Chapter 2 Theory

2.1 Overview
According to modern physics, magnetism providers in the atomic scale can be divided into two

categories: First, elementary particles, including electrons, protons, and neutrons, have the spin
magnetic moment. This concept was first introduced by Wolfgang Pauli in 1924 to explain the fine
structure of the emission spectrum of alkali metals [91]. Even today, we still cannot answer the
question of why these small particles could produce such an enormous magnetic field but describe
it as an intrinsic property. It does not prevent us from using and developing a great variety of
magnetic materials. Second, the electron’s orbital motion in the atom provides the orbital moment,
and the proton’s and neutron’s motion in the nucleus also provides a small magnetic moment.
When atoms or molecules compose materials, those magnetism providers have multiple
interactions with each other, which is the origin of magnetic materials. Here we introduce several
important magnetic interactions related to this thesis, including exchange coupling, spin-orbit
coupling and Zeeman interaction. Also, the interaction between light and magnetic materials is the
most attractive part of spintronics. One will expect many applications if the light could control the
magnet. However, the interaction of the light and the magnet is very complex, many effects should
be considered, and the microscopic mechanisms of opto-magnetic effects are still missing.
Although the light is an electromagnetic wave, the interaction between the light and the magnet is
extremely weak, which also makes it quite tough to study. Through researchers’ many decades’
efforts, we now know more details about the magneto-optical interactions, and we will introduce

several of them that were used in our research.

2.2 Exchange coupling

Most of the gas, liquid and solid are paramagnetic materials, which obey Curie’s law. It is
described as the magnetization of the material is proportional to an applied magnetic field and

inversely proportional to temperature, which can be presented as:

M = C? Equation 2.1
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However, people found some materials present very strong magnetization even without an applied
magnetic field, and they are referred to as ferromagnetic materials. Pierre Weiss made a correlation

to the Curie’s law and expanded it to ferromagnet, called Curie-Weiss’ law:

Equation 2.2

where T, is called the Curie temperature. Above this temperature, the material could be regarded
as paramagnet, and below this temperature the ferromagnet has a spontaneous magnetization.
Weiss introduced a molecular field in the ferromagnet to explain spontaneous magnetization in
1907 [92], which has an astonishing scale of 107 T. However, the origin of the molecular field is
not explained until the development of quantum mechanics. After that, this field is described as
the exchange coupling. The spin-spin exchange interaction is the most important coupling in
magnetism, which is responsible for the magnetic order. The exchange coupling is a short-range
interaction between electrons, which is the strongest magnetic interaction. It aligns the spin system
to parallel or antiparallel depending on the exchange energy, while the former gives ferromagnetic
coupling and the later gives antiferromagnetic coupling. The exchange coupling induced energy
splitting was first observed in the He spectrum, which is the easiest but perfect model to explain
magnetism in quantum mechanics. To understand the origin of exchange coupling, here we figure
out why the helium energy of the spin system’s antiparallel alignment is higher than its parallel
alignment. The Hamiltonian of this system under Born-Oppenheimer approximation could be

presented as:

2 2 2 2 2
H(ry,m) = 2+ 12— e _ 2 4 ¢° Equation 2.3

Mme 2mg  4meg|ry|  ATeglra|  4meg|ry—14l

Where 1,1, are the electrons’ position, and p;,p, are the electrons’ momentum. Here the first
4 terms are the central field part, which could be treated as the zero-order Hamiltonian H°(ry,73).
While the last term gives the electron-electron interaction, which is treated as a perturbation
H(ry,1,). We start from the wavefunction of H°(r,7,), since electrons are Fermions, the
wavefunction of this system should be antisymmetric. Therefore, the wavefunction for parallel

spin alignment is:
WP(a,b) = 5[ (r)Y2(r2) = Y1 (P2 () Lt (51, 52) Equation 2.4
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Here the space part is antisymmetric. While the wavefunction for antiparallel spin alignment is:

WA(a,b) = 51 ()P (r2) + 1 P2 () xals, 2) Equation 2.5

Here, the space part is symmetric. Then, according to the perturbation theory, we obtain the energy

correction due to electron-electron interaction:
EP . = (WP (a,b)|H (r, ) |¥FP(a, b))y =1—] Equation 2.6
for parallel alignment. And
EZ ., = (W4(a,b)|H (1, 1) |¥4(a, b)) =1+] Equation 2.7
for antiparallel alignment. We, therefore, get the exchange coupling induced energy shift:
EA,—EF  =2] Equation 2.8

The energy J has a simple physical explanation that is the energy related to the two electrons
exchanging their quantum state. When J is positive, it leads to parallel spins, which is the case in

He. When ] is negative, it leads to antiparallel spins, which is the case in H,.

2.3 Spin-orbit Interaction
Spin-orbit interaction plays an irreplaceable role in magnetism as it is the coupling between

electrons and lattice, and therefore, it induces magnetocrystalline anisotropy when atoms compose
crystals. The interaction induced energy splitting was first observed in the optical emission spectra,
so-called the fine structure, and researchers found this energy splitting increase with the atomic
number Z. Here, we introduce the spin-orbit coupling by using a semiclassical model with a spin

S and an orbital momentum L. According to the Biot-Savart Law, a magnetic field is generated by

el

2mmer3’ and

an electrical current. The electron orbital motion can be regarded as a current I = —
its magnetic field can be presented as:

el

4TTM 13

H,.pi: = Equation 2.9

Here e is the electron charge, m, is the electron mass, and r is the distance between the

nucleus and the electron. Then the spin S in this field has an energy of:
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2
Eqy=———-S§"-L Equation 2.10

4megmgc2r3

From quantum mechanics, the spin-orbit interaction Hamiltonian is given by the following

equation:
Hso = $m(r)s -1 Equation 2.11

Here the n is the principal quantum number and | is the angular quantum number, and the
expectation value of &,;(r) is called the spin-orbit parameter ({,; = (&,;(r))) with dimension
[energy]. Spin-orbit interaction is about 10-100 times smaller than the exchange interaction, and
from equation 2.11 we know it is related to both principal and angular quantum numbers. For the
atoms like H and He, the spin-orbit interaction energy is about 5 x 107> eV, but for the 3d
electrons in Co and Fe, this energy has a magnitude of 1 x 1072 eV, while for the 4f electrons in

rare earth elements like Gd, it is about 0.1 eV, and 5d electrons in Pt, it is about 0.8 eV.
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Figure 2.1 The spin-orbit parameter {,,; for the valence shells of neutral atoms in their ground
state. These parameters are calculated by Cowan by using the relativistic Hartree-plus-statistical-
exchange method [93].

2.4 The magnetic anisotropy
Magnetic anisotropy is an experimental concept which includes magnetocrystalline anisotropy,

shape anisotropy, and surface-induced magnetic anisotropy. It is the energy that takes to rotate the
magnetization direction from the magnetic easy axis to the hard axis, which can be characterized
by a polar vector. The uniaxial anisotropy is the most common magnetic anisotropy, which has a

single magnetic easy axis. And its anisotropy free energy density is expressed as [94]

E.ni = K; + K, sin? 0 + K3 sin* 6 + -+ Equation 2.12
here 6 is the orientation of magnetization with respect to the easy axis, and K;, K,, Ks,..., are
the anisotropy constants.

We now explain why the spin-orbit interaction determines the magnetocrystalline anisotropy in
solid. The physical meaning of the spin-orbit interaction energy is the energy needed to turn the
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spin S from a perpendicular to a parallel orientation to the orbit moment L. The treatment of the
spin-orbit coupling in the previous section is based on a single atom. In this condition, for example,
the energy of 3d orbits is degenerate. But the situation in condensed matters is much different, the
orbital moment may prefer to lie along a specific direction due to crystal structure [95], a specific
bonding [96, 97], or the interface effect [98], which is called the anisotropy of the orbital moment.
In 1989, Patrick Bruno showed that the anisotropy of the spin-orbit energy is directly related to
the anisotropy of the orbital moment under the tight-binding approach [99]. The Bruno model can
be expressed by the following equation:

AEg, = ([(L *S)easy — (L 'S)hard] = ﬁ (m(e)asy - mf}‘"d) >0 Equation 2.13

here mS™Y (mhar?) is the orbital moment along the easy (hard) magnetization direction. This
equation gives us a particularly important insight that the easy axis has a larger orbital moment
than the hard axis, and the difference is proportional to the magnetocrystalline anisotropy. In 1995,
D. Weller et al. confirmed this theoretical prediction by using the high-field, angle-dependent x-

ray magnetic circular dichroism measurements [100].

2.5 Zeeman interaction
Zeeman interaction was named by Dutch physicist Pieter Zeeman, which was first observed in the

spectral lines split into multiple closely spaced lines in the presence of a static magnetic field.
These results were then explained by the quantum mechanics. The external magnetic field H
exerts a torque on a magnetic dipole, and the Hamiltonian corresponding to the Zeeman energy

can be expressed as [101]

Hzeeman = — J, M- Hd’r Equation 2.14
Considering the quantization of the total magnetic momentum, including the spin and orbital parts:

M = —ug(l+ 2s)/h Equation 2.15

In order to compare the Zeeman interaction with other interactions, we consider the applied

magnetic field along z-axis and the simple case when [ =1 and s = 1/2 and therefore, we have:

(Hypo) = 2ugH = 2‘}1—’23 Equation 2.16
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Here ug = % = 5.788382 x 10~°eV /T is the Bohr magneton. And therefore, the estimated
Zeeman energy has a typical size of ~ 0.1 meV when the field is 1 Tesla, which is much smaller
than the exchange coupling and the spin-orbital coupling. But the Zeeman interaction is the only

energy term directly determined by the external field.

2.6 Magneto-optical interaction
Although the interaction between photons and magnetic materials is fiendishly complicated, many

researchers have made a massive effort to clarify it. Up to date, many magneto-optical interactions
have been discovered, including Kerr effect, Faraday effect, magnetic circular dichroism, magnetic
linear dichroism, optical transition selection rules and so on. Even though some of their
fundamental physical pictures are still under debate, there is no doubt that those findings gave birth
to a wealth of techniques to detect and manipulate magnetism and therefore pushed the
development of magnetism. In this section, we will introduce several magneto-optical interactions

that closely relate to the research of this thesis.

2.6.1 Heating effect

The heating effect is normally not considered as a magneto-optical interaction. However, for the
all-optical switching, the heating effect becomes nonnegligible. As we mentioned in Chapter 2.2,
the magnetization and coercivity decrease with the temperature increases. This phenomenon is
used in the commercial hard disk, which increases the capacity of storing information. With the
development of the ultrafast laser, the ultrafast laser-induced ultrafast demagnetization also
attracted many researchers’ attention. Ultrashort heating is radically different from standard
heating as it could produce a non-equilibrium magnetic state, as shown in Fig. 2.2 (a), (b). Since
the temperatures of spin, electron and lattice are no longer the same, this non-equilibrium state
cannot easily be described by the Curie-Weiss law, but a new basic mechanism is required. As
early as 1991, Vaterlaus et al. discovered the demagnetization time of gadolinium is about 100 ps
[102]. A few years later, Beaurepaire et al. found a significant faster demagnetization time on a
nickel thin films, within 1 ps, as shown in Fig 2.2 (c) [15].
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Figure 2.2 (a) Simulating ultrafast laser-induced demagnetization for Ni-based on the M3TM
theory. Here the red line presents the electron temperature T,(t), blue line presents the lattice
temperature T;(t), and green line is the ultrafast demagnetization m(t). (b) The similar result
for the Gd [103]. (c) Transient remanent longitudinal magneto-optical Kerr effect (MOKE) signal
of a Ni(20 nm)/MgF2(100 nm) film for 7 mJ/cm? pump fluence [15].

This paradoxical phenomenon was successfully explained by Koopmans in 2009 [104]. They took
the Elliot-Yafet-like spin-phonon flip processes into account and expanded the phenomenological
three temperature model (3TM) [15, 105]. This new microscopic 3 temperature model (M3TM)

can be expressed by the following differential equation:

dt Tc e

am — Rm2 <1 — mcoth (mTTC)> Equation 2.17

Just like the ordinary 3TM, T, is the phonon temperature, T, is the electron temperature, T¢ is
the Curie temperature, and m = M /M, is the magnetization relative to its value at zero
temperature, where R is a materials-specific scaling factor. This concise and elegant equation
predicts a wide variety of magnetic dynamic features. About the demagnetization, rapid
demagnetization will be observed at low laser fluence. With the laser fluence increasing, the

demagnetization is stronger but slower. And the recovery of the magnetization also has the same
tendency.
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Figure 2.3 (a) ultrafast demagnetization process on the 3d transition metals. (b), Similar to the
extra 4f system [103]. (c) and (d), Element-resolved dynamics of the Fe and Gd magnetic moments
measured by time-resolved X-ray magnetic circular dichroism (XMCD) with femtosecond time-
resolution. c, transient dynamics of the Fe (blue open circles) and Gd (red filled circles) magnetic

moments measured with the first 3 ps. d, As ¢ but on a 12 ps timescale [20].

The explanation of the single-pulse HID-AQOS in GdFeCo is based on the observation that
demagnetization time for Gd’s 4f electrons (about 1.5 ps) is about five times slower than that of
Fe’s 3d electrons (about 300 fs) [20]. As shown in Fig 2.3 (a) and (b), photons directly interact
with the electrons near the Fermi level. The electron’s temperature rockets to the peak within 1 ps

no matter it is the 3d, 4p or 5d, 6s electron. The lattice temperature increases by the hot electrons
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scattering process with a time scale of ~1 ps. As the interaction between lattice and electrons at
different orbits has no differences, these two processes have no significant timescale difference.
However, the coupling between the electron and spin systems strongly depends on materials. For
the transition metals like Co, Ni, and Fe, spin polarized electrons, 3d electrons, could directly
interact with photons, and therefore, the coupling between electron and spin is much stronger. The
situation for rare-earth elements is much different. The 4f electrons are spin polarized, but they
cannot interact with photons but with the 5d, 6s electrons’ spin, this indirect coupling is much
weak, and the time constant for these elements is ~50 ps. Due to the difference in the
demagnetization speed, the ultrafast demagnetization in GdFeCo is different from normal
materials. Once the laser pulse arrived, the Fe’s fully demagnetization occurs within 0.5 ps, and
then it was re-magnetized by the Gd sublattice, and then the ferrimagnet material GdFeCo was at

a transient ferromagnetic state.

The HID-AQOS was not found in any other materials without Gd until 2019. As shown in Fig. 2.4,
the pure thermal single-pulse switching was discovered again in the ferrimagnetic Heusler alloy
Mn2RuxGa (MRG), which proves that HID-AOS is not limited to Gd based amorphous ferrimagnet
films [106], and the mechanism in MRG is rather different. There are two sublattices with opposite
spin directions called Mn (4a) and Mn (4c). The 4a sublattice has a stronger intrasublattice
exchange interaction and a weaker easy axis. While the DOS of 4c is greater at the Fermi level and
a maximum in the unoccupied density of states about 1.2eV above the Fermi level according to
the first-principles calculation, which leads to a faster demagnetizing [107]. The 4a sublattice is
fully demagnetized after being exposed to the 800 nm (1.55 eV) laser pulse, and the 4c¢ sublattice’s
angular momentum is transferred to the 4a sublattice leading to a transient ferromagnetic state just
like the AOS process in the GdFeCo. Finally, with the spin ordering recovered, the stronger easy
axis in the 4¢ will force the 4a’s spin flips. This finding proves that HID-AOS can be achieved by
not only the difference of demagnetizing time for 4f and 3d electrons but also the coupling strength
of two sublattices, which significantly widen the basis for AOS and break new ground for
engineered materials used for AOS.
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Figure 2.4 Single linearly polarized laser pulse induced all-optical toggle switching in Mnz2RuGa.
This MRG sample has a compensation temperature above room temperature. The laser pulse used
here has a 200 fs duration and 800 nm wavelength [106].

2.6.2 Kerr-Faraday effect

Although light is an electromagnetic wave, the interaction between light and magnetic field was
not discovered until 1845. Michael Faraday found that when a beam of linearly polarized light
passes through the glass under an applied magnetic field, its polarization axis is rotated. This
experiment was the first evidence that there is an interaction between light and the magnetic field.
Thirty-two years later, John Kerr found that when linearly polarized light reflects from a magnetic
material, its polarization axis is rotated. Nowadays, the magneto-optical effect’s transmission part
and reflection part are called the Faraday effect and Kerr effect, respectively. These effects can be

phenomenologically described by the dielectric law:
D=¢(E+iQmXxE) Equation 2.18

where E is the electrical vector of the incident light, m is the magnetization vector and Q is

the complex magneto-optical constant, which is introduced in the permittivity tensor:

1 —iQm, iQm,,
e=¢g,| iQm, 1 —iQm, Equation 2.19
—iQm,  iQmy, 1

here m,, m,, m, are the magnetisation components along the x, y, and z axes, respectively.

From this equation, we get the reflection light amplitude, the D vector, which is related to the
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magneto-optical interaction of the incident light amplitude E with the sample’s magnetization
vector m, and it can be regarded as secondary light amplitude. The magneto-optical constants of
the Cu/Co multilayers at a wavelength of 6328A is Q = 0.0177 —0.0063i and Q =
0.00038 — 0.00315i for Co/Pd multilayers [108]. A key point for experimental setup and
measurement is the cross product of E and m, and we shall discuss this part in Chapter 3 and
Chapter 6.

Then we derivate the equation of the Kerr rotation and Kerr ellipticity from the Fresnel equation.
As the Kerr effect is about the change of the light’s polarization, the s- and p-polarized light are
separately considered in the Fresnel equation. Here we present this equation as follows:

E T T E;
( ”) = ( s Sp)( ‘S) Equation 2.20

Erp Tos  Top/ \Eip

Here E,; and E;; (E,, and E;,) present the reflected and incident light’s electric field vector’s
component on the s-polarized (p-polarized) direction, respectively. Where g, 75, 75, and 7y,
are the Fresnel reflection coefficients and the subscripts denote the scattering plane dependence of
each element such that r,, represents the ratio between the complex electric field amplitude of p-
polarised reflected light and that of s-polarised incident light. Expression of the Fresnel reflection

coefficients can be calculated by applying the reflection boundary condition [109]:

__ UaNqcosB;—pqN, cos O,

55 pyN; cosO;+p N, cos 6, Equation 2.21

_ ifq1 4z N1 N cos 0, Q(my sin 8,—m, cos 6,)
- (u1N5 cos 61 +uyNq cos 05) (N4 cos 61 +p1 Ny cos 0,) cos 0,

Tsp Equation 2.22

iU N1 N5 cos 91Q(my sin 8, +m, cos 62)

Equation 2.23

T, =
ps (u1N5 cos 61+uy N1 cos 0;)(u Ny cos 61+ N, cos 0,) cos 6,

__ 1Ny cos6;—pu,Nq cos b, 2ip1 4z N{N, cos 8:Qm, sin 6,

7 Equation 2.24

pp uq1N, cosB1+uN{ cosO, uq1N, cosB1+u,N{cosB,
where u,, u, are the permeabilities of media 1 and 2; N;, N, are the complex indices of

refraction; 6; is the incident angle; 6, is the refracted angle. The Kerr rotation, 6,, and
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ellipticity, n,, for individual s- and p-polarised components are defined as per equations 2.21 to

2.24, while the total Kerr rotation and ellipticity are superpositions of the two components [109]:

Oks = Re(Ts/Tss) Equation 2.25
Okp = Re(15p/Tpp) Equation 2.26
Nis = 1M (75 /755 )Re(Ts /T55) Equation 2.27
My = 1 (75 /Ty )RE(Tspp /) Equation 2.28

Here Re and Im denote the real and imaginary part of the complex number. The Kerr rotation is
quite a small angle, for example, and the Kerr rotation is about 0.02 degrees for Co/Pd multilayer

in a polar configuration [108].

2.6.3 Magnetic circular dichroism (MCD)

The ultimate switching speed of magnetic direction has been a subject of considerable interest and
debate. All-optical control using femtosecond laser pulses is the fastest manipulating method [17].
This phenomenon was first attributed to the inverse Faraday effect [110, 111]. Then the ultrafast
heating effect is proved to be a sufficient stimulus for single-shot AOS in GdFeCo [112], as we
discussed in the previous section 2.6.1. While MCD combined with ultrafast heating effect was
introduced to explain the helicity dependent switching of Stanciu el at [17]. But models for
multishot HD-AOS in ferrimagnets like TbFeCo [113] or TbCo [114] and ferromagnets [23, 115]
are lacking until today. In retrospect, MCD or IFE is the most likely explanation for the HD-AQOS
[28, 116, 117], and therefore, they will be introduced in this section.

The MCD as a candidate mechanism for HD-AOQOS in ferromagnets was first demonstrated by J.
Bokor in 2016 [28], and the underlying mechanism is shown in Fig 2.5. There is an energy barrier
E,, between the magnetic state a (up) and b (down). However, the magnetic direction may flip
due to the thermal fluctuation. Assuming the magnetic system at a temperature T, according to the
Neel-Brown formula, the characteristic flipping time from the magnetic state a to b can be given

by the following equation:

46



T (T) = Toexp (22— “b(T)) Equation 2.29

Here 7, is the attempt time with an order of 100 picoseconds [118], kg is the Boltzmann
constant, and the energy barrier is also temperature dependence, which is inversely proportional
to the temperature. The laser’s heating effect will increase the sample’s temperature to Ty + AT

with a duration of t;,;, then the probabilities of magnetic state a to b is given by:

Py, = %[1 —exp (— L)] Equation 2.30

Tap(To+AT)

Py =1—Py Equation 2.31
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Figure 2.5 (a-f) The HD-AOS model based on the MCD mechanism [28]. A Nx by Ny grid of cells
are taken into consideration. (a to ¢) shows the initial state before exposed to laser pulses. The
characterise spin-flip time for the spin-up (a) and (b) is the same. (d to e) After being exposed to a
right-handed circularly polarized light due to MCD, the spin-down (b) cell’s temperature is higher

than the spin up () state, which makes the spin flip time 7., > 7,,.

Due to MCD, the M" domain absorbs more ¢* phonons than the M* domain which makes its
temperature closer to the Curie temperature T.. Also, it makes M' domain has a higher
probability of switching to the M* domain. Once it switches to the M*‘ domain, its temperature
will decrease as it absorbs less o phonons. After N laser pulses shots, the cumulative probability

for the magnetization to end in state b are given by:

Py = (Pl-b — Pab ) (1= Py — Py )Nt + —Lab Equation 2.32

Pap+Ppa Pap+Ppa
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here the subscript i refers to the initial state. With laser pulses increasing, the probability is close
to 1, and a minimum of 0.5% MCD is needed to achieve multishot HD-AQS. In the cooling process,
the existence of a strong dipolar field will decrease the probability of AOS. Hence, magnetic films
with a small magnetization volume have a higher switching ratio [23]. MCD effect was observed
in ferromagnetic thin films, and the evidence is the helicity-dependent laser-induced domain wall
motion in all-optical switchable Co/Pt multilayers, as shown in Fig 2.6 [34]. The linearly polarized
laser provides a pure heating effect. When the laser spot is in the centre of the domain wall, there
IS no temperature gradient, and the domain wall has no motion. While the laser spot is off centre,
the temperature gradient drags the domain wall to the hotter side in Fig 2.6 (b). Compared with
Fig 2.6 (a) and (b), the domain wall motion was observed even when the circularly polarized laser
spot was in the centre of the domain wall. These results prove that the absorption ratio of circularly
polarized laser does related to the magnetic direction.

Cc
Degree of Ellipticity
,,00—7t/40 w4 0 -w4 0 w4 0
5 O DWD/Max DWD
B LS| —ginefit
Q
=
o
2
]
z
(=]
]
Q
N
E
5 = ' ;
Z gsL® 9 ® o0 T 6 % g X

0 45 90 135 180 225 270 315 360
QWP Angle (Deg)

I
Before Exposure  After Exposure

Figure 2.6 Magneto-optical Faraday images of domain wall motion in Co/Pt multilayers induced
by (a) circularly polarized (b) linearly polarized 40 femtoseconds laser pulses with fluence per
pulse of 12.5 mJ/cm?. The white star points out the centre of the laser spot, and N is the number of
laser pulses. (c) Normalized domain wall motion as a function of the degree of laser’s ellipticity
[34].
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2.6.4 The Inverse Faraday Effect (IFE)

Although IFE was predicted by Pitaevskii in 1961 [111], 44 years later, it was firstly reported by
Kimel et al. that spins can indeed be manipulated by a circularly polarized laser beam [119]. Then
the discovery of HD-AOS has revealed direct optical control of magnetization, and the IFE was

considered the mechanism of HD-AQOS from the beginning [120].

It was the easiest way to introduce the HD-AOS required magnitude and duration of the IFE
magnetic field. IFE hypothesizes circularly polarized light acts as a strong effective magnetic field
pulse B.s on the spins of the magnetic medium. The direction of B.r depends on the helicity
of the light, and according to the atomistic spin simulations, about ~10 T field is needed to describe
some key features of HD-AOS [121]. Koopmans’ group extended the M3TM model [104] and

described the IFE induced magnetization dynamics in the following equation [30]:

dm

== % [m + Bess] [1 - mCOth(% [m + Beff])] Equation 2.33

where m is the magnetization relative to the saturation value, T, is the Curie temperature, and
R is a prefactor in the demagnetization rate. The calculated magnetic dynamics based on this
equation are shown in Fig 2.7 (a). Also, crucial parameters in determining whether HD-AOS will
occurs are calculated in the phase diagram. The minimal lifetime of the IFE field to achieve HD-
AOS is the order of 100 fs with a magnitude of 20 T, as presented in Fig 2.7 (b).
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Figure 2.7 (a) The magnetization as a function of time after being exposed to three different
polarized laser pulses. The linear polarized pulse is assumed to have no magnetic field, while the
circularly polarized pulse has a magnetic field of 10 T and a duration of 0.4 ps. (b) Phase diagram
of HD-AOS as a function of IFE field’s magnitude and duration [30].

The magnetic field induced by laser pulse’s IFE, as discussed in the foregoing, has a strength that
is comparable with exchange coupling. The origin of the IFE has not been fully understood, and
various treatments have been proposed. A simple derivation of the IFE was proposed by Hertel
[122], which involves microscopic currents rather than a purely phenomenological approach. In
his derivation, the conducting electrons in metallic materials are treated as plasma, and the light’s
perturbation is treated as a high-frequency electromagnetic field. Then the magnetization M

generated in the plasma by the field can be presented as [122]:

M = ot [E x E*| Equation 2.34

Where m and e are the electron’s mass and charge, respectively; w and E are the light’s
frequency and electrical component, respectively; w, = ((n)e?/mey)*/? isthe plasma frequency.

If the light is propagating in the z-direction, the last term of equation 2.34 can be written as
ExE"=+ilE|* e, Equation 2.35

According to this equation, the opto-magneto field’s direction is the same as the light’s propagating
direction. That is why the HD-AOS is only observed in materials with perpendicular magnetic
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anisotropy. Also, equation 2.35 equals zero in the case of linear polarization, and its sign depends

on the chirality of the light wave.
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Figure 2.8 Schematic representation of the process of impulsive stimulated Raman scattering on
the magnon [123]. The right axis shows the corresponding energy, as it indicates the photon energy
is lower than the edge of the fundamental absorption fiw < Eg, and the difference equations to (2.
The incident photon pair have the frequency of w — 2 and w. After they participate in the SRC
process, the scattered photon pair’s frequency drops to w — 2, and this process generates a

magnon with frequency 0.

Although the above equation M(t) = yE x E* described the light-induced magnetic field, it is
based on a much longer pulse duration compared with the ultrafast laser pulse used in HD-AQS.
There should be different mechanisms that describe the ultrafast IFE. A new assumption was made
that the microscopic mechanism of ultrafast IFE is the stimulated Raman scattering (SRC) on
magnons [120, 124]. SRC can be regarded as a second-order inelastic scattering of light, which
will generate an excited state. As shown in Fig 2.8, they considered two photons with frequencies
w and w — Q. The ultrafast laser used in HD-AQOS has a duration that varies from 10 fs to 1 ps,
which is about one 2 orders shorter than the coherent spin precession period 2m/Q. Therefore,
there must be pairs of photons in the laser pulse that satisfy the SRC process leading to coherent
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magnons’ excitation. The spin-orbit coupling plays an irreplaceable role here since the optical
electric dipole matrix elements cannot change the spin magnetic quantum number m; alone, but
invoking the spin-orbit coupling, it makes it possible to reach the excited state with Amg; = +1
[125]. Another important feature of IFE is that IFE induced magnetization is strongly materials
and frequency-dependent according to the ab initio calculation [32, 126]. As shown in Fig 2.9,
spin and orbital parts are calculated separately. For magnetic materials (Fe, Co and Ni), the spin
IFE shows negligible dependence on the laser polarization, while the nonmagnetic metals have a
small spin IFE component. And the total IFE for all materials is mainly contributed by the orbital
component. The photon energy dependence also provides a deep insight into HD-AOS. Compared
with other materials, Pt shows a much stronger IFE, which could explain most of the HD-AQOS
materials have Pt layers. The mostly used laser in HD-AQOS has photon energy of about 1.5 eV
(800 nm), but according to calculated results, the IFE is much larger when using higher photon

energy, and it is valuable to do the HD-AOS with different photon energy.
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Figure 2.9 Materials specific ab initio theoretical calculated total, orbital, and spin IFE as a function
of the photon energy and laser polarizations [32].

2.7 First principal calculation

2.7.1 Introduction to Density functional theory

According to quantum mechanics, once the system’s Hamiltonian was obtained, we could get the
system’s all properties by solving the system’s Schrodinger equation. For many simple systems,

like a single atom or molecule, this method gives beautiful and accurate results. But for now, there
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is no precise computation method for solving a multi-electron system’s Schré&linger equation.
Solid is a multi-particle system witha 102° orders of magnitude electrons/nuclei per cubic meter.
Its Hamiltonian includes all the nuclei and electrons’ Kinetic energy and their interaction with each

other. The Hamiltonian of a solid system can be present by the following equation:
H=H,+Hy+H,_y Equation 2.36

Since the motions of nuclei are ignorable compared with the outer shell electrons, the Born-
Oppenheimer approximation suggests that the system’s total Hamiltonian can be separated into

the electronic and nuclear parts. The simplified Schr&linger equation is:

h2 2 )
_Ziﬁviz + 8,;0 Lixj |re + 2 U(Ti)] o) = Ep(r) Equation 2.37

i~

where the first term in the left side is the electron’s kinetic energy, the second term is the electron-
electron repulsion interaction and the third term is nuclear potential. As each electron has 3 degrees
of freedom (excluding the spin degree of freedom), a system with N electrons has 3N degrees of
freedom. It is still impossible to solve this equation. Density Functional Theory (DFT) provides a
new way of researching complex multi-electron systems. DFT is an ab-initio theory based on
guantum mechanics, which does not need any experimental parameters, but DFT calculation gives
important physical properties of the system. DFT does not consider each electron’s position but
treats the whole electrons as an electron density p(r). Also, due to the wave-particle dualism and
uncertainty principle, even if we get the electron’s wavefunction, we cannot predict the electron’s
position at any given moment. DFT expresses the system’s energy as a function of p(r) anditis
proved by the Hohenberg-Kohn theorem that the total energy of an interacting inhomogeneous
electron gas in the presence of an external potential V,,.(r) isafunction of the density p(r)[127],
and the ground state energy of this system is the only function of the particle number density. Then
Kohn and Sham proposed to replace the system’s interacting functionals with separated, non-
interacting functionals and to express all correlations in so-called exchange-correlation functionals.
That means the real kinetic energy T'(p) and the potential energy U(p) are replaced by the non-
interacting Kinetic energy Ty(p) and the non-interacting potential energy Uy(p), which can be

solved by the Hartree-Fock equation. The difference between their approximate value and the real
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value is put into the exchange-correlation functional E,.(p), and only this term is used to include

all the errors and unknown effects.

Exc(p) = [T(p) - Ts(p)] + (U(p) - UH(p)) + Eunknow(p) Equation 2.38
2
BO) = T(0) + Un(0) + V() + Exelp) = 30) + g [ S arar + Brc)

Equation 2.39

Here the electron density and the real kinetic energy can be presented by:
NGEDXINGIE Equation 2.40
T(p) = S, J 0] () (— o V2, (r)dr Equation 2.41

Then the variation of these two equations is equal to a single electron’s Schrodinger equation:

h2 _

[—%Vz + Veff(r)] @;(r) = E;p;(1) Equation 2.42
p(rn) 5Exc(P) .

Verr () = V(1) + ) o = Equation 2.43

These equations are the so-called Kohn-Sham equation which is consistent. As the effective
potential V., is determined by the electron density and the electron density can be calculated
from the wavefunction ¢; (7). About the only unknown term exchange-correlation energy E,.(p),
there are two most used approximations called Local Density Approximation (LDA) [128, 129]
and Generalized Gradient Approximation (GGA) [130]. For LDA approximation derived from the

homogeneous electron gas model, the exchange-correlation energy has the following expression:
Exc(p) = [n(r) exc(n(r))dr Equation 2.44

For the system with electron density p(r) changes slowly with the r, the LDA approximation
gives accurate calculation results. For the system with electron density p(r) changes fast with
the 7, LDA should be replaced by GGA:

Exc(p) = [ n(r)exc(n(r), Vn(r))dr Equation 2.45
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GGA approximation adds the electron density gradient term. This correlation gives better results

like lattice constant, molecular bond, cohesive energy, and bandstructure.

2.7.2 Pseudopotential

‘
| 1e
||‘]5 |

Figure 2.10 The schematic diagram for the overlapping of different electron orbits. When the
atoms are composed of molecules, the overlapping of orbits (1s, 2s and 2p) of inner shell electrons
is ignorable. Core states are approximately inert and insensitive to the environment. Hence, we

could combine inner electrons with the nucleus to make a pseudo-ion.

Now we introduce the last important approximation, pseudopotential. As shown in Fig 2.10, the
chemical bonding arises from the overlap of outer electrons. Since the outer shell electrons
determine the system’s most properties like electrical conductivity, magnetism, optical properties
and so on, the change of the inner shell electrons’ wavefunction is neglected when isolated atoms
are composed into a condensed matter state. Based on this fact, the pseudopotential method is
proposed, which treats the inner shell electrons as core electrons and the outer shell electrons as
valence electrons. Here we introduce the valence electron’s pseudopotential wavefunction (i)
in a single atom. Suppose ¥ and Y° are the valence electron’s and core electron’s

wavefunctions, respectively, and their Schr&linger equations are:

Hly") = €¥|y") Equation 2.46
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And
H|yc) = e°|y°) Equation 2.47
Here €V and €¢ are the eigenvalue of the valence and core electrons, respectively. And

H=T+V Equation 2.48

is the single electron’s Hamiltonian. T is the electron’s kinetic energy part, and the potential V.

We could construct the pseudopotential as follow:
|¢p5) = [yp¥) + Zc( lpcll/)ps}l l/)C) Equation 2.49
Then the valence electron’s wavefunction can be presented by:
") = |¢p5> - Zc( lpcllpps}l ¢C> Equation 2.50
Using the Hamiltonian operator in the equation:
Hlp?) = Hl[ps) = Ze( ¥ [1hps)| ¥°)] Equation 2.51
And then replace the [y¥) and get the eigenvalue of the Hamiltonian operator:
€”[[whps) = Ze{ 0 Wps) W) = Althps) — T €[ NY thps) Equation 2.52
We could extract the [1),,5) in both side of this equation:
€”[1 = Tl WY | ihps) = [H — T € 1YNPCN][1hps) Equation 2.53
Rewrite this equation in the form of Schr&linger equation we get:
[A + Ze(e? — e YW [1hps) = €] ps) Equation 2.54

It is obviously that this equation gives a Schr&linger equation with a new Hamiltonian with the
eigenfunction of the pseudopotential wavefunction |1/;ps) and the same eigenvalue €V of the

valence electron:

— -

Fos =+ ) (€ = poNye]
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=T +V+ ) (e = €)Y

=T+ Vs Equation 2.55

Compared with the normal potential, this pseudopotential V,; has a new term . .(e” —
€)Y N Ye|. Vs includes two parts, the first part is the Coulomb attraction potential provided by
the nuclear which is negative, and the second part is the Coulomb repulsion potential provided by
other electrons which is positive. And since the valence electron has a higher eigenenergy, this
term is positive (X..(e” — )P N[ > 0) as well and hence, the pseudopotential Vs is

smoother than the V.
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Chapter 3 Experiment technology

3.1 Magneto-optical Kerr effect image system

The Magneto-optical Kerr effect (MOKE) image system, as the name implies, is based on the Kerr
effect. This system helps us to image the magnetic material’s domain structure. The basic
experimental setup is shown in FIG 3.1. (a). The Light-emitting diode provides a 450 nm light to
the system, which gives a better optical resolution than longer wavelength light. Lens 1 plays the
role of light collector while the aperture is on its back-focus plane. The latter not only adjusts the
luminous flux but also controls the light’s incident direction to the sample. When the light is
perpendicular to the sample, then the whole system is sensitive to the out-of-plane materials, which
is called polar MOKE mode. If not, it detects the in-plane material called longitudinal MOKE
mode. Since Lens 1 and 2 are conjugated, the light becomes parallel light after Lens 2. Lens 3 and

the objective lens are also conjugated that ensures the incident light is parallel light.

"l =) | — 1

Lens 1 Aperture Lens2 Polarizer 1 Lens 3 Objective 2

lens
. Polarizer 2

Samp

CMOS

Figure 3.1 (a) Schematic drawing of the experimental setup for magnetic domain imaging using
the magneto-optical Kerr effect. (b) The raw magnetic domain image of the Co/Pt out-of-plane
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thin film, while the sample is in a multi-domain state. (c) The image of a single domain state. (d)

The subtraction image of (b) and (c), which shows a better contrast than (b).

As we mentioned in Chapter 2, the light reflected from a magnetic sample will have a small rotation
angle in the polarization plane. Here the polarizer 1 is set to S polarization, while polarization 2’s
direction is nearly perpendicular to it. Therefore, the magnetic state of the sample could change
the luminous flux to the complementary metal-oxide-semiconductor (CMOS) detector. And the

intensity obeys:
I = %Iocosz(q) + 6y), for the M" domain,
I, = §10c052(¢ — 6y), for the M* domain.

where I, is the intensity of the incident light, ¢ is the angle between polarizer 1 and 2, and 6y
is the Kerr angle. FIG 3.1. (b) shows a classical polar MOKE image. The circle shows the boundary
of the field of view. There are two different magnetic states in the circle labelled as M" and M,
which show a different light intensities. It is impossible to ensure I, has the same value for each
point on the field of view, that decreases the signal-noise contrast. Hence, we take another image
in the same place and magnetize it to the same direction as shown in FIG 3.1 (c). Then the
subtraction of (b) and (c) only remains the magnetic signal, and its contrast has significant

improvement.
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Figure 3.2 The single hysteresis loop of the out-of-plane Co/Pt multilayer sample. (a) was taken
from the MOKE image system, and (b) was taken from the VSM.

By changing the electromagnet’s field, we could get the whole hysteresis loop images. Therefore,
we could get each area’s magnetic properties, that helps us compare the sample’s domain structures
and domain wall. FIG 3.2 (a) shows the hysteresis loop took from our MOKE image system, which
has a much better signal-noise ratio than the vibrating-sample magnetometer (VSM) data.
However, MOKE image system cannot give the magnetic moment. As the optical signal is related

to many non-magnetic effects, one could not calibrate the magnetic moment, while VSM can.

3.2 Time-resolved pump-probe spectroscopy
The femtosecond time-resolved (TR) method was developed in the 1980s [13, 131-133]. As the

classical timescale of the electron and spin dynamic is under nanosecond, this methodology has
been widely applied to research the physics dynamic process and has led to breakthroughs in our
understanding of ultrafast physical properties. There are a variety of interactions between photons
and materials, and each of them has the possibility to develop a time-resolved technology based
on the ultrafast laser system, like TR-photoluminescence [134], TR-fluorescence [135], TR-x-ray
diffraction [136] and etc. MOKE can also yield a great deal of information about magnetization
dynamics in magnetic materials. Here we introduce the TR-MOKE technique, which has been

used in this thesis.
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Figure 3.3 Experimental configuration of the time-resolved pump-probe technique. The laser
beam is split into a pump (blue line) and a probe (red line). The time delay between pump and
probe pulse changes with the movement of the retroreflector. To extract the very weak signal, an

optical chopper system and lock-in system are used.

Our laser pulse is generated by the Ti:sapphire laser amplifier system, and it has a Gaussian profile
with an approximately 100 fs pulse width at half maximum intensity and 800 nm central
wavelength. In terms of the temporary resolution of TR-MOKE, it is determined by the laser’s
pulse width, here we consider the time resolution is about 100 fs in our measurements. The laser
beam is split to two beams, called pump and probe, respectively. As shown in FIG 3.3, the pump
beam is presented by the red line, while the probe beam is presented by the blue line. In some
measurements, the Beta barium borate (BBO) crystal will be added in the probe line, which
changes the probe’s wavelength to 400nm. The pump beam goes through a retroreflector, which
is mounted at a 300 mm (corresponding to a 2000 ps delay time) linear translation stage. The
retroreflector’s position determines the delay time between the pump and probe pulses. Then the
pump goes through the optical chopper, and some pulses are blocked. FIG 3.4 (a) shows this
progress. When the pump pulse is blocked, the detected signal is called I,. This signal has the
same frequency as the probe beam, 1000Hz or 80MHz in our experiments. If not, the pump pulse

could induce a small change AI. Normally, AI would be three to six orders of magnitude smaller
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than 1, [137]. Since the optical chopper gives the pump beam a special frequency f;, such a
small signal can be extracted by the Lock-in amplifier system. Without the Lock-in amplifier

system, the noise of I, will fully cover the AI signal.

Blocked pump Pump Probe
pulse pulse pulse

t 5
1 ty t3 R

Figure 3.4 Schematic diagram for the detection scheme of TR-MOKE. (a) The pump pulse is

blocked by a driving optical chopper with a special frequency of f,, where I, is the origin signal
without pump pulse, and Al is the pump pulse induced signal change. Here we amplified the

proportion of AI/I, to make it more obvious. (b) The detector’s signal (I, + AI) is related to

the delay time between the pump and probe pulses, as the pump induced signal AI changes with

the delay time.

The delay time between the pump pulse and probe pulse changes with the position of the
retroreflector changing. The conversion relation is simple: At = 2x/c, where x is the position of
the retroreflector, x = 0 is the zero-delay point, and c is the light speed. The sample reflected
probe beam was collected to the photodetector. The detector we used is a bridge detector, which
has two separate Si photodiodes, and we call them A and B here. And there is a half waveplate and
a Wollaston crystal in the front of the detector. The Wollaston crystal can separate the light’s s and
p components into two beams. Before measurements, we will tune the angle of the half waveplate

and set the A — B signal of I, equal to zero. Fig 3.5 shows the typical time-resolved signal.
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Figure 3.5 Normalized time-resolved signal of the intrinsic GaAs sample. The pump’s fluency is
24.4 uf cm™2, and it is right-handed circularly polarized (RCP). While the probe’s fluency is
2 u/ cm™2, and it is linearly polarized (LP). (a) A(A + B) signal, which is considered as the

change of reflection. (b) A(A — B) signal, which is considered as the change of the Kerr signal.

3.3 Magnetron sputtering

Magnetron sputtering is a kind of physical vapour deposition (PVD). The magnetron sputtering
method was developed in the 1970s. With the characteristics of simple equipment, large coating
area, slow base surface temperature rising and relatively low cost, it has been widely used in the
field of scientific research. All the magnetic thin film samples studied in this thesis were grown
using the Magnetron sputtering system, as shown in Fig 3.6. A base pressure of 1 x 10~7 mbar
will be reached in the growth chamber before growth. This is achieved by the vacuum system,
which has a rotary pump and a molecular turbo pump. A rate thickness crystal monitor is used
to measure the sputtering rate and hence, the film thickness. This is a key factor to control the
properties of the samples. Unlike the normal magnetron sputtering system, the main Ar gas pipe
is divided into 5 Ar gas branch pipes. As shown in Fig 3.7 (a), each magnetron sputtering target
has its own shutter and argon gas feed. Since the high purity (99.999%) argon gas is directly
injected into the sputtering area, the growth pressure is relatively low.
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Figure 3.6 Schematic diagram of the magnetron sputtering system we used to grow samples in

this thesis.

.
Sputter target ‘

Figure 3.7 (a) Schematic diagram of magnetron sputtering targets and Argon gas feeds. (b)

Schematic illustration of the magnetic field and electrical field controlled Ar* plasma sputtering

process. The sputter target is placed in an electromagnet, and the magnetic field controls the
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moving direction of the electrons. A negative voltage up to 900 V is added to the target while the
substrate is connected to the ground. The electrical field speeds up electrons and also pushes Ar*

ions to the target.

Fig 3.7 (b) shows the sputtering process. The magnetron sputtering target is placed in the cathode,
and the voltages applied to the target can be increased to -900V. With the electrical field between
the target and the substrate increasing, electrons will get enough kinetic energy (>30 eV), then the
electron collides with Ar and will produce a new electron and an Ar™* ion. Although the electrical
field will push electrons to the substrate, the Lorentz force provided by the magnetic field makes
them travel along that field’s lines of force. This magnetic field-controlled process significantly
improves the collision probability and highly reduces the number of electrons that arrived in the
substrate. Due to that, we get a higher sample purity and a lower substrate temperature. The Ar*
ion bombards the target due to the electrical field, and its Kinetic energy transfers to the target
atoms. When the atom’s energy exceeds the binding energy, the atom will overflow from the
surface, resulting in the sputtering phenomenon. The intensity of plasma up to 10'2~10%3
ions/cm™ can be generated with an Ar pressure of 3 x 10~3 mbar. To improve the growth
samples’ purity, the target and the substrate will be cleaned by the Ar* plasma sputtering before
deposition starts. Firstly, we close the substrate’s shutter, and the target shutter is open and, a
maximum voltage is added for 60 seconds. This process will remove the top oxidised layer and
any other contaminants. Then the target shutter will be closed, and the substrate will be cleaned by
the plasma for 60 seconds. The target’s shutter opens for another 10 seconds pre-sputtering to get

a stable deposition rate. Then the substrate shutter opens, and the growth begins.

3.4 Vibrating Sample Magnetometer

The vibrating sample magnetometer (VSM) is usually used to measure the magnetic properties of
magnetic materials. The sample is placed in a uniform magnetic field H, causing the sample to be
magnetized with a magnetization intensity m. In the vibration sample magnetometer measuring
system, the sample is placed between the sensing coils, and fixed at an adjustable angle. And the
vibration device can vibrate the sample in a fixed up and down at the sine wave mode. According
to the Faraday’s law of induction, it will generate an electric induction current in the coil near the

magnetic sample.
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Figure 3.8 (a) A point dipole induces an electrical current in the detecting coil. (b) Schematic
diagram of a VSM system. (c) The VSM model used in the York spintronics lab. ADE model 10
VSM has high sensitivity (< 0.1 uemu) and a high maximum magnetic field up to 2.2 T.

We shall consider the easiest model, as shown in Fig 3.8 (a). We set the coordinate origin at the
coil centre. When the sample is very small, it can be regarded as a point dipole. The magnetic field

intensity B at the point (x, y, 0) induced by the point dipole is:

B(mr,t) = Z—; [@ - Tﬂs] Equation 3.1
and the magnetic flux in through the coil is:
2
¢(m,z,t) = § B(m,1,t) - dS = FTE —= Equation 3.2
[r2+220]°
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Here r(t) = (x — xo)i + (y — yo)j + z(t) k. And when the point dipole moves in the z direction,

the induction electric potential in the single coil is:

dp(mzt)  3Buomy  z(t)ré 9z(t)
at at

go(m,z,t) = Equation 3.3

[r52+22(t)]5
Now, according to the principle of reciprocity and the Biot-Savart law, the magnetic flux induced
by the sample is equivalent to the magnetic flux induced by the current I in the coil:

dr(t) dr(t) .
;t =m- g.ou(r) ':z_t Equation 3.4

do(t B
0 =222 7 [ )]

Here g..;; is called the geometric sensitivity factor. Since the vibration device can vibrate the

sample at the cos mode with an amplitude a and a frequency w,,

e(t) = % =[m-wy-a-geou(r)]-sin (wot + @g) Equation 3.5

and this frequency is imported to the lock-in amplifier, the output signal can be presented as:

Vour = f[m Tw-a- gcoil(r)] ’ Sin(wot + (PO) ’ cos(a)lt + (pl) dt

1

= Em WA Geoir(r) f{sm[(wo + wt + (9o + 91)] + sin[(wy — wy)t + (o — @)1} dt

Equation 3.6

As we know the integration [ sin (wt + @) =0 ina 2w cycle. Therefore, the output signal is

not zero only if wy = w;.

The VSM model we used in the York spintronics lab is the ADE model 10 VSM. An electromagnet
cooled by the water cycle applies a magnetic field provides a maximum magnetic field up to 2.2
T, which magnetized the sample homogenously. This big heavy electromagnet can be rotate in the
horizontal plane, and the sample rod also can rotate in the horizontal or vertical plane. Therefore,
we could measure the hysteresis loop along any direction. A liquid nitrogen refrigeration and a
resistance wire heating system are also added in the sample rod which provide a temperature
dependent hysteresis loop measuring from 78 to 773 K. Analysing the data by computer software,

the magnetization vs. the applied magnetic field can be plotted, known as the hysteresis loop.
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Chapter 4 Heating and helicity effect in helicity-
dependent all-optical switching

4.1 Introduction
All-optical magnetization switching (AOS) was first observed in a landmark experiment [17]

demonstrating that magnetization can be reversed by laser pulses without any applied magnetic
field in GdFeCo. The microscopic mechanism for the AOS process in GdFeCo has been considered
to be a helicity-independent heating effect, which is due to the fact that the Fe and Gd sublattices
demagnetize on very different timescales [112]. This leads to a transient ferromagnetic-like state
discovered in GdFeCo, which mediates the helicity-independent all-optical switching (HID-AQOS)
[20]. HID-AQS is a single-pulse thermal switching [18, 138] that is not limited to Gd-based
ferrimagnetic alloys but has also been observed in Gd-based ferrimagnetic multilayers [22, 139]
and the ferrimagnetic Heusler alloy, Mn2RuxGa [140]. However, AOS is also found to be helicity-
dependent in some materials such as ferrimagnetic Th-transition metal (TM) alloys [141], synthetic
ferrimagnets [19], and ferromagnetic Co/Pt multilayers [23]. It was initially thought that the
circularly polarized light acts as an effective magnetic field, due to the inverse Faraday effect (IFE),
in the spin system during helicity-dependent AOS (HD-AOS) [30, 32, 124]. The strength and
lifetime of the induced field pulses is still a matter of debate. When HD-AQS is studied in the
ultrafast time domain [34, 141], the effective magnetic field strength due to the IFE has to be as
large as 10 Tesla to achieve such a short switching time according to the theoretical simulations.
A minimal IFE lifetime of 0.15 ps was estimated for Co/Pt [30] while longer durations of several
picoseconds after the laser pulse excitation have also been reported [119, 142-144]. Furthermore,
the IFE response has been found to be strongly material dependent, and the interlayer exchange
interactions and spin-orbit coupling are considered to play an important role in HD-AQOS of
magnetic multilayers [24]. An optical spin-transfer torque was also suggested to play a role in HD-
AOQS of ferromagnetic thin films with a Pt capping layer [25]. Other mechanisms put forward to
account for HD-AQS include the laser-induced heating [26, 27], magnetic circular dichroism
(MCD) [28, 29], and optical selection rule [33].
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Figure 4.1 Double-pump scheme and its implementation. (a) A magnetic domain image of the
Pt/Co/Pt triple-layer sample under laser illumination from the substrate side. The magnetization is
initially saturated along the perpendicular direction of the sample plane labeled as M" state (red
arrows). The area exposed under the laser is switched to the opposite direction labelled as M*
state (blue arrow). (b) The magnetization of the exposed area as a function of time with dual-pulse
excitation. The first linearly polarized (LP) pulse heats the sample to a demagnetized state (red
curve). The second circularly polarized (CP) pulse arrives after a certain delay. For a short delay,
the domain switching is expected (blue curve), but for a long delay, the switching may not occur

(yellow curve).

Heating and helicity effects are entangled in HD-AQOS using circularly polarized laser pulses, and
the individual contribution cannot be distinguished by using just one circularly polarized pump
beam. Furthermore, as the HD-AQOS has been reported as a multi-pulse effect [35], the important
information, such as the onset and duration of helicity effects, and interplay between the heating
and helicity effects in the first few picoseconds of HD-AOS switching processes cannot be

obtained from a conventional time-resolved measurement with a single pump beam [23, 28, 34,
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144]. In this work, we have developed a dual-pumping scheme combined with a magneto-optical
microscopic detection to investigate HD-AOS in a Pt/Co/Pt triple-layer sample, as shown
schematically in Fig. 4.1(a), to identify individual contributions from heating and helicity effects,
and distinguish the time dependence between them.

This novel dual-pumping scheme allows us to choose the helicity of each pump pulse
independently and vary both the power combination and time delay between the two pump pulses.
The pulse width of two pump pulses is the same as 150 fs. The transient pre-heated state of the
electron-spin system, on which the second CP pump pulse is to impinge, can be tuned by
controlling the power of the first LP pump pulse as well as the precise time delay between the two
pulses, as indicated in Fig. 4.1(b). We have found that HD-AOS can be achieved with circularly
polarized laser pulses with very low fluencies, if a LP pulse is used to preheat the system into a
reduced magnetization state. The strong correlation between HD-AOS and the time interval
between the LP and CP pulses signposts an instant onset of helicity effect, but only lasting for a
period of the order of the laser pulse duration. The pre-heated transient demagnetized state is found
to be a key factor for realizing HD-AOS.

4.2 Experimental Technique

4.2.1 Sample fabrication

The sample used in this study was a Pt (2 nm)/Co (0.6 nm)/Pt (2 nm) triple layer grown on a5 nm
Ta buffer layer. The film was deposited on a Corning glass substrate with thickness of 0.13 mm at
room temperature by direct current (DC) magnetron sputtering. The base pressure of the sputtering
system was better than 4 <107 Pa. The Ar pressure during growth was 0.5 Pa. The sputtering rate
with a DC current of 40 mA was 0.041, 0.084 and 0.048 nm/s for Ta, Pt, and Co, respectively. The
Ta buffer layer was employed to improve the Pt/Co interface smoothness and the (111) orientation,
and hence enhance the perpendicular magnetic anisotropy of the Co layer. This is confirmed in the
MOKE hysteresis loop shown in Fig. 4.2. Here Fig. 4.2(a) is measured by the MOKE image system
used in the AOS experiments and Fig. 4.2(b) is measured by the vibrating-sample magnetometer

(VSM). Both loops prove that the sample has a well-defined perpendicular magnetic anisotropy.
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Figure 4.2 Magnetic hysteresis loops of the Glass/Ta (5 nm)/Pt (2 nm)/Co (0.6 nm)/Pt (2 nm)
sample at room temperature. Here (a) is measured by MOKE image system and (b) is measured
by VSM.

4.2.2 Experimental Method

Fig. 4.3 is a schematic diagram of the double pump experimental setup, which is a combination of
TR-MOKE and MOKE image systems. For the image part, the Light-emitting diode provides a
465 nm light to the system. Lens 1 plays the role of light collector, while the aperture is on its
back-focus plane. The latter not only adjusts the luminous flux, but also control the light’s incident
direction to the sample. Since lenses 1 and 2 are conjugated, the light becomes parallel light after
lens 2. Lens 3 and the objective lens are also conjugated to ensure that the incident light is parallel.
A Ti:sapphire laser amplifier system with 150 fs pulse duration, 800 nm central wavelength, and
a 1000 Hz repetition rate was used. For the dual-pumping measurements, the pulse was split into
two pulses. The first pump pulse was linearly polarized (LP) and used to heat up the sample’s
electron/spin systems. The second pump pulse was circularly polarized (CP), delayed with respect
to the first LP pulse, and used to switch the sample’s magnetic state, as illustrated in Fig. 4.1(a).
The power of each pump beam was individually adjusted for a desired power combination. The
two pump beams were combined at a beam splitter before being focused onto the Pt/Co/Pt triple
layer from the substrate side. The spot size was measured as 38 um in diameter using a CCD beam
profiler, which gives a laser fluence of 8.83 x 1072m]J/cm? at average laser power of 1 uW.

The sample was mounted on a motorized 3-axis nanomax flexure stage. The magnetization of
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the sample was initially saturated along the perpendicular direction of the sample plane defined as
M" state. When the sample was exposed to the dual-pump beams, the stage was scanned over a
300 um distance at a velocity of 10 pum/s, equivalent to 100 pulses per every 1 um illuminated
path on the sample from each pump beam. After laser excitation, the magnetic domain state was
recorded as a MOKE image via a wide-field Magneto-Optical Kerr (MOKE) microscope. The
sample was then re-magnetized to the M' state and a reference MOKE image was taken. The
MOKE images presented are the subtractions of each pair of these images, where any effects from

the surface morphology are eliminated.

LED Beam splitter

' \ AOS sample
)= o \)'_4_— — J
Polarizer —
Lens 1 Lens 2 Lens 3 ,!> Objective lens
|
=
Y sample
Photodiode 1/4 waveplate
1,
¥ waveplate Pump 1 : detector
i 2l
Pump 2

—
% waveplate I

Delay line

Beam splitter

Figure 4.3 A magneto-optical Kerr microscope was coupled to the TR-MOKE laser system. The
450 nm light-emitting diode (LED) served as a light source for the Kerr microscope. The reflected
imaging beam was directed towards the charge-coupled-device (CCD) camera by a polarizing
beam splitter. As the sample’s substrate is glass, the laser beam was focused by another objective

lens and pass through the sample from the glass substrate side.
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4.2.3 Double pump overlapping

The laser pulse with 150 fs duration and 800 nm central wavelength was split into two pulses by
the beam splitter. The delay time between these two pulses is adjusted by the delay time. And the
power of each pump beam is adjusted by two polarizers and one half-wave plate, which ensures
the power homogeneous of the laser spot. Then the two pump beams were made co-linear by a
non-polarizing beamsplitter cube before being focused onto the Pt/Co/Pt triple layer from the
substrate side. The quarter-wave plate was set just before the focus lens, as we found the laser’s
circularly polarization cannot be perfectly maintained after going through the beamsplitter cube
and several mirrors. These two beams were linearly polarized, and their polarized directions have
a 45° angle. Therefore, after they went through the quarter-wave plate’s fast axis, one became
circularly polarized and the other was kept linearly polarized. The temporal overlapping of two
pump pulses was determined by monitoring interference between them in a time-resolved
reflectivity measurement using a GaAs sample. Here, the fringes in the reflectivity signal, as shown
in Fig. 4.4 (a), are the cross-correlation of two pulses occurring when they are overlapping in time
domain. The duration of the fringes is approximately 300 femtoseconds, which indicates a 150
femtoseconds FWHM pulse duration. These fringes have a period of about 1 femtosecond, which
is the same as the step size set for the delay line. Observation of interference fringes allows an easy
determination of zero-delay position. The power fluctuation induced by the interference can be
measured using a power meter placed in the beam path after the beamsplitter cube. The interference
between two beams redistributes the laser fluence and causes a randomly distributed multidomain
state at zero-delay point as shown in Fig. 4.4(b). As the interference induces a space power
rearrangement, the width of the laser scanned area is bigger than the normal double pump one.
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Figure 4.4 (a) Time-domain scan data of the interference at zero delay point on an intrinsic GaAs

sample. (b) The interference of two pumps induced multidomain state at the AOS sample.

4.3 Experimental Results
4.3.1 Energy combination and delay time dependence
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Figure 4.5 HD-AOS induced by dual-pump with different power combinations at a fixed time
interval. (a) MOKE images of magnetic domains induced by a sequence of LP and CP pulse pairs
with different power combinations and a fixed delay time, 1.6 ps, in a Pt/Co/Pt triple layer. The
horizontal axis shows the total power of the LP and CP pulse pairs, increasing from 100 uW to
180 uW, while the vertical axis gives the power of the CP pulse increasing from 10 uW to the

the total power of each column. The green frame highlights the images with CP pulses alone
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showing a threshold CP power of 120 ulWW needed for the HD-AQS effect, while the red frame
highlights the images showing a clear HD-AOS effect with the CP power as low as 20 ulW/ after

preheating with LP light. (b) Extracted switching ratio for each image frame.

HD-AOS induced by a sequence of 100 LP and CP pulse pairs with different power combinations
and a fixed delay time, 1.6 picoseconds, between them was investigated first. The energy transfer
for the electron-spin system to the lattice system is mediated by the phonons, which takes about
1.6 ps to reach the spin-electron-lattice thermal equilibrium state [104, 145, 146] with the system
in a largely demagnetized state when the second CP pulse arrives. Fig. 4.5(a) shows each
subtracted MOKE image centered along the scanning path of the dual-pump beam with a field of
view of 60 um x 380 um. The horizontal axis shows the total power of the LP and CP pulse pairs
increasing from 100 pW to 180 puW, while the vertical axis gives the power of the CP pulse
increasing from 10 pW to the the total power of each column. The power of the LP pulse used
for each image is the difference between the total power and the CP pulse power. Therefore, the
power of the LP pump pulse is zero at the bottom of each column and the corresponding magnetic
domain images, framed in green dashed line, are induced by the CP pulses only. The switching
ratio, which is defined as the ratio between the total number of switched pixels and the total number
of pixels within a 20umx200um window in each image of Fig. 4.5(a), has been extracted and
presented in Fig. 4.5(b). Asshown in Fig. 4.5(a), the images of the first-row show that a random
domain state is induced when the CP beam power is only 10 uW. The switching ratio of each
image on the first-row is between 43% to 64%, again indicating a multi-domain state as shown in
Fig. 4.5(b). Once the CP beam power is increased to 20 uW and beyond, HD-AQOS was observed
with a total power window of 120 pW(10.6 mJ/cm?) to 160 pW (14.1 m]/cm?). The switch
ratio is above 80% across this whole power window. It indicates that the power window for pairs
of LP and CP pulses is the same as that for a single CP pulse when the second CP arrives at a 1.6
ps time delay. In the column of the 160 uW total power, multidomain patterns can be seen to
emerge in the center of the laser beam path. When the total power was increased to 180 uWw,
multidomain patterns were induced regardless of power combination. Even though the extracted
switching ratio is over 60% in the lower half of the column of the 180 uW total power, the laser

caused irreversible changes in the sample’s magnetic properties and the coercivity of the exposed
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area increases. Therefore 180 uW is excluded from the quoted power window of HD-AQOS. The
occurrence of the multidomain states under high power laser pumping is due to the laser heating
the sample to sufficiently high levels to demagnetize the sample again after HD-AQOS. As shown
in the images framed in dashed red lines in Fig. 4.5(a), the laser-swept area remains a uniformly
switched magnetic domain even when the power of the CP beam is reduced to 20 pW with the
samples preheated with the LP pulse. The corresponding switching ratios are all above 80% as
shown in Fig. 4.5(b). When the CP beam power is less than 20 uW, no HD-AOS was observed.
Therefore, the minimum power of the CP pulse required to achieve HD-AOS is 20 uW when the
sample is preheated. It gives a threshold laser fluence for helicity effect as low as 1.77 m]/cm?,
only 20% of the total laser fluence 10.6 m]J/cm? (120 uW), which would be the apparent
threshold value obtained in measurements with CP pulses only as shown by the images framed
with green dashed lines. This proves that the laser heating plays an essential role in HD-AQOS of
the Pt/Co/Pt triple layer, where only a single magnetic lattice exists, in comparison with HID-AOS
in RE-FM alloy/multilayers [5,6]. When the sample is sufficiently demagnetized, circularly
polarized illumination with a power threshold as low as 1.77 m]/cm? is sufficient to achieve HD-
AOS as demonstrated by the images framed in red dashed lines in Fig. 4.5(a). Without pre-heating
by a LP pulse, the CP illumination has to be about five times as intense in order to trigger HD-
AOS. This discovery reveals that in a single-pump-induced HD-AQOS event in the Pt/Co/Pt
structure [20], most of the required pulse energy is used to heat spin system. The helicity effect

requires only a small portion of the power threshold.

As indicated in Fig. 4.1(b), the delay time between the LP and CP on HD-AQS is a critical factor.
To study this effect in detail, the delay time was set from 0 to 10 ps, with a step size of 0.2 ps for
the first 2 ps, and then 0.5 ps afterwards. The CP beam power was increased from 20 to 100 pyW
with a step size of 10 uW, while the LP was decreased from 100 to 20 uW, so that the total power
was fixed at 120 pW, which is the minimum total laser power needed for HD-AQOS. The switching
ratio of HD-AOS was extracted for each MOKE image captured at every delay time, quantified
via image processing using ImageJ [147], and plotted as a function of time delay in Fig 4.6. The
calculation details will be discussed in the chapter 4.3.2. Fig 4.6 shows the effect of the delay time
between the LP and CP on AOS for 9 different power combinations. It is clear that the switching

ratio drops to 0 within 10 ps after the LCP power increases over 60 uW, and this tendency is the
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same as the simulation results. This phenomenon furthermore demonstrates that the switching ratio

is only related to the on-site magnetic state.
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Figure 4.6 The effect of the delay time between the LP and CP on HD-AQS in a Pt/Co/Pt triple
layer. All figures have the same total power of 120 uW, while Each fig shows a different CP and

LP power combination.

The MOKE images and the extracted switching ratio of two representative power combinations
are displayed in Fig 4.7. The interference of the two pump pulses at the zero-delay point induced
a multidomain state, which leads to an approximate 50% switching ratio for every curve in Fig
4.7(c), (d) at the zero-delay point. With the increase of the time delay, the switching ratio increases
first and reaches its highest point, approximately 90%, when the time delay is about 1 ps for all
the power combinations. However, after the initial rise, the switching rate shows a significant

difference of its dependence on the LP and CP time delay between these two power combinations.
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For the case of LP power 40 uW (3.53 mJ/cm?) and CP power 80 pW, the switching ratio drops
sharply when the time delay between the two pulses is longer than 2 ps. It decreases to less than
20% when the time delay is longer than 3 ps as shown in Fig 4.7(c). On the other hand, for the
case of LP power 80 uW (7.06 mJ/cm?) and CP power 40 pW, the switching ratio stays at its
highest value (~90%) for the time delay from 1 ps to 4 ps. When the time delay is longer than 4
ps, the switching ratio drops very slowly and gradually to around 60% up to 300 ps. When the time
delay is longer than 300 ps, the switching rate drops dramatically below 50% as shown in Fig.
4.7(d). The gradual decrease in the switching rate between 4 ps to 300ps delay is largely due to the
shrinking of the switching area. As shown in Fig. 4.7(b), the width of the central black trace
decreased with the increasing of the delay time while the switching rate was calculated within a
window of fixed size 20 umx200 um. These two different processes are also evidenced in their
MOKE images at different time delays as presented in Fig. 4.7(a) and (b), where Fig. 4.7(a), for
the case of LP power 40 uW, shows no sign of switching at 6 ps, while Fig. 4.7(b) a clear switching
at the same delay time, but with a larger LP power of 80 uW.
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Figure 4.7 HD-AOS in a Pt/Co/Pt triple layer induced by dual-pump as a function of time interval
between two pulses. The first pulse is LP and the second is CP. The upper panels show MOKE
images of magnetic domains induced under two different combinations of LP and CP powers (a)
LP 40 uWw + CP 80 uW and (b) LP 80 uW + CP 40 uW under the same total power of 120
uW . The number next to each image indicates the delay time. The red square symbols in the lower
panels, (c) and (d), show the corresponding switching ratio vs delay time. The horizontal red-
dotted lines indicate a switching ratio of 50%. The superimposed blue lines are the simulated
demagnetization curves from the LP pump excitation only, indicating the transient magnetization

state before the arrival of the CP pulse.
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Figure 4.8 MOKE images of magnetic domain induced under the power combination of LP

80 uW+LCP 40 uW, where the number indicates the delay time between these two pumps.
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Figure 4.9 MOKE images of magnetic domain induced under the power combination of LP

40 uW+LCP 80 uW, where the number indicates the delay time between these two pumps.

4.3.2 Switching ratio and Light ellipticity

During the image processing, a rectangle of size 20 umx=200 um covering the central area of laser
swiping path was selected from a subtracted MOKE image. A reference intensity is obtained from
a chosen rectangle of the same size next to the laser swiping path so as to eliminate the effect from
the inhomogeneous illumination on the sample surface during imaging process. This ensures that
the reference areas are not exposed to laser excitation, and examples of such reference areas are
framed in blue rectangles as shown in Fig 4.10(a), which presents a subtracted MOKE image of
three scans obtained under excitation of the same combination LCP 140 uW + LP 20 uW but
with three different times interval in-between. These blue rectangles have the same illumination
distributions during imaging process as the corresponding laser scanned areas from which the
switching rate is to be abstracted. Therefore, the reference area corresponds to the state with initial
magnetization. The average brightness of this blue rectangle is set as a threshold T,,:. Then a

rectangle of size 20 umx=200 um covering the central area of laser swiping path next to the blue

[e9]
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rectangle was selected. If a pixel’s brightness was higher than T, it was considered as non-

switched, otherwise it was switched. Then the switching ratio is:

the number of switched pixelsin a rectangle .
R= ! L g Equation 4.1

the number of total pixels in a rectangle

Since we have done this process 3 times, we get an error bar, which gives a point in the curves
shown in the previous figures. The distribution of the number of pulse pairs across the width of
the scanning track, i.e., the diameter of the focused pump spot, has been calculated based on the
size of the pump spot and the laser scanning speed. The relationship between the position across
the width versus the number of pulse pairs is plotted in Fig 4.10(b). The red line indicates the
region from which the switching ratio has been extracted. The distribution of the number of pulse

pairs does not vary significantly within this region.

Position (um)
o o w
.'-"'-—"...-
1 1 1

L w
15 -
.

i | | i 1 i
0 500 1000 1500 2000 2500 3000 3500 4000

Number of Pulse pairs

Figure 4.10 (a) The MOKE image of LCP 80 uW + LP 40 uW at 3 delay times (0.5 ps, 1 ps, 1.5
ps. from top to bottom). The sample was initially magnetized to the M" direction. For each set of
scans, we chose the area in the blue rectangle that is not exposed to the laser as the reference area.
(b) The distribution of the number of pulse pairs across the width of the scanning track, the red

line indicates the calculated switching ratio area.

As the interference occurs in the zero-delay point, we further explored the single pump light
ellipticity for the HD-AOS and results are shown in Fig 4.11. The light ellipticity is tuned by the
quarter-wave plate, and the number in the left of Fig 4.11(a) indicates the quarter-wave plate’s
angle. Here 45° gives the CP light, and 0° gives the LP light. The laser power is fixed at

120 uW in this experiment. The elliptically polarized light can be regarded as a combination of
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LP and CP. In these experiments, as the LP and CP arrived at the same time, both CP and LP’s
heating could not assist the switching due to the in-situ helicity effect and the lagging heating

effect. Therefore, the switching ratio decreases with the CP’s ratio decreases as shown in Fig
4.11(b).
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Figure 4.11 (a) Magneto-optical Kerr image of all optical switching in a Pt (2 nm)/Co (0.6 nm)/Pt
(2 nm) thin film exposed to 120 uW RCP laser with different light ellipticity, which is changed
by rotating the angle of the quarter-wave plate as labeled on the left. (b) The corresponding AOS

switching ratio of (a).

4.4 Time-resolved MOKE scans and simulations
Atomistic spin dynamics modelling combined with a two-temperature model has been employed

to simulate the demagnetization rate and magnetization recovery after the LP pulse for both cases,
i.e.,, of 40 yW and 80 pW, and the results are superimposed on their switching rate curves in Fig
4.7 (c) and (d), respectively. The atomistic simulation of the ultrafast demagnetization in this work
is provided by Vampire 5.0 package [148]. The energy of the system is described by the following
Hamiltonian, which includes all the energy contribution to the magnetic behavior of the system,
including the Heisenberg form of exchange:

H= —YicjJiiSi" S = Tiklsr(Si-€) = po X kS; - Happ Equation 4.2

Where the Jjj is the exchange interaction between the spins on site i and j, Kes is the uniaxial

A

anisotropy energy on site i along the axis é, ut is the atomic spin moment on the atomic site i in
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unit of ugp and p, is the permeability constant. The parameters for the atomistic simulation are
obtained from the literature [149, 150] which has been listed in the Table 4.1.

Exchange strength 6.064 x 1021 per link
Anisotropy 1.1 x 10%] per atom
Magnetic moment 1.72 ug

Damping coefficient 0.1

Lattice constant 273 A

Electron heat capacity 699 J/(m3K)

Phonon heat capacity 3.15 x 10°J/(m3K)

Electron phonon coupling 2.9 x 107 J/(m%K)
Table 4.1 Material parameters used in the atomistic simulation.

The dynamics of spin systems are determined by the Landau—Lifshitz—Gilbert (LLG) equation

with Langevin dynamics:

95,

at (1+/12) [Six Hif + A5 % (S, x Hi;)] Equation 4.3

where vy is the gyromagnetic ratio and A is the microscopic Gilbert damping parameter, the H; £f
is the net magnetic field with an additional white noise term as:

24kpT

Htlh = I'(t) Yisht

Equation 4.4

where kg is the Boltzmann constant, T is the temperature of the electron system, At is the

integration time step, and I'(t) is the Gaussian white noise term which representing the thermal
fluctuations on each atomic site. Then the effective field H; H.. ers inthe LLG equation with thermal

term can be explain as:

o= Lo [ i
Hopp = 35 + Hyy, Equation 4.5



The three-temperature model is indeed often used to explain the ultrafast demagnetization. Unlike
the 4f electrons, for the 3d electrons (in our case is the Cobalt’s 3d electrons), the time lag between
the temporal profile of spin-temperature and electron-temperature after femtosecond laser
excitation is very short, about several tens to a few hundreds of femtoseconds This time lag stays
the same when we vary the power of the LP and CP pulses, so it won’t be reflected in our
comparison results. Therefore, to simplify the analysis, we consider the spin system is coupled to
the temperature profile of the electrons in the two-temperature model. The energy transfer for the
electron-spin system to the lattice system is mediated by the phonons, which takes about 1.6 ps for
the spin-electron-lattice system to reach a thermal equilibrium state in Co/Pt multilayers as in ref
[103, 145, 146]. The electron system temperature in the atomistic simulation is calculated by a

simplified two-temperature model [151].

T,

Ce

= —Go—p(T. —T,) + P(t) Equation 4.6

Cp oL = ~Goy(T, = Te) Equation 4.7
Where Ce, C, are the electron and lattice heat capacities. Te, Tp is the temperature for electron and
lattice (phonon), Ge.p is the coupling constant between electron and lattice. P(t) describes the input
laser power as a function of time and follows a Gaussian pulse with the height being proportional
to a laser fluence parameter Fet and a width to. P(t) can be explained as:
_(t=3t)?
P(t) =Fp - e w0’ Equation 4.8
In the atomistic simulation, the system size has been set as 50 nm * 50 nm * 0.6 nm with periodic
boundary conditions in x and y-direction. The environment temperature is set at 293 K. While in
this simulation, we only consider the laser’s heating effect, and the duration of the heating pulse
is 150 fs with a gauss profile. The fluence was set corresponding to the AOS result, where we
found 120 puW laser pulse was the minimum fluence to fully demagnetize the sample, and hence,
we set the first fully demagnetized fluence in the simulation as 120 uW. To eliminate the thermal
fluctuations, all curves are the average of 10 times simulations with different instances of the
random number generator seed. Fig 4.12 (a) and (b) show the simulation results within the first 10

ps and 800 ps after single pump excitation with laser power varying from 40 yW to 120 pW.

85



The corresponding experimental time-resolved MOKE scans are also presented in Fig 4.12(c) and
(d). The simulation and the experimental data are in very good agreement. With the increase of the
laser fluence, the ultrafast demagnetization increases and the relaxation time also increases from
several picoseconds to nanosecond. Both the experimental and simulation results support our

explanation for double-pump AOS results.
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Figure 4.12 Time-resolved ultrafast demagnetization excited by a single laser pump with various
laser power. (a) and (b) are simulations by two-temperature model, where (a) shows a zoomed-in
view of the first 10 ps, and (b) shows the whole 800 ps duration. (c) and (d) are the time-resolved
MOKE Kerr rotation excited by linearly polarized pump pulses with various power, where (c)
zooms in the first 10 ps, and (d) shows the whole scans of 800 ps duration.
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To simplify the analysis, we consider the spin system is coupled to the temperature profile of the
electrons in the two-temperature model. It shows that the magnetization recovery (spin cooling)
time after laser excitation increases from a couple of picoseconds to a few hundreds of picoseconds
as the LP power increases from 40 pW to 80 pW, which was also observed in the time-resolved
MOKE measurements of the sample shown in Fig 4.12. A red dotted horizontal line is drawn at
50% switching ratio (left hand y axis) in both Fig 4.7(c) and (d). In Fig 4.7(c), HD-AQS occurs
when the 80 pyW CP pulse arrives within a time delay between 0.2 to 2 p, shaded in grey. In Fig.
4.7(d), HD-AOS occurs when the 40 uW CP pulse arrives within a time delay between 0.2 to
over 300 ps, also shaded in grey. Comparing the sample magnetic states within these two grey
areas where HD-AOS is achieved, one can see a common minimum of the sample magnetization
of around 60% of the saturation magnetization. This indicates that the demagnetized state upon
which the CP pulse impinges is a key factor to achieve HD-AOS.

4.5 Timescales and contributions of the Heating and helicity effects
However, the essential role of heating in HD-AQS on its own cannot explain the dramatically

different time-delay dependence between the above two cases since the second CP pulse also heats
up the sample, which reduces the magnetization. This difference suggests that the action of the
helicity effect comes to an end before the spin temperature reaches its second peak caused by the
CP-pulses.

To clarify this picture, the two-temperature model has been applied again to simulate the
demagnetization rate and magnetization recovering excited by both the LP and CP pulses. Fig
4.13(a) and (b) show the case when two pulses are 5 ps apart. A red dashed horizontal line is drawn
at 60% of the saturation magnetization value, which is the minimum magnetization observed in
the two grey areas in Fig 4.7. The spin flip energy barriers related to the spin temperatures are also
added and represented by E}a and E}b, respectively, where t represents the delay time. To
identify the lag between the helicity and heating effects, we show the corresponding EIE at four
time points namely when: the first pulse arrival time (t = 0), the first demagnetization peak occurs
(t = 1 ps), the second pulse arrival time (t = 5 ps), and when the second demagnetization peak
occurs (t = 6 ps). One can see that in the case of Fig 4.13(a) with the LP 80 pW + CP 40 pW
pulse combination, at 5 ps delay time, the sample’s magnetization has only recovered 20%. This
corresponds to a lower energy barrier Ef5b between M'" and M*' states upon the arrival of the
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40 uW CP pulse, and HD-AOS takes place in this case. In the case of Fig 4.13(b) with LP 40
uW + CP 80 uW pulse pair, at 5 ps delay time, the sample magnetization recovers to around 80%
of iits saturation value. This corresponds to a high energy barrier E7, between M' and M'states

upon the arrival of the 80 uW CP pulse and HD-AOS doesn’t take places. This is because the CP
pulse’s heating effect takes more than 0.3 ps to demagnetize the sample’s magnetization to its
second peak. During the CP pulse duration, the sample’s magnetization is only reduced to 70%
of its saturation value., as marked by two short vertical dash lines in Fig 4.13(b). The only
explanation for this observation is that the onset time of the helicity effect from the CP pulse is
instant, and the duration of the helicity effect is less than 200fs which is close to the laser pulse
width of 150 fs.  Even though the energy barrier E]?a is reduced further by the heating effect of
the CP pulse itself, the helicity effect has already disappeared at this point, and HD-AQOS cannot

be triggered anymore.
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Figure 4.13 Simulation of dual-pump induced magnetic switching process. The temporal profiles

of the simulated demagnetization induced by both LP and CP pulses at 5 ps time delay for two
power combinations, (a) LP 80 ulW+ CP 40 uW and (b) LP 40 uW+ CP 80 uW. Two short
vertical dashed lines (in blue) in (b) mark 0.2 ps time interval after the CP pulse excitation. The

effective energy barriers (E]fa, Efb), determined by the transient spin temperatures, between M’

states and M' states at four-time delays (t ps) are illustrated for both cases.
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We have further investigated the relationship between HD-AQOS switching ratio and laser
ellipticity using a single pump and the results are included in Fig 4.11. The switching ratio was
found to decrease as the laser polarization changes from circular to linear. This is consistent
with a previous finding on laser-induced domain wall motion where wall displacement
decreases as laser polarization changes from circular to linear [34]. For these single pulse cases,
the LP and CP photons arrived at the same time, and the heating effect from the LP photons
lags and thus the CP photons fail to achieve HD-AOS. This could account for the fact that HD-
AOS has not been observed in a wider range of material systems, because, generally, ultrafast
laser heating effects lag behind its helicity effect. This also explains a previous observation that
a longer laser pulse duration gives a higher switching ratio under the same laser power AOS
[152]. As shown in Fig 4.12, the higher laser fluence takes a longer time to reach the highest
demagnetized state as pointed out previously [149]. With the dual-pump laser pulses, we expect
that HD-AOS would occur in many other magnetic materials where the transient magnetization
states needed for the CP lighted driven HD-AQS can be achieved by controlling the strength
of the LP pulse and the delay time.

As shown in Fig 4.14(a), the first LP pulse increases both M" and M' domains’ temperature
but not close to the T.. While due to the MCD effect, the second CP pulse heats the M"
domain’s temperature closerto T,.. Once itswitchedto M‘ domain, it absorbs less CP photons,
and makes its temperature away from T,. However, this phenomenological mechanism should
not sensitive to the time sequence of the CP and LP pulses. As shown in Fig 4.14(b), if the CP
pulse arrived first, it still gives a temperature difference of T, and T;. And then the second
LP pulse increases both domains temperature, but keeps this temperature difference. Then the
HD-AOS still can happen. Also, in Fig 4.14(c), the elliptical polarized pulse can be regarded
as a mixture of CP and LP pulses, based on the MCD effect, it still induces a temperature
difference of M" and M' domains. However, in our results, the 60 uW LP + 60 uw CP
(LP arrived first) gives the same AOS ratio as the 120 uW CP pulse, but if they arrived at the
same time (elliptical polarized pulse) the switching ratio is lower than the former. While the
AOQOS is not observed if CP pulse arrived earlier than LP pulse. Moreover, in our double pump
experiments (especially the 100 uW LP + 20 uWW CP), the temperature difference between
these two domains is much smaller than using a single 120 uW CP pump, while these two
experiments give a nearly same switching ratio. Of course, this superficial explanation ignores

the spin heat capacity (Cs) changes with the spin system’s temperature (7). Also, MCD is
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introduced to explain laser-induced domain wall motion, which may also suitable to explain
our results [34]. Finally, we would like to emphasize that to fully explain our results based on

MCD mechanism, several more effects should take into consideration.

M a M b M 'y

T

Figure 4.14 The HD-AOS model based on the MCD mechanism to explain our experimental

T

results. (a) The LP pulse arrived first, and then the CP pulses. (b) The CP pulse arrived first,
and then the LP pulse. (c) Using elliptical polarized pulse.

IFE effect could also explain our results, just like the heat-assisted magnetic recording
mechanism. However, the origin of the IFE is much more complex. The standard IFE induced
magnetization in a plasma is given by the expression M(t) = —yE*(t) X E(t) and its
direction is parallel to the axis of propagation of the wave and its sign depends on the chirality
of the wave [122]. The duration of the IFE field is still under debate. According to this equation,
IFE field’s duration is the same as the laser pulse duration. However, in all modern
measurements of the ultrafast laser’s IFE, the magnetization remains altered and takes some
time to stabilize, and therefore several later papers discussed that this equation is not suitable
for the ultrafast laser and the duration is longer than laser pulses [120, 124]. Here, just like the
previous IFE paper discussed [30], we shall roughly consider the IFE effect provides a
magnetic field.

In our results, the AOS happens when the delay time between LP and CP is only 0.2 ps. It
indicates that HD-AOS only depends on the spin system’s temperature, since the lattice
temperature is much slower than the spin system’s temperature. Once the spin temperature
increased, the IFE field could switch the spin. But as we indicated in Fig 4, for LP 80uW +
CP 40 uW and LP 40uW + CP 80 uW, their demagnetization will reach the same after about
1 ps. But the former switched. To explain this difference, we suggest that the AOS happens
when the CP pulses arrived at the sample, and the duration of the IFE field has the same
timescale of pulse duration If the IFE field duration is longer than 1 ps, and the 80 ulWw CP
pulse will provide a stronger IFE field, and it has no reason that the later one did not switch.
We have tried the single pulse pair shots, and we did not observe a clear switching (it either

has no change or induced a multidomain state.) Also, the dual pump TR-MOKE has done, but
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we still did not observe a magnetic switching. However, a recent report in the arXiv, see ref.
[153] tried the dual-pump HD-AOS, by using a longer duration CP pulse (up to 3ps) and
successfully reduced the pulse number required for HD-AQS. This is consistent with our results,
as we mentioned, the helicity effect only exists close to the laser pulse duration. Their results
also suggest that by decreasing the magnetization and increasing the laser pulse duration

(helicity effect’s duration), HD-AOS could be achieved at single pulse pair.

4.6 Conclusions
In this chapter, we have applied dual-pulse laser excitation to identify the contribution and time

dependence of the heating and helicity effects on HD-AQS in a Pt/Co/Pt triple layer. We have
shown that pre-heating plays an essential role in HD-AQOS. The laser power required for HD-
AOS via the helicity effect was shown to be very low when the magnetization is close to a fully
demagnetized state. By varying the time delay between LP and CP pulses with different energy
combinations, we have demonstrated unambiguously that the helicity effect, which gives rise
to the deterministic helicity-induced switching, occurs instantly upon laser excitation, and only
exists over the laser pulse duration. This work has disentangled the heating and helicity effects
and revealed their timescales in helicity-dependent all-optical magnetization switching. At the
same time, the unique LP/CP dual-pump scheme makes the manipulation of HD-AQS feasible,

which provides a promising way for achieving HD-AOS in a wide range of material systems.
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Chapter 5 Tuning the power range in helicity-
dependent all-optical switching

5.1 Introduction

As a candidate for the next-generation information storage technique, the energy efficiency and
switching accuracy of AOS are essential issues. The Gd based materials have achieved single
shot AOS, showing an incredible energy efficiency. For example, it was reported by Lalieu et
al. that single pulse AOS was observed in Pt/Co/Gd stacks with a remarkable low threshold
fluence of ~ 1.2mJ/cm? [22], which is more than 10 times less than the HD-AQS in
Pt/Co/Pt stacks [23, 34]. Based on the mechanism of single-shot AOS in GdFeCo, Yang et al.
found picosecond current pulse also can switch the magnetic direction in a GdFeCo cell with
only 4 fJ [18]. Although the HD-AOS is still a multi-pulse switching with a much higher
threshold fluence, the rare-earth element Gd is unessential for HD-AOS materials. And mining
rare-earth elements is laborious and environment unfriendly work, hence, it is important to
study the HD-AQS without Gd. In this chapter, we have further studied HD-AQOS from two
aspects, experiments and first principle calculation, to explore the approaches to tune the AOS
power ranges and switching ratios. The samples used are the typical HD-AOS materials:
Pt/Co/Pt stacks as in the previous chapter, but with different Pt and Co thicknesses. The HD-
AOS power window and switching ratio have been studied in all of these samples. We have
also calculated a similar sample structure by DFT, and the calculation results provide
information about magnetic moment distribution and spin-orbit coupling energy in each atom

layer.

5.2 Methodology
5.2.1 Experimental part

Here we studied the HD-AOS power window and its switching ratio in two series of samples.
All of them have the same layer structure: Glass/Ta (5 nm)/Pt (tpt nm)/Co/ (tco nm)/Pt (tet NM).
The first series of samples have the Pt layers thickness of 2, 5, and 10 nm and the same Co
thickness of 0.6 nm. The second series samples have the Co layers thickness of 0.6, 0.8, 1.0,
1.2, 1.4 and 1.6 nm with the same Pt layer thickness of 2 nm. These samples were deposited
on Corning glass with a thickness of 0.13 nm at room temperature by DC magnetron sputtering
from separate Co, Pt, Ta targets. The base pressure of the sputtering system was better than
4 x 107° Pa, and the working Ar pressure was 0.5 Pa. The sputtering rate with a DC current

of 40 mA was 0.41, 0.84, and 0.48 A/s for Ta, Pt, and Co, respectively. The first 5 nm Ta
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buffer layer was employed to improve the smoothness of the substrate[81], the Pt/Co interface
smoothness and the (111) orientation, thereby enhancing the perpendicular magnetic
anisotropy (PMA) of the Co layer. For all the samples studied in this chapter have the
perpendicular magnetic anisotropy confirmed by both the MOKE image measurement and

VSM measurement. The top Pt layer protects the sample from oxidation.

The experimental set-up is the same as we used in chapter 4. The laser used in all experiments
has a central wavelength of 800 nm with an approximately pulse duration of 100 fs, which is
generated by the Ti:sapphire laser amplifier system. For all these experiments, the sample was
magnetized to a multidomain state, with a domain wall in the field of view. And as shown in
Fig 5.2, the white part of the image is the M' state, and the black part of the image is the M*
state. Then the laser scan from left to right with the velocity of 10 um/s and the acceleration
is 10 um/s?. After that, the first raw image imageOl was taken. Then the sample was
magnetized to the M state, and the second raw image02 was taken. To improve the image
contrast and eliminate non-magnetic signal, we did the subtraction of image01 and image02,
and then we multiplied the subtracted image by a gain factor of 200. Then we used the same
method in section 4.3.2 to calculate the switching ratio of each subtracted image.

5.2.2 First-principals calculation
First-principles plane-wave calculations are widely used to predict and explain the electronic

and magnetic properties. In this section, the numerical plane-wave calculations were performed
by using the Vienna Ab initio Simulation Package (VASP) [154-156] at Viking-University of
York Research computing cluster. Structure optimization is always the first step of the
calculation, which gives rise to a reconstruction of atomic structure and outputs a relatively
stable ground state structure. Two processes are included in the structure optimization, ionic
relaxation iteration and electronic relaxation iteration. Electronic relaxation iteration is nested
in ionic iteration, and the next ionic relaxation step is not performed until the electronic
convergence criterion is reached. The parameter specifies the global break condition for the
electronic iteration is EDIFF, in our calculation it is set EDIFF = 107°. And the ionic
iteration’s convergence is dependent on the total free energy change between two ionic
relaxation steps. The parameter that specifies the global break condition for the structure
optimization is the EDIFFG, in our calculation it is set EDIFF = —10~*. The generalized
gradient approximation (GGA) exchange-correlation potential using Perdew-Burke-Ernzerhof
(PBE) functional [157, 158] is used for all calculations in this section. And the structure uses
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periodic boundary conditions. The kinetic energy cutoff of 500 eV is set for the plane-wave
basis set. The calculated valence configurations for Co are 3d’4s? and for Ni are 3d®4s? and for
Fe are 3d°4s?and Pt are 5d%s. Fig 5.1 (a) shows the structure we investigated, and this figure
is plotted by the VESTA software [159]. Two Co layers are placed on the body centre cubic
(BCC) Pt (111) surface, where the Pt atom’s position is fixed, and the Co atom’s position is
free. The Pt layer’s structure is obtained from previous experimental results [160-162]. This
structure has 15 layers with 13 layers of Pt. In the self-consistent potential and total-energy
calculations, they have been performed with a k mesh of 12 x 7 x 1. A lattice mismatch is
existed in both experimental measurements and calculations as the radius of Co atom is much
smaller than Pt. To simulate the experimental results, we set the c-axis as free and fix the a, b-
axis, and calculated the system’s free energy as a function of the lattice constant ¢ as shown in
Fig 5.1 (b). The structure with the lowest free energy will be chosen for the next magnetic
properties calculations. This process is just like the growth process with the lattice mismatch
in the in-plane direction.
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Figure 5.1 (a) The front view of the calculated Co/Pt multilayer structure. 2 Co layers (Blue
balls) are placed on the top of (111) surface of 13 layers of Pt (Silver balls) with a BCC structure.
Co layers are free while Pt atoms” positions are fixed. And the lattice constants a and b are

fixed, and c is free. (b) The system free energy as a function of lattice constant c.

After the first structure optimization step, the structure with the lowest system energy is used

for calculating magnetic properties. In this step, the spin-orbit coupling is involved in the
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calculation, which will also turn off the collinear calculation and all symmetry. As spin-orbit
coupling changes the electron density, old wave functions from step 1 are not read, but we
recalculated the electron density from the beginning with the parameter ISTART = 0. 400
energy bands are included in the calculation, and the partial occupancies orbitals are using the
Fermi smearing with a width of the smearing in 0.01 eV. As we discussed in the previous
section, all the magnetic interactions are very sensitive to the electron-electron distance, and
hence, the GGA+U (or LDA+U) parameters play an important role in the magnetic properties’
calculation. Hubbard U correction is adopted to diminish the error, and the parameter GGA+U
determined Hubbard U correction is fixed except for specific mentions at 4.2 eV for Co, 4.1
eV for Fe, 4.15 eV for Ni, and 2.9 eV for Pt. The GGA+J parameter specifies the strength of
the effective on-site exchange interactions, and it is fixed at 0.8 eV for Co, 0.78 eV for Fe, 0.82
eV for Ni and 0.5 eV for Pt.

5.3 HD-AOS Results
5.3.1 Experimental part
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Figure 5.2 Magneto-optical response in zero applied magnetic field of Glass/Ta (5nm)/Pt (2

nm)/Co (0.6 nm)/Pt (2 nm) samples to various laser power and different laser polarization.

Three laser polarization RCP, LP and LCP were used to confirm the helicity dependence. And
it is obviously seen from Fig 5.2, that the RCP laser switches the black M' state to the white
M" state in contrast to the LCP laser. While the LP laser, it induces a multidomain state. It is
easy to get lower limit power of HD-AQOS about the HD-AQOS laser power window. But for the
upper limit power of HD-AQS, the situation is more complicated. In most of the case, although

HD-AOS was observed, we noticed that when we use a magnetic field very close to the
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sample’s coercivity, the domain wall motion is always slower in the area exposed to the laser.
Further increase of the laser fluence results in a significant coercivity increase even though a
fully HD-AOS was observed. As the laser has changed the magnetic properties of the sample,
we cannot consider it is a repeatable HD-AQOS. Therefore, the upper-limit power of HD-AOS

is the laser power that does not change the coercivity of laser scanned area.
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Figure 5.3 Magneto-optical response in zero applied magnetic field of Glass/Ta (5nm)/Pt (5
nm)/Co (0.6 nm)/Pt (5 nm) samples to various laser power and different laser polarization.

The HD-AOS laser power range for different Pt thicknesses shows a significant difference, as
shown in Fig 5.4 (a). With the Pt thickness increasing, the HD-AOS power increases, which is
due to the Pt layer’s high reflection and low absorption. However, the switching ratio of the 5
nm Pt layer is the highest in all the samples. The laser scanned area shows two clear boundaries,
as shown in Fig 5.3, and between these boundaries, the switching ratio is very close to 100%.
But when the Pt layers’ thickness increases to 10 nm, the switching ratio has a slight decrease.

Also, the laser power for HD-AOS is very high, which is not energy efficient.
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Figure 5.4 Magneto-optical response of Pt/Co/Pt samples to circular polarization light and
varying powers. The green bar shows the power window for AOS, and the red dot shows the
average switching ratio when AOS happened in the power window. (a) The switching ratio and
AOS power range as a function of Pt layers thickness. (b) The switching ratio and AOS power

range as a function of Co layers thickness.

As shown in Fig 5.4 (b), the AOS power increases with the Co thickness increase. The
switching ratio reaches its highest for Co thickness of 0.8 and 1.0 nm. Then the switching ratio
drops obviously for Co thickness of 1.2 nm. And no HD-AOS was observed for Co thickness
of 1.4 and 1.6 nm. Fig 5.5 shows the magneto-optical response of 1.4 nm Co sample to various
laser power. No difference was observed for different laser polarization at 160 ulW and
200 uW as seen in Fig 5.5 (a) and (b), LCP, LP and RCP all induce a multidomain state
without any differences. No helicity dependent difference was observed until the laser power
up to 300 uW. In Fig 5.5 (c), the LCP laser switches the white M' state to the black M*
state, same as the previous results. However, the RCP laser scanned area is not uniform, the
outer boundaries were switched to the black M* state, but the inner is a multidomain state.
And when we used a magnetic field to remagnetise the sample, we found that these areas cannot
be switched with the magnetic field up to the limit of our electromagnet’s magnetic field (900
Oe), while the sample’s original hysteresis is only 90 Oe. We suggest that this phenomenon is
due to the fact that the laser’s heating effect has permanently changed the sample structure.
Since the Co/Pt multilayer structure is not a thermal equilibrium state, the laser’s heating gives
Co and Pt atoms enough energy to reach this state, such as the CoPtz alloy state, which has a
hysteresis of over 1000 Oe [163]. Finally, one could expect that the HD-AQOS in the sample

can be achieved at much higher laser power. The helicity effect may switch the magnetic
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direction. However, as the laser’s heating effect and helicity effect is entangled, the heating

effect will demagnetize it again. And therefore, the HD-AQOS power window was narrowed.

300 uW PD

Figure 5.5 Magneto-optical response of Glass/Ta (5 nm)/Pt (2 nm)/Co (1.4 nm)/Pt (2 nm)
samples to various laser polarization and power. (a), (b) The laser’s polarization from top to
bottom is RCP, LP and LCP. And no HD-AQS is observed for the laser power of (a) 160 uW
(b) 200 uW. (c) 300 uW LCP and RCP (from top to bottom) are used. The laser scanned area
shows a difference for LCP and RCP at this laser power, but as shown in (d), this area’s

hysteresis has permanently increased.

5.3.2 DFT part

For a better understanding of the experimental results, the first-principal calculation in the same
structure was done. In most systems, the DFT calculation gives a reliable lattice structure and
band structure. However, for the system containing d and f electrons, especially transition metal
oxides and nitride compounds, the normal DFT calculation (GGA/ LDA) always cannot give
a ‘right’ result. Even the qualitative judgment of metal/insulator is often wrong. The bandgap
of insulators and semiconductors given by LDA or GGA calculation is always smaller than
experimental results, and the highest occupied orbital is higher than the Fermi level. Even more,
those highest occupied orbitals come from transition metals’ d and f orbitals. So, why can the
LDA and GGA calculations not deal with the d and f electrons? Firstly, we shall discuss the
localized versus itinerant electrons. Since we are considering the distance between the electron

and the nucleus, we should separate the time-independent Schraiinger equation:
_%d’(r) +V(@yY((r) = EY(r) Equation 5.1

into two parts, the radial part and the angular part, respectively. We rewrite the electron

momentum operator p = —iAV in spherical polar coordinates:
62 fLZ d 0 hZ 62 .
2 _ _p20% _ o a0 02
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Here, the first term on the right side is the radial part pZ, while the rest of the terms is the
angular part pj,. Corresponding to the classical mechanics, the angular moment part pé =

L?/r?. And L is the angular moment operator, in quantum mechanics, it has the following

eigenvalue of
L? = 1(1+ 1)h? Equation 5.3

where | is the angular quantum number. Also, the total wavefunction is presented in the

spherical polar coordinates:

Unim(1) = Ry 1 ()Y (6, ) Equation 5.4

Here, n is the principal quantum number, | is the angular quantum number, and m is the
magnetic quantum number. Then the radial part of the Schrodinger equation’s radial part is
given by:

hZ d2
 2mar?

Rua(r) + V() +5

2
l(l:nlr)f ]Rnll(r) = ER,;(r) Equation5.5
We know that the coulomb potential provided by the atomic nucleus has a negative sign, and
itis related to the distance of the electron. Close to the nucleus, it has the full Coulomb potential:

Ze?
4TTEGT

V(r) =— Equation 5.6

While in the outmost shell, due to other electrons’ screening, it only remains one effective
positive core electron, therefore:

e?

V(r) =—

Equation 5.7

4TEYT

The Coulomb potential has a complex form in the intermediate region, but it always pulls back
the electron. On the contrary, as | is equal to or greater than zero (for s orbit, [ = 0; for p orbit,
[ = 1; for d orbit, [ = 2; and f orbit, [ = 3 ), the angular moment related potential has the
positive sign, which pushes the electron away from the nucleus. And the force increases with

the angular quantum number increasing.

As discussed in the previous exchange coupling chapter, the relative position of two electrons
plays a key role in magnetism. And due to this competitive mechanism, the perfect balance of
localization and itinerant gives 3d and 4f electrons special magnetic properties, and their

electron-electron interaction is much higher than other orbit’s electrons. As we mentioned in
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Chapter 2.3, the energy induced by the electron’s exchange coupling for Co, Fe and Ni is about
1~2 eV. While the Coulomb interaction between nuclear and electron is about 5 eV. Therefore,
the electron-electron interaction for 3d electrons is nonnegligible. Unfortunately, the electron-
electron interaction is the weak part of DFT calculation. And the exchange-correlation used by
the DFT to calculate electron-electron repulsion is developed on the basis of the single-particle
approximation, which approximately treats two spin-paired electrons as a single particle. But
as we discussed before, electrons in 3d and 4f orbits are spin polarized when the exchange-
coupling has the negative sign. When we deal with d and f electrons, the electron pair must be
separated into two particles with spin up and spin down, called open-shell calculation.
Moreover, the spin-polarized d and f electrons has a spin-spin repulsion with inner electrons.
Again, the interchange-correlation of DFT calculation does not take this effect into

consideration. As a result, the calculated orbits are too close to each other, and counts insulators

as metals.
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Figure 5.6 The Co and Pt atom’s (a) spin-orbit energy and (b) orbit moment as a function of
Hubbard U correction. Here the label Pt1 indicates the Co’s nearest Pt layer, and the label Pt2
indicates the Co’s second nearest Pt layer. Here the left y-axis is for Co and the right y-axis is
for Pt.

To solve this problem, the Hubbard U correction was proposed [164], which is derived from
the local-density band theory, that provides an excellent agreement with correlated electron
quantum chemistry calculations [165]. The 3d electron’s localized and delocalized behavior
plays an important role on the spin-orbit coupling, while the localization and delocalization are
determined by the Hubbard U correction. In this section, Co’s Hubbard U correction varies

from 1 to 5 eV, while this parameter for Pt is unchanged. And Fig 5.6 shows the Co and Pt’s
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spin-orbit energy and orbit moment as a function of the Hubbard U correction. It is obvious
that the Pt layer enhances the helicity effect, which is also confirmed by both theoretical
calculation and experimental measurements [25, 166]. From the first-principal study, we know
that the Pt atom’s spin-orbit coupling (E_soc = 0.78 eV) is nearly two orders of magnitude
greater than the Co atom’s spin-orbit coupling (E_soc = 0. 012 eV). As we discussed the IFE
in chapter 2.5.3, spin-orbit coupling plays a key role in the Raman scatter IFE model. During
the spin flipping process, the angular momentum of the electron system was mainly transferred
to the lattice, mediated by the spin-orbit coupling. According to the calculation results, the Pt
atom strengthens its nearest Co atom's spin-orbit coupling. The interface Co's spin-orbit energy
is about 30% higher than the inner Co atoms. The tendency is evidence that with Co’s 3d
electrons’ localization increases, its spin-orbit energy and orbit moment increase, while its
nearest Pt atom’s spin-orbit energy. The orbit moment of Pt’s 5d electron is much smaller than
Co’s 3d electron, and it is nearly unchanged with the Hubbard U correction. The second nearest
Pt layer's spin-orbit energy and orbit moment have no change, indicating that the Pt enhancing
the Co's spin-orbit coupling is a short-range effect that only affects the interface atoms.
Compared to the experimental result, the thicker Pt layer provides a higher switching ratio.
Therefore, we suggest that although the Co-Pt interface effect could increase the Co’s spin-
orbit coupling, it does not increase the helicity effect in the Co layer. But the Pt layer itself
increases the optical spin-transfer torque. Moreover, the inner Co’s spin-orbit coupling is not
strengthened, but as we see from Fig 5.4 (b), a thicker Co layer does not decrease the switching
ratio. This conclusion is consistent with the previous magnetic dynamic study [167], as they
found the IFE was approximately the same in Fe, Ni and Co, but adding a Pt layer could

enhance the IFE.
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Figure 5.7 The magnetic distribution of Pt layers. Since the periodic boundary condition is used,
the magnetic distribution shows symmetry in the c-axis. RKKY induced antiferromagnetic
coupling is shown in layer 4, 5 and 9, 10.

RKKY interaction is introduced briefly here. It was first suggested by Ruderman and Kittel in
1954 that a nuclear spin can induce a spin polarization in the surrounding electron sea [87].
The Hamiltonian of this system could be expressed as:

H =2A8(r—R)S-s Equation 5.8
The free electrons as plane waves normalized to a volume V,
Y(r) = \/ive”” Equation 5.9

The electron kinetic energy by the free electron dispersion relation,

21,2
E="1k Equation 5.10

2m

The total density of states per unit energy is obtained by counting the number of states in the

volume V per unit energy and is given by

—=Mek = —— (2m,)*/*VE Equation 5.11

2m2h3

D(E) =

If we denote the electron density per unit volume as

(2meEp)3/? _ Kk}
3m2h3 3m2

Ny = %fOEFD(E)dE = Equation 5.12

The RKKY exchange coefficient J(R)
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16A%mokf [cos (2kpR) _ sin (2kgR)
en3nz | 2kpR)? (2kpR)*

J(R) = Equation 5.13

At large R takes a simple form:

2A%mekp cos (2kgR)
(2m)3h2 R3

J(R) = Equation 5.14

As the RKKY coupling is related to the electron’s localization and itineration, one could expect

the GGA+U parameter will affect the strength of RKKY coupling.

An unexpected discovery in the DFT calculation is that the Co/Pt multilayer system has an
RKKY coupling induced interlayer antiferromagnetic coupling. The magnetic moment
distribution in the Pt layers is shown in Fig 5.7. Normally, Pt is paramagnetic, but the nearest
Pt layers (layer 1 and 13) are magnetized by Co layers which has a magnetic moment of about
0.28 up. The second and third nearest Pt layers’ magnetic moment decreases significantly.
Then the fourth and fifth layers have a negative magnetic moment. We calculated both the
ferromagnetic (FM) and antiferromagnetic (AFM) coupling states in this structure, and the total
free energy for FM is higher than the AFM. Hence, the AFM state is more stable in the ground
state. However, the AFM coupling is not observed experimentally in most Co/Pt multilayers
[168-170]. One of reason that the antiferromagnetic coupling in the Co/Pt multilayer is related

to the layer repeat times. As shown in Fig 5.8 (e-f), J. W. Knepper and F.Y. Yang found that
the antiferromagnetic coupling is not observed for [Co(4 A)/Pt(11A)]  with N =5and 8
[171]. But when the repeat times increase to 12, the AFM coupling induced subloops were
observed. And then, the AFM coupling is significantly enhanced when repeat times increase to
30. In our calculation, the periodic boundary condition gives the structure infinity repeat times,

and therefore the calculated RKKY coupling is much larger than the experimental results.
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Figure 5.8 (a) to (d) Room temperature hysteresis loops of [Co(0.4 nm)/Pt(tp;)]s- (e) to (h)
Room temperature hysteresis loops of [Co(0.4 nm)/Pt(1.1 nm)]y multilayers [171].

To figure out the relationship between the interlayer antiferromagnetic coupling and the Co/Pt
structure’s repeat time, a single repeat Pt/Co/Pt sandwich structure with varies Co layers was
calculated. This structure has 13 Pt layers on the side of the Co layers. In consideration of the
periodic boundary, a vacuum of 50 A between the structure and the cell constraint at the c-
axis are set to eliminate the layer interaction. Fig 5.9 shows the magnetic moment distribution
in the Pt layers. It is clear that the antiferromagnetic coupling exists even in the single repeat
structure, and more Pt layers have an opposite magnetic direction. However, the situation is
slightly different from the previous infinite repeat structure. The distance between the Pt layer
with opposite magnetic direction and the Co layer is much longer than in the previous condition.
Also, all structures with Co layers from 2 to 6 have the antiferromagnetic coupling. Therefore,
we confirmed that the interlayer antiferromagnetic coupling is not related to the Co/Pt
structure’s repeat time. In 2017, Vomir and et al. demonstrated that the magnetization reversal
in a Pt/Co/Pt stack can be induced by a single femtosecond laser pulse, which occurs back and
forth with subsequent laser pulses and it is helicity-independent [172]. Although they
contributed this phenomenon to the size of the switched spot is comparable to the size of the
intrinsic magnetic domains, the mechanism is still not clear. As all of the single shot helicity-

independent AOS are observed in the ferrimagnetic materials, we suggest that this phenomenon
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may be related to the interlayer antiferromagnetic coupling induced by the RKKY effect in the
Pt/Co/Pt structure.
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Figure 5.9 Pt/Co/Pt single stack structure and the magnetic distribution in the Pt layers. The magnetic

moment of the Co atom is 2.054 g, which is 10 times larger than the Pt.

5.5 Conclusion
In this chapter, two series samples are used to investigate the HD-AOS’s power window and

switching ratio. All samples were grown by magnetron sputtering system with the same growth
condition and the same structure of Glass/Ta/Pt/Co/Pt. HD-AOQOS is observed for the Co
thickness between 0.6 to 1.2 nm and its power window is proportional to both Co’s and Pt’s
thickness. The switching ratio is also related to the Co’s and Pt’s thickness. The highest
switching ratio is observed for the sample with 5 nm Pt layer. The DFT calculation gives a
crucial explanation to the experimental results. Moreover, a surprising interlayer
antiferromagnetic coupling is found in the Co/Pt multilayer system, which is due to the RKKY
coupling. The strength of RKKY coupling is found to be related to the Co’s 3d electrons’

localization and itineration, which is described by the Hubbard U correction.
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Chapter 6 Ultrafast laser-induced spin dynamics in

synthetic antiferromagnetic materials

6.1 Introduction
The development of big data, cloud computing, and artificial intelligence require a new

memory with high speed, non-volatility, higher density, and lower power consumption [173,
174]. Antiferromagnetic materials have become an important development direction of ultra-
fast and ultra-high density information storage due to their advantages of no stray field, high
intrinsic frequency and good anti-interference ability to the external magnetic field, and are
expected to be applied in high-frequency electronic devices to prevent electromagnetic threats
[175]. Since antiferromagnetic materials have zero net magnetic moment and they are
insensitive to external magnetic field, how to control and detect the antiferromagnetic moment
has become the forefront and research hotspot in the field of spintronics [75, 176]. The
discovery of oscillatory interlayer exchange coupling between two ferromagnetic (FM) layers
separated by a nonmagnetic (NM) spacer spurred great promotion in the antiferromagnetic
(AFM) spintronics applications such as the giant magnetoresistance (GMR) sensor and
magnetic random-access memories. Compared with normal AFM materials, SAF systems give
more flexibility. By changing the thickness of the NM layer, one could easily tune the strength
of the AFM coupling [173, 177]. While the magnetic properties like magnetic anisotropy,
coercivity or magnetic moment of each FM layer could be tuned individually, by changing the
FM layer’s thickness or material. In recent years, synthetic antiferromagnetic (SAF) systems
with perpendicular magnetic anisotropy (PMA) have attracted researchers’ attention. AFM
coupled materials have advantages in the application of spintronics compared with traditional
ferromagnetic (FM) materials. Due to the antiparallel aligned magnetic moments, it has high
magnetic field stability, negligible stray fields and fast operation speed at THz [79, 178].
Recently study found that this antiferromagnetic interaction can be tuned electrically [90, 179].
By adding a circuit gating voltage, AFM coupling is enhanced or converted into an AFM-FM
intermediate state, which paves the way for its potential application in spintronics. Also, the
theory describes in-plane current-driven domain wall motions in SAF was developed [180].
Moreover, it was found that the SAF system could lead to double terahertz emission peak
amplitude [181].

Spintronics concerns all interactions of the spin system, like the Zeeman effect, spin-orbit

torque or RKKY interaction. Researching those interactions provides various ways to
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manipulate and detect the spin direction and, therefore, use it to manipulate and store
information. Recently, manipulating interlayer exchange coupling (IEC) has drawn much
attention. Many new methods were demonstrated, such as accumulating surface charge [182],
realizing tri-phase transition by modulating oxygen vacancies in oxide thin films [74] and
regulating magnetic properties by changing the electron density at the Fermi level [73, 183].
In this chapter, we will present, for the first time, the ultrafast laser pulse induced IEC dynamics
in the SAF system. This method shows many superiorities over previous methods, such as
room temperature operation, high energy efficiency and ultrafast manipulating speed. A laser
pulse with a central wavelength of 800 nm and pulse width of 50 fs is used to excite the SAF
system, and another 400 nm laser pulse is used to probe the transient magnetic properties of
the SAF system. All measurements were done at room temperature. Time-resolved MOKE
spectroscopy is usually used for investigating the magnetic dynamic properties in the time
domain, which contains the ultrafast laser-induced ultrafast demagnetization. This process
takes place within 1 ps for Fe, Co, Ni’s 3d electrons[136, 184-186]. Then if the applied
magnetic field is not in the easy axis, there will be a subsequent precession process due to the
changing of the magnetic anisotropy. This process’s duration varies from ten to hundreds of
picoseconds depending on materials’ magnetic damping factor [187-189]. Here, three series of
AFM samples with three different interlayers are investigated. SAF samples based on the Co/Pt
structures as that in the previous chapters were grown by magnetron sputtering.
Antiferromagnetic IEC with PMA is observed in all spacers, including MgO, Ru and NiO,
which is confirmed by VSM measurements. The sample structure is shown in Fig 6.1. Also,
the relationship between IEC strength and spacer’s thickness is investigated. The transient
hysteresis loop induced by laser pulse shows that the AFM coupling in SAF with MgO spacer
can be temporarily suppressed by laser. Time-resolved MOKE results further prove that this
AFM coupling is temporary suppressed by laser in SAF with NiO or Ru spacer. Moreover,

these results provide an AFM coupling dynamic changes in an ultrafast timescale.
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Figure 6.1 Schematic of Co/Pt SAF sample’s structure with PMA.

6.2 Sample details
All of them have the same layers’ structure: Glass/Ta (5 nm)/Pt (2 nm)/Co/ (0.8 nm)/Pt (0.6

nm)/Co (0.8 nm)/Spacer (t nm)/Co (0.8 nm)/Pt (0.6 nm)/Co (0.8 nm)/Pt (2 nm). These samples
were deposited on Corning glass with a thickness of 0.13 nm at room temperature by DC and
RF magnetron sputtering from separate Co, Pt, Ta, MgO, NiO and Ru targets. The base
pressure of the sputtering system was better than 4 x 10> Pa, and the working Ar pressure
was 0.5 Pa. The sputtering rate with a DC current of 40 mA was 0.41, 0.84, and 0.48 A/s for
Ta, Pt, and Co, respectively. The first 5 nm Ta buffer layer was employed to improve the
smoothness of the substrate, the Pt/Co interface smoothness and the (111) orientation, and
thereby enhance the perpendicular magnetic anisotropy (PMA) of the Co layer. The Co layers
between the spacer provide the important interlayer exchange coupling, while repeated Co/Pt
layers provide PMA of the system. The top 2 nm Pt layer protects the sample from oxidation.
There are three different spacer layers, Ru, MgO and NiO, with a sputtering rate of 0.52, 0.1
and 0.19 A/s, respectively.

For those three types of SAF systems, the strength of IEC is determined by the following

equation:
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Jiec = HexMstc, Equation 6.1

where Mg is the saturation magnetization of two Co layers between spacer, tq, is the
thickness of Co layers between spacer, and H,, is the shift step length in the two steps
hysteresis loop. Here we determined the sign of the J,z- to the type of the coupling: for
ferromagnetic coupling J,zc < 0 and for antiferromagnetic coupling J;zc > 0. Fig 6.1-6.3
shows the hysteresis loops of all samples, measured by VSM. The difference in the IEC
mechanism provides varied properties of the SAF system. For example, the IEC strength for
insulating spacers increases with the increase of the temperature in contrast to the case for
metallic spacers [190]. Since Mg and t., are the same for all samples, the strength of IEC

could be directly compared by the H,,, as shown in table 6.1.

Table 6.1 Three different spacers’ hysteresis loop shift Hg as a function of thickness.

Ru(nm) 0.4 0.6 0.8 0.9 1.0 1.1 1.2
H,, (Oe) 9000 3800 2700 3900 3300 3100 FM
MgO(hm) 0.8 1.0 1.2 1.4 1.6 1.8 2.0
H,, (Oe) FM FM FM 240 230 FM 250
NiO(nm) 0.9 1.0 1.1 1.2 1.3 1.4 15
H,, (Oe) 360 800 FM 686 200 300 FM

The first one is the well-explored metallic spacer, Ruthenium. This type shows a magnetic
oscillation coupling, which origins from the spin-dependent reflectivity of conduction electrons
at the FM/NM interface, as explained by the Ruderman-Kittel-Kasuya-Yosida (RKKY) theory
[87, 88, 191, 192]. The IEC induced by metallic spacers has been subsequently studied in both
theory and experiment [171, 173, 177, 193]. As early as 1989, Slonczewski first proposed the
IEC theory for the non-metallic spacer, and he calculated the charge and spin-current through
a rectangular barrier in FM/insulator/FM structure and got the IEC strength J;zc. Several years
later, in 1994, Bruno unified the metallic and insulating spacer by the terms of quantum
interferences due to confinement in ultrathin layers and also introduced the concept of the

complex Fermi surface to explain the origin of IEC [194, 195]. But for an antiferromagnetic
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spacer NiO, the IEC comes from the antiferromagnetic nature of the spacer as suggested by
Liu and Adenwalla [84].

The IEC strength has an oscillatory decay with the increase of the spacer thickness for the
metallic spacers such as Ru, but a nonmonotonic oscillatory coupling and nonoscillatory decay
of IEC strength for the insulating spacer is observed, which is consistent with previous reports
[196, 197]. The strongest AFM coupling observed with a Ru thickness of 0.4 nm corresponds
to the first oscillation IEC peak [198]. It should be noted that the AFM coupling field observed
with a Ru thickness of 0.4 nm is normally less than 3 kOe [199]. This is attributed to the
roughness and intermixing at the interfaces of the spacer layer. If a uniform spacer layer can
be formed under 0.5 nm, stronger AFM coupling can be achieved at the RKKY’s first peak.
Also, there is a minor loop in some samples with Ru spacer, and their M, and H, are different
from each other. This is also attributed to the roughness of the Ru layers, and an annealing
process may avoid this effect. The IEC is much weaker for MgO spacer, and AFM coupling is

observed until the thickness is up to 1.4 nm.
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Figure 6.2 Magnetic hysteresis loop for Glass/Ta (5 nm)/Pt (2 nm)/Co (0.8 nm)/Pt (0.6 nm)/Co
(0.8 nm)/Ru (t nm)/Co (0.8 nm)/Pt (0.6 nm)/Co (0.8 nm)/Pt (2 nm) measured by VSM.
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Figure 6.4 Magnetic hysteresis loop for Glass/Ta (5 nm)/Pt (2 nm)/Co (0.8 nm)/Pt (0.6 nm)/Co
(0.8 nm)/NiO (t nm)/Co (0.8 nm)/Pt (0.6 nm)/Co (0.8 nm)/Pt (2 nm) measured by VSM.

6.3 Time-resolved MOKE experimental details
The experimental configuration used to perform the time-resolved MOKE measurements was

described in Chapter 3.2. As all the samples have perpendicular magnetic anisotropy, the
experimental setup was adjusted to make it sensitive to the out of plane magnetic direction as
shown in Fig 6.5. To improve the time resolution, 50 fs pulses were used, coming from a
Ti:Sappire amplified at 1 kHz with a central wavelength of 800 nm. The pump beam’s
wavelength is 800 nm, while the probe beam goes through a barium boron oxide (BBO) crystal,
and therefore, its wavelength is 400 nm. Both were focused onto the sample with respective
spot diameters of ~400 um for the pump beam and ~200 um for the probe. The intensity
of the probe beam is fixed at 30 ulW/, while the pump beam’s intensity varies from 1 mW to
12 mW. The polarization of the pump beam is s, whereas the polarization of the probe beam
is p. After being reflected by the sample, the probe beam is divided into s and p components
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by the Wollaston crystal. By tuning the fast-axis of the half-wave plate before the Wollaston
crystal, the signal of the bright detector is zero without the pump pulse’s excitation. This kind

of detection significantly improves the signal-noise ratio.

LOCK-IN
AMPLIFIER

mmm Sample

Electromagnet

Figure 6.5 Schematic geometry of pump-probe TR-MOKE measurements.

6.4 Ultrafast laser-induced magnetization dynamics in SAF

Firstly, the laser pulsed induced ultrafast demagnetization was measured in the SAF sample.
The MOKE signal has been measured continuously as a function of the pump-probe delay.
Samples used in this section include [Pt/Co]./Ru (0.8 nm)/[Co/Pt]2, [Pt/Co]./NiO (1.0
nm)/[Co/Pt];, and [Pt/Co0]/MgO (2.0 nm)/[Co/Pt];, and all have an interlayer
antiferromagnetic coupling confirmed by the VSM measurements. All TR-MOKE results were
measured twice with opposite magnetic field directions, and then the subtraction of them could
eliminate the nonmagnetic noise. This method was widely discussed by Koopmans and Bigot
[200, 201], as they demonstrated that the true demagnetization takes approximately 0.5-1 ps
after the pump pulse. The subtraction curve of demagnetization in the positive and negative
magnetic fields is shown in Fig 6.6. Compared with ultrafast demagnetization in ferromagnetic
materials, no significant differences were observed at a high magnetic field, as seen in Fig 6.6
(a). The pump pulse fluence is 12 mW, and the bottom curve was measured in an out of plane
magnetic field of 3500 Oe. In such a high magnetic field, all spins are aligned to the field
direction since this sample’s H,, is 2700 Oe. The ultrafast laser first induces an ultrafast
demagnetization followed by a fast remagnetisation process. And the same dynamic properties
were observed in other samples with different thicknesses and types of spacers. Since the
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applied magnetic field easily aligns all spins in the same direction, that makes the system the
same as the ferromagnetic system. And hence, there is no interatomic transfer of angular

momentum within the spin system.
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Figure 6.6 Normalized dynamic MOKE signals for [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]> measured at
different applied fields with a pump fluence of 12 mW. (a) shows the whole dynamic process

up to 1.4 ns. (b) shows the first 3.5 ps demagnetization process.

When the applied field is smaller than the sample’s H,,, the situation becomes much different,
as shown in Fig 6.6. Although the penetration depth of the 400 and 800 nm laser is longer than
our samples’ thickness and the measured MOKE signal comes from all layers, the different
Kerr sensitivities of each layer provide a non-zero MOKE signal, and the top Co-Pt multilayer
contributes about 60% of the total Kerr signal seen from the MOKE signal in zero magnetic
field. Hence, a demagnetization process is observed even at an antiferromagnetic state. A
dramatic point in Fig 6.6 (a) is the reverse of the Kerr signal (Af8x) at the antiferromagnetic
state, which indicates that after the demagnetization the laser could induce a magnetization
increasing when the sample is at antiferromagnetic state. Also, if one compares the 2500 Oe

result with the 2800 Oe result, it is obviously that this ultrafast magnetization increasing
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process speeds up the remagnetization process. This magnetization increase has a recovery
process as well, and its relaxation time is related to the applied field as well. The relaxation
time is much shorter for 700 Oe than 2500 Oe. Moreover, the applied field also affects the
demagnetization time while longer demagnetization time is observed at smaller field seen in
Fig 6.6 (b). But this effect is not suitable for ferromagnetic state, as the demagnetization and

remagnetization time is nearly the same for 2800 Oe and 3500 Oe.

The reverse of A8y isnotonly related to the applied field but also the pump fluence, as shown
in Fig 6.6 and Fig 6.7, respectively. The reverse of A6y is faster with the decrease of the
applied field and the increase of the pump fluence. This phenomenon also appears in the sample
with 1.0 nm NiO spacer as shown in Fig 6.8. But the pump fluence threshold value is different
for Ru and NiO. In Ru case, the reverse of A8 is not observed when the pump fluence goes
down to 7 mW. While in NiO case, the pump fluence needed to reverse A8 isonly 2.5 mW.
The pump fluence threshold value will be discussed in detail in the next section. However, the

reverse of A6@y is not observed in the sample with MgO spacer.
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Figure 6.8 Normalized dynamic MOKE signals for [Pt/Co]2/NiO (1.0 nm)/[Co/Pt]2 measured
at: (a) different applied field with a pump fluence of 4 mW and (b) different pump fluence with
an applied field of 1500 Oe.

The transient hysteresis loop induced by the pump pulse provides the direct IEC information
of the system. The full transient hysteresis loop was measured at a fixed delay time by sweeping
the magnetic field and recording the MOKE signal. As early as 1998, this method was used to
show the magnetic phase transition in CoPts [163]. Ultrafast spin precession was also used to
study the antiferromagnetic interaction dynamics [202]. When all spins in SAF are aligned to
the same direction by the applied magnetic field, the spin precession shows an acoustic mode.
With the applied magnetic field decreasing to lower than the IEC, the opposite direction spins
at the top and bottom layers have an optical precession mode. However, this method could not
give the IEC strength changing at different power, and the IEC strength was totally controlled
by the applied magnetic field.

For each sample, the transient hysteresis loop is modified by varying the pump fluence at a
fixed delay time of 1 ps. It can be seen that the transient hysteresis loop is significantly different

for the three different samples. Fig 6.9 shows 0.8 nm Ru spacer results. After being excited by
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a lower fluence laser pump, the original double hysteresis loop changes to a triple-state pattern.
The triple-state pattern comes from the different absorption of the top and bottom Co/Pt layers.
As the top one absorbs more laser energy than the bottom one, A8% is larger than AA2. Hence,
the change of the net Kerr signal is not zero. Even the top and the bottom layer is antiparallel.
With the laser pump increasing, both Co/Pt layers reach their absorption limitation, and this
phenomenon vanishes. With the pump fluence up to 8 mW, the transient loop shows a 4 stage
behaviour, which has never been reported before. Also, compared with the original hysteresis
loop, the strength of the interlayer antiferromagnetic coupling of A8, is not changed for all
pump fluence. In general, the interlayer antiferromagnetic coupling is not suppressed for the
Ru spacer at this delay time. The situation for MgO spacer is very different. The interlayer
antiferromagnetic coupling and PMA are both suppressed when the pump power is increased
to 6 mW. While for the NiO spacer, the original double-loop pattern is converted to a triple-
loop pattern when the pump power is increased to 4 mW pump power. And with the pump
power increasing, the triple-loop pattern becomes more obvious. This effect also relates to the
time delay, which will be discussed later.
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Figure 6.9 Transient magnetic polar Kerr loops of the [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]2 thin film

excited by 6 different pump fluence at the same delay of 1 ps.
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Figure 6.10 Transient magnetic polar Kerr loops of the [Pt/Co]2/MgO (2.0 nm)/[Co/Pt]2 thin

film excited by 5 different pump fluence at the same delay of 1 ps.
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Figure 6.11 Transient magnetic polar Kerr loops of the [Pt/Co]2/NiO (1.0 nm)/[Co/Pt]. thin

film excited by 6 different pump fluence at the same delay of 1 ps.
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As shown in Fig 6.12, there are 9 delay time points chosen to discuss the IEC’s dynamic process.
The first 4 delay points present the ultrafast demagnetization process, while the following 5
delay points present the magnetic relaxation process. When measuring the transient hysteresis
loop, the lock-in system’s input reference frequency is the optical chopper frequency in the
pump beam. Therefore, the MOKE signal measured is not the Kerr signal of the whole

magnetic moment 6y, but the pump-pulse induced magnetic moment variation Af.
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Figure 6.12 Magnetic dynamic MOKE signal for the [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]2 pumped by
a laser fluence of 12 mW. The numbered cycles in the curve indicate the delay time when the

transient hysteresis loop was measured.

Fig 6.13 shows these 9 transient loops in Pt/Co/Pt/Co/Ru (0.8 nm)/Co/Pt/Co/Pt thin film with
a pump fluence of 12 mW. The number in each figure’s right-bottom corner shows the delay
time. It is obvious that the interlayer antiferromagnetic coupling still exists at this laser pump
power. The transient loop shows no obvious difference in the demagnetization process except
the amplitude of A8y. With the delay time increase, the shape of the loop changes. In the first
part with the field over H,,, the A@y decreases with the increase of the field, which is
counterintuitive compared with the normal hysteresis loop. The normal hysteresis loop is
proportional to M, while the transient loop is proportional to AM, which is the demagnetization
induced by laser pulse at the high field situation. Since the field could assist the remagnetization
process, the AM is smaller at a higher field, and the effect of the field becomes more obvious
with the delay time increasing. When the applied field is slightly smaller than the sample’s

H,,, two peaks appear for the delay time up to 200 ps. In this situation, the effect of field is
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more important. Since the interlayer antiferromagnetic coupling could be suppressed by the
laser pulse, those spins whose direction is opposite to the field direction will be dragged by the
field to the field’s direction. Hence, the laser pulse combined with the applied field could
induce a magnetization increase, which is also confirmed by TR-MOKE results seen in Fig 6.6.
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Figure 6.13 Transient magnetic polar Kerr loops of Pt/Co/Pt/Co/Ru (0.8 nm)/Co/Pt/Co/Pt thin
film at 9 selected pump-probe delays as shown in Fig 6.12. The pump power is 12 mW, and

the interlayer antiferromagnetic coupling exists at this pump power.
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Figure 6.14 Transient magnetic polar Kerr loops of Pt/Co/Pt/Co/MgO (2.0 nm)/Co/Pt/Co/Pt
thin film at 9 selected pump-probe delays as shown in Fig 6.12. The pump power is 8 mW, and

the interlayer antiferromagnetic coupling exists at this pump power.

The interlayer antiferromagnetic coupling in the MgO spacer sample vanishes when the pump
power exceeds 6 mW, as seen in Fig 6.10. One may concern about the dynamic process of this
effect. However, the transient loop shows no interlayer antiferromagnetic coupling from the
first point, as shown in Fig 6.14 (a), and the PMA vanishes as well. Therefore, the
antiferromagnetic coupling induced by the 2 nm MgO spacer can be turned off at a pump power
equal to and greater than 8 mW. It is necessary to point out here, that this antiferromagnetic
coupling can recover before the next pulse arrives. As discussed in Chapter 3.2, the time-
resolved MOKE measurement is based on a pulse-pulse repeatable signal. Limited by the
length of our delay line, we can only confirm that the interlayer antiferromagnetic coupling is
not recovered within 1 nanosecond. And it is recovered between each laser pulse, where in our
experimental setup it is 1 ms. The IEC dynamic process is observed in the NiO spacer SAF
sample. Before 1 ps delay time, the transient loop has the same pattern as the original hysteresis
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loop. Up to 1 ps, a minor loop appears in the mid, and it becomes bigger with the increase of
delay time. The coercivity of this minor loop is very close to that of the Co/Pt ferromagnetic
state sample which is about 100 to 200 Oe. A small part of laser-induced spins no longer have
the interlayer antiferromagnetic coupling, but the magnetic properties coming from Co/Pt
interface still exist, therefore, the minor loop appears. Two peaks near the sample’s H,, are
observed for NiO and MgO spacers when the delay time is over 200 ps, which indicates the
interlayer antiferromagnetic coupling is suppressed. It is important to mention here, that
although these peaks are not observed until 200 ps delay time, the antiferromagnetic coupling
is suppressed once the laser pulse arrives. As discussed before, the remagnetization time is
shorter with the increase of the applied field. But it is seen from the TR-MOKE results (Fig 6.6
and 6.7) that the remagnetization time is much shorter when the applied field is slightly smaller
than the sample’s H,,. This is because the magnetization increase due to the applied field and
laser heating speeds up the remagnetization, and therefore, the suppression of
antiferromagnetic coupling exists after the laser pulse arrives. It is just covered up by the

demagnetization and remagnetization process.
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Figure 6.15 Transient magnetic polar Kerr loops of Pt/Co/Pt/Co/NiO (1.0 nm)/Co/Pt/Co/Pt thin
film at 9 selected pump-probe delays as shown in Fig 6.12. The pump power is 4 mW, and the

interlayer antiferromagnetic coupling exists at this pump power.

6.6 Discussion and Conclusion
The origin of different shapes of hysteresis loops should be discussed before its dynamic

process aspect. Since the materials we studied have 4 ferromagnetic layers, their interaction is
the key to explaining it. Three important parameters are introduced, including the coercivity of
FM layers ( H.), the interlayer ferromagnetic coupling ( H;zc ) and the interlayer
antiferromagnetic coupling (Hugy) as shown in Figure 6.16. To simplify this model, these
interactions are presented in units of field, which indicates the field needed to overcome them
and switches the magnetic direction to the field’s direction. Firstly, if the AFM did not exist,
the two-step hysteresis loop could still be observed when those four FM layers have different
H. and H, > H;p.. But this case can be excluded. H. and H;z. would not change with the
thickness of the spacer changes. If this case was real, then all loops will have two steps. But it

was not right. Also, we show in figure 6.17 that the coercivity of single layer Co/Pt was close
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to 50 Oe, and all of the interlayer AFM is larger than it. Therefore, we confirm that the two

steps loops come from the antiferromagnetic coupling.
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Figure 6.16 Three important parameters to explain different shapes of hysteresis loops. (a) The

hysteresis loop of H;pc > Hypy > H,. (b) The hysteresis loop of H;pe > H. > Hyppy- (C) and

(d) shows the atomic simulation results.
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Figure 6.17 The single hysteresis loop of the out-of-plane Co/Pt multilayer sample. (a) was

taken from MOKE image system, and (b) was taken from the VSM.
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The switching process for H;rc > Hypy and H, is given here. When the magnetic field is
high enough, all layers’ magnetic direction is dragged to the external magnetic fields’ direction.
With the magnetic field decreased to Hygp — H., layer 2 or 3 will be firstly switched. If
Hury < H., then it was switched due to the AFM effect and the applied field, as shown in
figures 6.16 b and d. Otherwise, it can be switched by AFM effect alone as shown in Figure
6.16 a and c. As the IFC effect is larger than the AFM effect, layer 1 or 4 will be switched by
the IFC effect. After the external field could overcome the AFM and coercivity effect, all layers
switched to the external field’s direction. Therefore, there are only two steps in the hysteresis

loop.

Heye < Hppy + He

\ Hext
M,
Hexe < Hypp — He — Hipe
Hext < HIFC - Hc ‘
Hexe < H — Hipe
Hexr < Hipe _HAF‘M —H, .
Hext

Figure 6.18 The schematic hysteresis loop for Hypy and H. > H;pc and (@) H;ze = 0 (b)
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More steps in the hysteresis loops will be observed in the situation for H,py and H, > Hgc.
We start with the switching process of Figure 6.18 (b) step by step. At first, all layers align
with the external field. When the external field is lower than H,py — H, — H;pc, layer 2 will
be switched due to the AFM effect. With the field decreasing to H;z. — H,, layer 2 will switch
layer 1 due to the IFC effect. Then the field is lower than H. — H;r., and layer 4 will be
switched. Layer 3 is not switched until the field is lower than H;zc—H,ry — H.. Since 4 layers
switch independently, there are 4 steps in the hysteresis loop. It is important to mention that
the shape of Figure 6.18 (a) is close to the Figure 6.15 (e), which proves that not only the
interlayer antiferromagnetic coupling but also the interlayer ferromagnetic coupling will be
decreased by the laser’s heating effect, even though one of the spacers is metal and another is

insulator.

The laser’s heating effect is normally considered to demagnetize the sample, but the unusual
magnetization increasing at such long timescale in SAF has not been reported before. This
effect is attributed to AFM IEC suppressed by the laser heating effect, and this process is
explained in Fig 6.16. We suggest that both AFM and IEC are suppressed once the laser pulse
arrives. However, in the case of strong AFM and IEC, for example, in Ru and NiO spacer, the
AFM IEC is just suppressed partly, while in the case of weak AFM IEC with MgO spacer, the
AFM IEC can be fully suppressed. Since the AFM IEC is suppressed, the applied field will
drag the spins to its direction, which results in a Kerr signal increasing. But in Fig 6.16 (b), all
the spins are dragged to the field direction before laser’s excitation. Therefore, no Kerr signal

increase was observed.
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Figure 6.19 Schematic diagrams AFM IEC suppressed by laser heating effect. (a) Diagram for
the applied magnetic field is smaller than H,, and (b) the applied magnetic field is greater
than H,,.

The ultrafast demagnetization and relaxation process are usually described by the well-known
phenomenological thermodynamic model, called three-temperature model [15, 203, 204].
These three subsystems include the electron, lattice and spin system, while their characterized
relaxation times are described by 7z, ). Under the low-laser-fluence limit, which means
the electron temperature rises instantaneously, the dynamic behaviour of a ferromagnetic

system is described by the following differential equation [203]:

AMZ_[( Ay (Aptp—ArTm)e™ /™  5(A1-Ax)e”/TE
M, (t/To+1)1/2 TE-TM TE—TM

)e(e) + 4;5(t)| ® T()
Equation 6.2

Here the laser pulse duration is presented by the Gaussian function T'(t),and ©(t) is the step
function. These constants A;, A,,and A5 are related to the system’s intrinsic properties. And
as early as 2008, TR-MOKE was used to measure the ultrafast demagnetization in SAF by
Koopmans’ group [205]. By fitting with the equation 6.2, they demonstrated that an interlayer
transfer of spin angular momentum increases the demagnetization process speed in SAF system
with conductive spacer Ru, while not in insulating spacer NiO. Also, a previous study found
that the demagnetization in an antiferromagnetic state is much faster than a ferromagnetic state
in one and same material — metallic dysprosium, and they suggested that it is due to the

interatomic transfer of angular momentum with the spin system [206]. Moreover, it was
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reported that three different demagnetization processes were observed in the thin
[Ni/Co]4/Ru/[Co/Ni]z SAF system [83] related to the applied magnetic field. Our results are
not consistent with the previous study, and clearly, the ultrafast demagnetizing time increases
with the decrease of the applied field, as shown in Figs 6.6 and 6.7 (b)

The phenomenological bi-exp and Tri-exp decay models were used to fit the TR-MOKE results.
Although the bi-exp decay model fits the TR-MOKE results with an applied field greater than
Hex very well, both models cannot fit the results with an applied field smaller than Hex. The
previous models might not be suitable to explain our observations. To explain this new
phenomenon, the suppression of the interlayer antiferromagnetic coupling by the laser’s
heating effect should be added to the model. Since the demagnetization process is in the
picosecond timescale, the applied field’s impact is ignorable. The original demagnetization
time constant (z2,) is provided by the TR-MOKE results in the high field (H,,; > H,,). For
the antiferromagnetic state, the demagnetization signal can be considered separately. The Kerr
signal comes from both top and bottom Co/Pt multilayer. In the antiferromagnetic state, M¢
is the same size as M?, but their direction is opposite. As 8% is greater than 62, and therefore
A = ABL + ABE > 0, since all experimental conditions are not changed except the applied
field (which has negligible affection to the demagnetization), the 7, should be the same for
different applied fields. Therefore, the difference of demagnetization comes from the interlayer
antiferromagnetic coupling, where the remagnetization process is affected by both applied field
and interlayer antiferromagnetic coupling. To describe the SAF system’s dynamic process, the
interlayer antiferromagnetic coupling should be added. The relaxation of IEC is much longer
than the lattice relaxation time when comparing Fig 6.17 (a) with Fig 6.7 (a). For the same
pump power of 12 mW, it is obvious that the relaxation time of A#,, is longer than 1 ns, while
AR recovers within 400 ps. This comparison of A@, and AR indicates that IEC is much
more sensitive to temperature. It is important to note that the second peak was observed in the
transient reflectivity, as shown in Fig 6.17(b). We suggest that this peak comes from the hot

electron reflected by the Pt/Ru interface.
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Figure 6.20 (a) Normalized dynamic reflectivity signals for [Pt/Co]2/Ru (0.8 nm)/[Co/Pt]>

measured at different pump fluence without applied field. (b) shows the first 3.5 ps process.

In conclusion, three series of SAF samples with three types of IEC were grown by magnetron
sputter system to study the IEC dynamic process. The strength of IEC varies with the types and
thickness of spacers. Both time-resolved MOKE measurements and transient hysteresis loops
prove that the laser pulse can suppress the interlayer antiferromagnetic coupling. Especially for
the SAF sample with MgO spacer, the interlayer antiferromagnetic coupling could be totally
quenched by the laser pulse with a pump power equal to and greater than 8 mW. At high pump
fluence, the film is driven from the antiferromagnetic coupling to the ferromagnetic coupling
with a characteristic time comparable to the pulse duration in the SAF sample with an MgO
spacer. These results demonstrate that the laser pulse could manipulate IEC in the SAF system.
While for the SAF sample with NiO spacer, some of the laser-induced spins show no
antiferromagnetic coupling, which induces a triple-loop pattern after 1 picosecond. Moreover,
compared with the e-field manipulation, IEC is quite fragile under ultrafast laser heating, while
about 5% of laser power for all-optical switching (AOS) is enough to temporarily turn it off
even though the AFM coupling effective field is up to 2 kOe. However, to fully describe the

ultrafast dynamic properties of SAF, a new theoretical model might be needed.
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Chapter 7 Future work
7.1 Potential of enhancing AOS with 2D MoSe>

As promising candidates for the next generation spintronic and valleytronics devices, TMDC
materials have cut a conspicuous figure. The multitudinous exotic physical phenomenon can
emerge leading from the varieties in the bandstructure when materials change from the bulk to
a few layers [39]. The electron's spin degree of freedom (DOF) was discovered with the
development of quantum physics. While for the valley DOF, it was first discovered in 2004
when researchers at the University of Manchester first mechanically exfoliated the monolayer
graphene from bulk graphite [207]. The valley DOF is regarded as pseudospin, which could be
a potential information carrier. Two-dimensional (2D) materials, such as graphene and TMDC,
provide a stage to study the valley DOF. Compared with graphene, monolayer TMDC has a
strong spin-orbital coupling, and broken inversion symmetry and these two lead to coupled
spin and valley [208]. Moreover, monolayer TMDC has a direct bandgap at the K point.

Those characteristics attract researchers to focus on its electron properties, such as the spin and
valley relaxation channel [52, 209], the electrical mobility [38, 42], and the transport properties
[210]. However, as TMDC materials are ionic solid, long-range macroscopic electric fields
arise that are associated with long wave longitudinal optical phonons. These fields have an
important impact on the transport properties of the monolayers [211]. More importantly, this
leads to splitting between the LO and TO modes, driven by the long-ranged Coulomb
interactions and electronic screening [212]. The relative vibration between positive and
negative ions produces an electric dipole moment, which can interact with an electromagnetic
wave. This interaction induces a strong absorption in the far-infrared region. In this section, we
have proposed to use the TMDC material such as MoSe> to enhance the HD-AQOS. MoSe2 is a
2D material with a bandgap close to 800 nm, and its most important feature is that the valley
and spin degree is coupled in this material [61, 213]. Using a circularly polarized laser could
excite 100 % spin polarization electrons. Therefore, integrating MoSe2 with the HD-AOS
materials may improve efficiency. In this section, we tested the 2D TMDC material — MoSe;
— which has a theoretically 100% optical controlled spin polarization. We observed the laser-
induced spin polarization, and its relaxation time is susceptible to the temperature. Also, the
temperature-dependent transition behaviour was observed, which is due to the phonon-assisted

transition.

132



7.1.1 Method

All the calculations are based on the local density approximation (LDA) as implemented in the
plane wave code CASTEP[214], and the version is 7.03. As the phonon calculation cannot use
the ultrasoft pseudopotential, the keyword NCP is used to generate the pseudopotential
automatically. In consideration of the periodic boundary, a vacuum of 20 A between the layer
and the cell constraint at the C axis is set to eliminate the layer interaction. First, the geometry
optimisation task is done to get the structure relaxed, with the forces becoming smaller than
0.05 eVA~! and the energy tolerances being less than 2 x 1075 eV/atom. The geometry
optimisation for monolayer MoSe:> is very sensitive to the k point grid parameter and the cut
off energy, and here 8 x 8 x 2 Monkhorst-Pack K-points with a plane wave cut off energy of
1240 eV (PRECISE) is used to get a successful geometry optimisation. Then the geometry
optimisation gives the check file, which is used for the DFPT and bandstructure calculation.
Also, the DFPT’s check file is used to do the phonon dispersion calculation. In that way, we

can avoid doing the expansive DFPT calculation.

7.1.2 Preliminary Results
Fig 7.1 shows the unit cell of MoSe> with the left is the bulk and the right is monolayer. It is

obviously that centrosymmetry is broken in the monolayer MoSe,. The lattice vector for
monolayer MoSe; is slightly smaller than the bulk MoSe;. As shown in Fig 7.1 (b), the bandgap
of the monolayer becomes a direct bandgap, while it is an indirect bandgap in bulk MoSe>. The
bandgap here is 1.570 eV, which is consistent with our experimental result (1.569 eV). Another
important thing about the bandstructure of monolayer MoSe: is that, according to the theory
calculation [215], there is the Dirac cone in the K point of the Brillouin zone. However, the
energy dispersion near the K point is flat. The reason is that we set a wrong Brillouin zone path
for monolayer MoSe,. Because for monolayer MoSe;, the Brillouin zone should be two
dimensional as well, and the energy dispersion for H point is the same as the K point. Therefore,
the energy dispersion between the H and K points is flat. This phenomenon also appears in

the phonon spectra, as shown in Fig 5.11.
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Figure 7.1 The front view of the 2H-MoSe; unit cell, the left is the bulk, and the right is the
monolayer. (b) The bandstructure of monolayer MoSe:.

Table 7.1 Born effective charges in the monolayer MoSe..

Zypal(e) Zg(€)
0.90705 0.00000 0.00000
Se  0.00000 0.90705 0.00000 0.63599
0.00000 0.00000 0.09388
-1.81409 0.00000 0.00000
Mo  0.00000 -1.81409 0.00000 -1.27198
0.00000 0.00000 -0.18776
0.90705 0.00000 0.00000
Se  0.00000 0.90705 0.00000 0.63599
0.00000 0.00000 0.09388

Table 7.1 shows the Born effective charge of monolayer MoSe,. Obviously, the average
effective charge for the Mo atom is positive, -1.27198 e, while for the Se atom is negative,
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0.63599e. This confirms that MoSe: is polar material, and the average effective charge is huge
compared with other materials, which will induce a strong dipole-dipole interaction. Also, the
effective charge at the x and y-axis is larger than it at the z-axis, which is due to the mirror
symmetry in the z-direction. Therefore, this asymmetry will induce a significant LO-TO
splitting.
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Figure 7.2 The phonon dispersion of the monolayer MoSe;.

Fig 7.2 gives all 9 phonon modes’ frequency at the T' point, here mode 1,2,3 are the acoustic
phonon mode, which corresponds to the motion of the unit cell as a whole. While mode 4 to 9
are the optical mode, corresponding to the relative motion with the centre of mass having no
motion. Normally, acoustic mode frequency should be zero at the T' point, but it is unusual
that the frequencies of mode 1 and 2 are negative. Here | suppose it is due to the calculation
error. For the optical phonon modes 4 to 6, the Mo atom does not move, and two Se atoms have
relative motion. Mode 4 and 5 motions are at the x-y plane, the TO phonon mode, and Mode 6
motion is at the z-direction, the LO phonon mode. Mo atom and two Se atoms have the relative
motion for Mode 7 to 9, and their frequencies are much higher than in the previous mode. Here
mode 7 to 8 are the TO phonon mode and mode 9 is the LO phonon mode. There is a large LO-
TO splitting in the monolayer MoSe: due to the large difference in the Born effective charge

in different directions.
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Figure 7.3 (a) The 9 phonon modes’ frequency at the I' point. (b) The schematic diagram of

the different phonon modes.

Fig 7.3 (a) shows the sample we used in our measurements, grown by the chemical vapor
deposition (CVD) method with a size length of about 75 um. The optical contrast confirms
that the sample comprises a monolayer MoSe; crystal with a tiny region of bilayer or multilayer
MoSe> and several defects. Furthermore, Raman spectra also will be used to confirm the layer
number of our sample. Typically, the scale of CVD-grown monolayer MoSe: is larger than the
mechanical exfoliated MoSe,. However, it may interact with the substrate and has more defects,
which considerably affects to the band structure [216].
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Pump laser

Probe laser

Detect
system

Figure 7.4 (a) The optical microscope image of monolayer MoSe,. The magnification times of
the microscope are 500, and the monolayer triangle’s side length is about 75 micrometres. (b)
Diagram of the experimental geometry. Both wavelengths of the pump and the probe are the

same, and the incident angle of the pump beam is about 45°.

Fig 7.4 (b) shows the experimental geometry, the laser source used in the measurements is an
80 MHz pulse laser and a pulse width of fewer than 200 femtoseconds. The wavelength of the
pump and the probe beam is the same, and it is tuned from 760 nm to 860 nm with an average
power of 0.8 W. The sample was put into a microcrystal, while liquid nitrogen is used to cool
it.
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Figure 7.5 Wavelength dependence of electron relaxation time in monolayer MoSe; based on
the degenerate time-resolved pump-probe measurement. (a) the transient reflection induced
by the pump beam decreases with the wavelength increase, and it downs to negative when the

wavelength is greater than 785 nm at 80 K. (b) the reflection decreases to negative at 805 nm.

Fig 7.5 shows results for the 2D TMDC sample. The transient reflection induced by the pump
pulse is positive when the photon energy is higher than the bandgap, which is about 1.55 eV
(790 nm) at room temperature confirmed by PL [217]. When the wavelength rises to 795 nm,
the transient reflection at 80 K goes negative at only several picoseconds after the zero delays.
While at 200 K, it keeps positive all the time. Since the bandgap of MoSe; is dependent on the
temperature [218], this phenomenon can be easily understood. With the photon energy
decreasing consistently, the transient reflection goes down to negative quickly. And when the

photon energy is much lower than the bandgap, the reflection only has a negative part.
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Fig 7.6 shows the transient Kerr signal pump by circularly polarized laser pulses. It is important
to note that the Kerr signal is different from the previous magneto-optical effect, but it comes
from the selective absorption of the monolayer MoSe>. As shown in Fig 7.6 a and b, a strong
Kerr signal is observed at the first 2 picoseconds, and its direction is related to the pump’s

polarization. The relaxation time of the Kerr signal is inversely proportional to the temperature.
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Figure 7.6 Temperature dependence of Kerr signal relaxation time in monolayer MoSe; based
on the degenerate time-resolved pump-probe measurement. (a) pumped by 800 nm left-handed
circularly polarized laser pulse. (b) pumped by 800 nm right-handed circularly polarized laser

pulse.

In conclusion, according to the first principle calculation, after being excited by an 800 nm
circularly polarized laser, monolayer MoSe> will have 100 % spin polarization. This
phenomenon was observed at low temperatures. With the temperature lower than 100 K, spin
relaxation time is longer than 30 ps. In the next step, after being grown by the magnetron
sputtering system, the Pt/Co/Cu sample will be moved to the chemical vapor deposition
chamber, and the monolayer MoSe> will be grown at the top of the Pt/Co/Cu layer. The final
sample structure will be Glass/Ta/Pt/Co/Cu/MoSe.. The top Cu layer was used to improve the
spin injection from MoSe; to the Co layer since the Cu layer has a longer spin relaxation length
than the Pt layer. After being excited by the laser pulse, the top MoSe. will have a 100 % spin
polarization. And those itinerant spin polarized electrons will transport to the Co layer, as the
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latter has a lower Fermi level. Although the spin relaxation is shorter than 2 ps at high
temperature, the optical spin injection will help all-optical switching. We expect that this

optical spin injection could improve the energy efficiency of AOS.

7.2 Potential of dual-pulse AOS in SAF materials
Single-pulse HD-AOS has not been observed until today. Multi-pulse all-optical switching is

not energy efficient, so single-pulse HD-AOS becomes a key goal. Previous single-pulse AOS
is based on ferrimagnetic materials, including GdFeCo, Co/Gd multilayer, MnRuGa. Therefore
SAF is considered a great candidate for single-pulse AOS. As the laser pulse can suppress the
RKKY coupling, as shown in chapter 6, the SAF system effectively allows all-optical switching.
Also, the dual-pulse experiment in chapter 4 shows that the laser pulse’s heating effect could
assist the HD-AQOS. Therefore, we consider building a dual-pulse system to switch the SAF
sample. The first linearly polarized pulse could turn off the AFM coupling between two FM
layers. As the required power for the first pump pulse is much lower than the full
demagnetization power, M1 and M2 should not be decreased significantly. Therefore, after the
AFM coupling is turned off, the antiparallel aligned moment system is extremely unstable. A
small perturbation may be required to switch one of the FM layer’s magnetic directions. The
second circularly polarized pulse provides helicity effect, which could be regarded as an
effective magnetic field. Although this field duration has the same time scale as pulse duration,
we expect it is high enough to convert the system to a transient FM state since this field is
expected to be larger than 10 Tesla [30] when the pulse fluence is 10 mJ/cm?. According to
a previous study, this system converts to parallel aligned under 2 ps with a 1 kOe external
magnetic field [83]. After that, the RKKY recovers with the system temperature decrease. Then
the FM layer with lower magnetic anisotropy energy will be switched, and the system will go
back to an AFM state.
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Figure 7.7 The SAF structure for all-optical switching and the switching process.
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List of abbreviations

2D two-dimension

3TM three temperature model

AD areal density

AFM antiferromagnetic

AOS all-optical switching

BCC body centre cubic

BBO Beta barium borate

CCDh charge-coupled-device

CMOS complementary metal-oxide-semiconductor
CP circularly polarized

DC direct current

DOF degree of freedom

DFT Density Functional Theory

FWHM Full width at half maximum

FM ferromagnetic

GGA Generalized Gradient Approximation
GMR giant magnetoresistance

HAMR heat-assisted magnetic recording

HD-AOS helicity-dependent all-optical switching
HDD hard disk drive
HID-AOS helicity-independent all-optical switching

IFE inverse Faraday effect

IEC interlayer exchange coupling
LCP left-handed circular polarized laser
LDA Local Density Approximation
LED light-emitting diode

LLG Landau-Lifshitz—Gilbert

LP linearly polarized

M3TM microscopic 3 temperature model
MCD magnetic circular dichroism
MOKE magneto-optical Kerr effect

MR magnetoresistance

142



MRAM
MRG
NM
PBE
PL
PMA
PRML
RAMAC
RKKY
SAF
SRC
TMC
TMDC
VASP
VSM
XMCD

magnetic random-access memory
Mn;RuxGa
nonmagnetic
Perdew-Burke-Ernzerhof
photoluminescence
perpendicular magnetic anisotropy
partial response maximum likelihood
random access method of accounting and control
Ruderman-Kittel-Kasuya-Yosida
synthetic antiferromagnetic
stimulated Raman scattering
transition metal carbides
transition metal dichalcogenides
Vienna Ab initio Simulation Package
vibrating-sample magnetometer

X-ray magnetic circular dichroism
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List of symbols

S ™

™

Nk

Uy
Ho
Up

Faraday rotation

skin depth

permittivity tensor

Planck’s constant

reduced Planck’s constant
Kerr rotation

Kerr ellipticity

gyromagnetic ratio

resistivity

relative magnetic permeability
permeability of free space
Bohr magneton

wavelength of light

angular frequency of the magnetisation precession
precession decay time
electron scattering time
ultrafast demagnetisation time
spin operator

Hamiltonian

exchange integral

lattice constant

Landé g factor

wave vector

Boltzmann constant

magnetic moment

refractive index

total spin number
nearest-neighbour number

magnetic flux density
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S o =z =z =

o3

coupling constant between electrons, spins, and lattice
magnetic field
effective magnetic field
light intensity
exchange constant
uniaxial anisotropy constant
first-order cubic anisotropy constant
saturation magnetisation
magnetization
complex indices of refraction
number of nearest-neighbour moments per unit volume
complex magneto-optical constant
Curie temperature
electron temperature
spin temperature

lattice temperature
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