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Abstract

Helicity-dependent albptical induced magnetization switching has been achieved in Pt/Co/Pt
samples with perpendicular magnetic anisotréypplying a duajpump laser excitation, first with

a linearly polarized (LP) laser pulse followed by a circularlyapped (CP) laser pulse, the
timescales and contribution from heating and helicity effects irNdI3 were identified with a Pt

/Co /Pt triplelayer.When the LP laser pulses preheat the sample to a nearly fully demagnetized
state, the CP lasgrul ses with a power reduced by 80% sw
varying the time delay between the two pump pulses, the results show that the helicity effect, which
gives rise to the deterministic helicityduced switching, arises almost instgmtithin 200fs close

to the pulse width upon laser excitation.

All -opticatinduced magnetization switching in Pt/Co/Pt triple layers has been further explored as

a function of the thickness ttie Co and Pt layey respectively. The Ab initio calculatiaghows

thatthePt atom significantly improvesthespinr bi t coupling of Cobs 3d
spintorbital coupling only occurs at the Pt/Co interfad®reover, the ab initio calculation gives

a surprising interlayer antiferromagnetic couplinghe Co/Pt multilayer system, which is due to

the oscillation of the RKKY coupling.

The effect of ultrafast laser heating twe interlayer antiferromagnetic coupling ef/nthetic
antiferromagnetic trlayers has been investigated by tiresolved pumiprobe measurements
together with transient hysteresis loop measurements at selected time delay®sobiner Kerr
hysteresis loop measurements have shown that the interlayer antiferromagnetic coupling can be
transiently suppressed thel a s e r 6 effedhvethirt the firgt picosecond after laser excitation.
While the Kerr rotation time scans shdhe 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.
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Chapter 1 Introduction

1.1 History of magnetic recording

Magnetism has attracted human attent@mrover2500 years. About 400 B@he Chinese had the

record of the naturally occurring mineral magnetitedzaeNearly one decade latehe ancient

Chinese discovered the interaction between the geomagnetic field and magnetic materials, and
they used this phenomenon for navigatibhe first compass e so-call Si Nan. Nowadays, as

one of the four pillars of modern physics, humeaneasly 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,usw@ and video systene®@mponentsnuclear magnetic resonance

image, magnetic sensors, hard disks and its read/write Héadsrthelessthe most important

achievement in magnetism is the magnetic recording of information.
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Figurel.1 Development of HDD data storage dengit}:
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Sincethe 1950s, fasgrowing information technology has given birth to binary data storage. At

firstt t he computer systembs data storage was base
writing and reading speesd@re both far behind the computational speed. This restriction was not
released until magnetic materials were used for information storageekitagnaterials are perfect
binary data carriers, &.sSpirt up and dopvm aoréespond toD andt i o n
1, respectively. In 1957, IBM introduced a revolutionary progiina IBM 305 RAMAC (random

access method of accounting and con{&jl) This first hard disc drivgiHDD) has an information

storage areal density (AD) af EA BEDI. It almost doubled every two years and rocketed to

c®' AZED in 1997. Several technologies contribugignificantlyto this miracle including a

thin film head, magnetoresistance (MR) headtargartial 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], and aftetenyears, the GIR reading

head was created by IBM, and then the hard disk drive (HDD) AD rapidiytgrp ¢ AFE®

in 1999[5]. Due to its great improvemeintinformation storage, the 2007 Nobel Prize in Physics

was awarded to Albert Fert and Peter Grunberg for the discovery of GMR.

a b

| — ‘/\/\/V !

X\ W~ N\~

Figure 1.2 Schematic representation of spin valve based on the GMR effect. An unpolarized
currentflows through a tdayer film with two ferromagnetic layer&: and kB, sandwiching a
nonmagnetic metal spacer layer N. The magnetic directions afd-F are parallel in (a) and

antiparallel in (b).

GMR originatesrom spinrelated 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 upandsdatter
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di fferently. When the electronés spin directdi
are antiparallel, the high scattering probability results in a high resistange@herwise, it will

have a low resistance. RAccording to theesults of Albert Fert and Peter Grunberg, the GMR

ratio in Fe(3 nm)/Cr(0.9 nm) superlattices at 4.2 K is about 88]%-or the GMR reading head,

an antiferromagnetic layer is added to this structure, which cantiile magnet i c | ayer
by exchange coupling. This layer is caltéé pinning layer, and the other is call¢ide free layer.

The free | ayer 60s di ramexteinad magretx di¢lddor dureerared the n g e d
information stored can be @&y measuring the current flavg through this structure.

A new bottleneck appeared after GMR. From 2002 to 2006, the increasingf thee storage
densitydropped to about 25% to 40% per ydaradditiontoi ncr easi ng HDDO6s hea
the HDD industry also focused on decreasing the magnetic grain size in each data bit. However,
thermal fluctuation plays a more and more importantirotee reduction of magnetic grain size.
Furthermore it will approah the secalled superparamagnetic limit. The magnetic direction of

each magnetic grain is protected by the magnetic anisotropy energy liaxieHere, @ is the

volume of the magnetic graiand U is the magnetic anisotropy constant, which is relébethe

material. The magnetic relaxation time dudh®thermal effect is determined by the equation:

- "QQ Equation 1.1

where"Q pmi isafrequencyconstant,ai@ i s Bol t z ma[B]nFordhefirsi50s t a n t
years of HDD history, longitudinal recording media was used for storing information. To meet the
enormous demands for higher AD, researchers focused getpendicular magnetic thin film,

as it has a much higher magnetic anisotropy and geometry advantage. Perpendicular recording
technology was first proposed by lwasakal.in the late 1970F7-9], but it bok 30 years fothe

industry to make the HDD based the perpendicular recording available commercially. The first
announced HDD based on perpendicular recording has a capacity of 80 gigabitsQIGBiter

15 yearof development, in March 2020, most of the HEldased on perpendicular recording has

an information capacity of seral terabits (TB). Up to date, we are very elts the single
magnetic grainbés superparamagnetic | imitation

information capacity.

20



A promising technology for the next generatiohHDD is heatassisted maggetic recording

(HAMR). This technology givethe magnetic recording a new degree of freedom: temperature,

and kg 1.2 shows apecificprocess of the HAMR writing. The recording material is heated by a
focused | aser beam, and with its temperature
coercivity could have a significant drop. A much smaller magnetic field is needed fowvatiti

that temperature. After the dataere written, t he medi abds westhapketathet ur e r
storage temperature. Hence, the higher magnetic anisotropy material can e ackdidg a laser

heating systemWhile according to the superparamagndtigcit equation, a higher magnetic
anisotropy material could have a smaller grain size, which offers a higher AD. Hosevenral
challenges must first be addressed before the HAMR becomes a generalization commercial
technology.For example, the recordingat er i al s6 ani sotropy shoul d
temperature, but also quite sensitive to the temperattez.the material was heated by the laser,

its anisotropy was reduced significant\so, the thermal conductivity of the disk should bestak

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 dmeaftar than the
diffraction spot size. Therefore, designing a HAMR HDD rsesgsterdevel 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 202RL1].

A
Heating
™~ -
Storage';
| Temp. :
& :
Q
5}
Q
&)
\ Write
Available:Head Field : {emp.

Temperature

Figurel.3 The schematic diagram of the HAMR writing procg®).
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1.2 The Electron/spin dynamics
As the working frequency of magnetic recording approathessHz frequency regimethe

el ectron/ spin dynamic process at picollhemtose
1983, the picosecond laseduced reflectivity transients of Cuene observed by the scalled
time-resolved pumyprobetechnology andthe setup used in this experiment is shown ig E.4

(@)[13]. With the light speedf o p 1ta 71, onemillimeter optical path difference of pump and
probe pul se wild.l give 3.33 picoseconds del ay
repeatability idetter than 1 micrometer, which shall give a tirasolution of 3.33 femtoseconds

much shorter than the Thistteclnblag divesluthesneeand ® pul s
explore new insight it the electron and spin dynamic¥he combination of timeesolved

technique and magnetiptical imaging gives a timeesolved magnetic imaging system, which

provides informatioron magnetic domain wall or vortex motidti4]. Details about theime-
resolvedpumpprobe measurement will be givenchapter 3.2. i§ 1.4 (b) shows théemporal

profile of the reflectivity changes representangpmalous rapid heating and coolprgcesses of

the specimenwhich is attributed to the electron and lattice thermalexquilibrium state. Since

photons only directly interact with electrons, dhe laser pulse duration is much skothan the
electronlattice relaxation time, thiransient processould be observed by ultrafast laskris

obvious in thiggraphthat the electroh at t i ceds r el axation time is e
PROBE LASER bB ¢ L R R Sk r e 1 T
4 m-ﬂ\:'~5psec

I'l L
4 }
A1)/ DELAY
8
||

-AR/R x105

L A/4 PBS F DETECTOR 2

EO-MODULATOR

—f\= ~5 psec ey SN OO OS] IO |, (O
-20 o 20 40 60

HEATING LASER DELAY (psec)
Figure1.4 (a) An optical schematic of the tinresolved pumyprobe experimental sep. (b)

Time-resolvedY'Y] 'Y transients for coppdi3].

If we considethe magnetapptical interaction in the timeesolved pumiprobe measurement, we

could get the magnetic information at ultrafast timescales as well. The experimenalfset
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ultrafast magnetic measurement is just a bit more complicated than the nionee¢solved
pumpprobe seup. Based on the timesolved magnetoptical Kerr effect measurement, one

could observe the spilectronlattice thermahon-equilibrium stateas shown in Fig 1.5.

100 (b)
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5 600
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=500
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2 400 T
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Figure 15 The temperature variation efectron (Y, hollow squares) deduced from differential
transmittance is plotted (@), where the absolute electronic temperature scale is obtained by
normalization to spitemperature”, solid dots) measured by TROKE. (b) Calculated spin

("Y), electron {Y) and lattice (Y) temperatures from thrdemperature mod¢l5].

To describe the dynamics process in Fig 1.5(a), Beaurepateal. introduced a new
phenomenological three temperature model (3TWH]. This model is an extensioof the
modelization of the electron thermalization in metals called two temperature f6¢leThe
energy transfer of three systemsmnsideredincluding electron, spin, and lattice, and they are
regarded as three energy reservoirs. The following differential equations show the relationship

betweertemperature and the heat capacity of each system.
0 'YQYQo O Y 'Y O Y Y 060h
6 “YOY|Qo O Y Y O Y “Yh Equation 1.2
0 'Y@YyQo ™O Y Y O Y Y

Here, 6 , 0 ,and 0 are heat capacity andy, “Y, and "Y denoteemperatures of electron, spin,
and lattice, respectively. While the interactions of them are defined by the coupling parameters

‘0O, "0, and "O. The first process when the magreéxposed to the laser is the pure energy
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transfer from the phon to the electron system, which is presented by the laser source term P(t) in
the equation 1.Z'hen the energy transfers from the electron system to the lattice and spin systems.
This equatiorsetallows us to extract a value thfe electronspin couplng 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 photonna magnetic materials has been under intense investigatmits

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 momentumtwas
unveiled until 2007 when Stanciuet al. demonstratedhat laser could switch the magnetic
direction in GdFeCo[17]. This helicity-dependent albptical switching (HD-AOS) was
considered as circularly polarized light simultaneously acting as a magnetic fadtesbinverse
Faraday effect (IFE)AIl-optical switchingshowsexcellentpotential for lowenergy ultrafast
spintronicssince the energy density required for AOS isp Tfemto-Joulesfor a (20 nmj cell,

and theswitching timeis abouttenps, which is more than one order of magnitude faster than any

magnetidield inducedswitching[18].

Before exposure After exposure

Figurel.6 The landmark experiment observeda@tical switching in GdFeC[d.7]. (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 spedtofifi. Here the right

handed circularly,( ) polarized beam switched the to U , and the lefhanded circularly
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(, ) polarized beam switched thed to O , whilethelinearly polarized beam remainatda

multidomain state.

Hence, this phenomenon has widely attracted
range of materialsystems where AOS has been observed is continuously increasing. Fist, HD
AOS has been achieved in a number of rare dgatisition metal ferrimagne{d9]. Then, a
transient ferromagnetiike state was discovered in GdFeCo, which mediates the helicity
independent albptical switching (HIDAOS) [20, 21] Based on this discower AOS was
achieved in Pt/Co/Gd stack®2]. Thenthe material systems in which HBOS was observed
wereexpandedo the ferromagnetic material, Co/Pt multilayier2014[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 assentiarole in HD-AOS [24], and the optical spin

transfer torque is strongly enhanced by the Pt capping [2yEr
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Figure 1.7 Magneteoptical images of helicitglependent albptical switching in [Co/Pi]
multilayer samples. Three different polarized laser beams scanned across the sample from left to
right. (A)N=8. (B) N=5. (C)and (D) N =[23].

Obviously, the HIBAOS mechanism is not applicalie HD-AOS. While the Fe and Gd spin
sublattices in GdFeCo are antiferromagnetic dogplall spins in ferromagnets are in the same
direction. The most suggested mechanism forADS include the lasefinduced heating26, 27]

magnetic circular dichroism (MCO28, 29] IFE [30-32], and optical selection rul@3]. MCD

mechanism suggesthat different magnetic states have different circularly polarized (CP)
absorption ratisa For example, when the sample is illuminated by thehlafided circular

polarized laser (LCP),th6 " st at ed6s t e mper a il stae astise fonmercouklr t h a
absorb more LCP photons. That makes the probability(of © 0 ° higher thand ®© 0 ".

According toa 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 unkmgwand it is very difficult to characterize

experimentall\{j28]. Moreover, IFE is strongly materials and frequedependeni32]. Therefore
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the amplitude and duratioaf the IFE fieldare treated as free parameters in simulations. As the
AOS is atthe 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 [36]PBut AOS in Co/Pt is seen

for a much shorter laser duratid@3, 34} In term of experimeat ob®rvations of AOSsome
guestiors are still open First, for the circular polarized laser, heating and helicity effers
entangledOverheatinga ferromagnet only produse random domain stateleating itnearits

Curie temperature makes magsaagasier to flip. Additionally,a temperature gradient was
discoveredo induce the domain wall drifig [35]. Hence, we could not identify the contribution

of heating and helicity effect by using pure CP |lgméses Second, up toata, HDAOS is still a
multi-pulse effect, therefore the most important information at picosecond sctieddibD-AOS

process cannot get from timnesolved measurements.

1.4 Introduction to two-dimension materials

The twadimensional (2D) materials firsaught attentiomn 2004, when the carbon atom sheets
stacked by the van der Waals faseeerefabricatedinto 2D systems. The electronsgraphene
show miraculous propertigacluding ballistic conductiof86], fractional quantum hall effef37],
Dirac point[38], and so on. Researchers soon found some of the properties do not rely on the
carbon atombut the 2Dstructureis more important, and ma#dgyered materialhave been
mechanicdl exfoliatedinto monolayes. For example, transition metal dichalcogenides (TMDC),
MX2 (M=Mo, W; X=S, Se, Tk have the Dirac point artcansitto a direct bandgap whehney are
down to nonolayes [39]. The direct bandgap gives monolayer TMDCs a promising potential in
future electronics. Devices such as plletectors and transistors have been successfully
fabricated[40-42]. The bandgajm monolayer TMDCs is irthe visible light region. More than
that, according tarecent study, the 2D TMDCs materials achiemeorder of magnitude higher
sunlight absorption than the most commonly used solar absorbers such as GaA43nd Si

The Dirac point inwo-dimension (2D)naterials gives the electron a new degree of freg@sDi-)
called valley degree. Unlike graphene, the metal atom in TMDCs provides a stromuglstaih
coupling, and the inversion symmetry is broken in odd layer TMDCs. Both induce-aadipin
coupling in TMDCsThus the spin and valley can be efficiertbntrolled 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 momentmakes the transition between the valence band and the
conduction band following the optical selectrule. Excited by the circularly polarized light, a
nontequilibrium state valley current can be obtained, like the manipulation of the spinlfO®F.
necessary to generate the valfglarized current efficientlyo operaing the valley electronic

devices

In most 2D materials, the electron in the conduction band bastom longer can be considered
asasingle isolated electron. This is because in 2iamals, 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 materialt5]. 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 semiconductisuch as TMDCThis system exhibits tightly bound excitons,
trions, and even intervalley biexcitof#6]. Furthermore, the first principlealculation based on
density functioal theory has shown that above the fundamergaxtiton, monolayer TMDCs

have densely spaced exciton stfdes 48]

Several measuring technologies are used to study the basic physical dsticactE2D materials.
The photoluminescend®L) spectra shows that bulk Mp®ith an indirect bandgap only has a
negligible photoluminescence, while the monolay4oS, has a strong photoluminescence
emerges even in the room temperati4@]. The Raman shift also provéisatT MDCs 6 band
structure is strongly depenuen the number of layef50]. Before long, timeesolved PL at 4 K
shows that the trion in moreter MoS has a great contribution to the PL intensity, and the
relaxation time of the trion igreetimes longer than the excit¢gdl]. As a potential valleytronic
and spintronic material, the valley and spin relaxation time are tlset&#ye issue. PL gives the
time scale of the electron and hakcombinationas about 3 to 100 picoseconds. However,
according to the timeesolved pumyprobe experiment results, the electron spin relaxation time
is longer thanthree nanoseconds at 5k in-doped Mo$S [52]. To directly explore the sl
intraexcitonic transienttomi n monol ayer TMDCs, the researche
technique called timeesolved mii nf r ared spectroscopy, where t
slightly higher thanthe Aexcitgm nd t he probe photonbés energy i
[53]. Based on this technique, they discegan intraexcitonic relaxain channel of 4to 2p and
aneven higheiorder 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 eaatelayefirmed

by second harmonic generation measuremfsts 55] The properties fothese 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 ithe USA studied the phonon modeMoS/ WSe andMoSe / MoS, and the layer
breathing mode vibration between the two TMDC monolayers was founded by the Raman
spectroscopy56]. Since the Raman measurement is a basic technology, this research provides a
convenient and useful probe to the van der Waals heterostructurebfefime of spin/valley
polarization in monolayer TMD€is no longer than several nanoseconds. Howeverrésodved

PL spectra show the spin/valley relaxation tim&8e / MoSe is 40 nanoseconds, and this leng

lived polarization is tunable by the gate voltagé§]. In 2016, time and angleesolved
photoemissiorwas used to directly measure the transient band structure evolution in van der
Waalsbonded graphene aldoS heterostructurgs7]. The results confirmed that after the first
laser pump pulse, the bandgap is reduced by up to abouindUOon several femtosecand
Beyond that, when the pump photon energy is lower than the bandgap, theontgrenultiple

photon processwereobserved, and this result seems related to our new result since we also have
the negative reflection in monokayMoSe as well. Tkeseresuls are equally possibly come from

the dark exciton, whichas been confirmed by the twphoton PL excitatiof8, 59]
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Figure1.8 (a) A simple bandstructure picture of the conduction and valeses at the K and&

valleys of monolayer MoS2, along with the relevant optical selection rules and scattering processes.
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(b) Nanosecond spin redationtime in MoSe wasdetected by the timeesolved Kerr rotation
[52].

Researchers arenlimited to graphene and TMDCs, and plenty of 2D materials with incredible
properties have been exfoliated from bulk. For example, monolayeaferidemonstrated 2D
ferromagnetismand it has layedependent magnetic phases, which is the first revealed isolated
2D magnet$60]. Before long, Cdand WSe bondto create new van der Waals heterostructures,
ard a large magnetic exchange field of nearly 13 T was found in this mdédfjalTransition
metal carbides (TMC), produced by exfoliation ofAIC, have also joined the 2D family in 2011
[62]. Bulk MoC was found tdnave superconductity in 1966[63], and monolayer M alsohas
superconductity [64]. Black phosphorus is staafitogethe by Waals interaction as welfhus
monolayer black phosphorus was fabricated atransistor in 2014, and its electrical mobility is
found to be layedependen{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 it redu@ device power consumption and scai®wever,the limit of

current memory and process devices will be approached smmhmuch more magnetic
interactionswill enterther e s ear cher s & s c e namew dagsee df fieedoformay pr
controlling or detecting magnetic properties. Such as usingzialoshinskiiMoriya interaction

to control domairwall motion[66], switching the magnetic direction by the spiansfer torque

[67-69] or spinorbital torque[70-72], and tuning the interlayer exchange coupling by electrical

field [73-75].

With more important interactionsbeing discovered in antiferromagnetic materials,
antiferromagnetic spintronidsasbemme a fastgrowing cuttingedge field in spintronics. The
storing and the magnetoresistive read element are merged into one in magneticaaceksn
memory (MRAM)[76], and thestray magnetic field is not even used in the sfmrmue[69] or
spinorbital torque MRAM [77, 78] Unlike traditional ferromagnetic spintronics,
antiferromagnetic spintronics has siwvaymagnetic field angherefore a much higher magnetic
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field stability [79]. Synthetic antiferromagnetic (SAR)ultilayer is one of the easiest wayo
manipulate antiferromagnetic (AFM) couplif@p]. 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 couplingyswasd by the
spacer | ayl[8l, amslthe interacttomoarsbe changed from ferromagnetic coupling to
antiferromagnetic couplg. As shown in Fig 1.7, the oscillation interlayer coupling is not limited

to metallic layer$82, 83]but alsoto nonmagnetidayers[81, 84]
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Figure1.9 The dependence of the interlayer exchange coupling strength on the spacer thickness.
(a) Metallic spacer layer R85]. (b) Antiferromagnetic spacer layer Ni@4]. (c) Insulating
spacer layer Mg@86].

In recent years, electriteld regulation has replaced magnetic field control due to its high speed
and energy efficiency. When the spacer layemetallic, the interlayer exchange coupling is
described by the Rudermdfittel-KasuyaYosida (RKKY) interaction theory[87-89].
Controlling RKKY interaction by electric field was discovered in 2018 by Qu Yaira). [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 spae compact

and higher energy efficiency will be found.

1.6 Thesis overview
The study presented in this thesis focuses on the study of maupietal interaction in various

magnetic materialsThe crucial experimental results arsng the ultréast laser to investigate the
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magnetic dynamics, which deals with nonequilibrium physical process on a femtosecond time
scaleTo explore the underlying mechanism and the microscopic nature of the magnetic properties,
the firstprinciple calculations usel 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-ggital coupling of different atos) as this
parameter plays a key role in the magrmttical interaction. The basic magnetic characterizations
are also prformed, including magnetoptical Kerr imagng and vibrating sample magnetometer.

The results provide new physical insight to better understand tbptadal switching mechanism

andmanipulatehe magnetic direction by usirag ultrafast laser pulse.

In chapter 1, a brief introduction and basic lgaokind of the ultrafast spand electrorynamics
have been presentetihree suHields are introducedincluding a brief review of the magnetic

recording all-optical switchingandthe twadimension materials

The theoretical background of magnetism wasented in chapter 2. Magnetptical interactions

are introduced, including ultrafast laseduced heating effect, Kerr and Faraday effects, magnetic
circular dichroism, and inversBaraday effect. The ultrafast laser heating effquys an
irreplaceable rolen explairing themagnetization dynamics. The Kerr and Faraday effects provide
us with tools to measurehe magnetic properties. The magnetic circular dichroism and inverse
faraday effect ar¢he two most discussed candidates to explam iirechanism of afbptical

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

In chapter 3, all the experimental techniques used in this thesis are introduced. Three conventional
characterization techniques are introduced, includimggneteoptical Kerr effect image system,
time-resolved pumjprobe spectroscopy and vibrating sample magnetometer. A new experimental
setup designed to figure out the heating and helicity effects in toptathl switching is also
included, and detailare 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 atlptical switching (HDAOS) in ferromagnetic materials was
discoveedin 2014, its microscopic physical picture of it is still under hot debate. In chapter
several new experiments were desigrenbiningthe magnetptical Kerr image system and

the timeresolved pumyprobe systemlhe experimental resulpgsovide a new physicasight iro
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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 observegtathl switching

[23]. To explore the contribution of the heating effect in-ADS, linearly polarized and circularly
polarized laser pulses were used. Several energy combinations and different pulse delay time were
tested. The results suggested that thatihg effect could significantly assist helicity dependent
all-optical switching, and the phenomenological magnetic circular dichroism was identified as the

mechanisnj28] responsible for the observed HEDS in Pt/Co/Pt multilayer structures.

Chapter 5 focusson improving the energy efficiency and switching ratio H»-AOS. High-
quality Pt/Co/Pt multilayer thin films were growing by magnetron sputtering aatme growth
condition with different Pt and Co thicknessThe altoptical switching power and switching ratio
were studied in all the samples. The fpsinciple results and the experimental results are
compared to further understand theadtical swiching. The Pt layer was found to enhance the
spintorbital coupling of its nearby Co layer atiderefore, improved the switching ratio. However,

the high reflectivity of the Pt layer increased the energy consumptioragtathl switching.

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

In the last chaptetwo future worksare presented thatebased 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 particlexluding electrons, protons, and neutromave the spin

magnetic moment. This concept was first introduced byf§dng Pauli in 1924 to explain the fine

structure of the emission spectrum of alkali mef@ld. Even today, we still cannot answer the
guestionof why these small particles could produce sutke@ormousnagnetic field but describe

it asan intrinsic property. It does not prevent us from using and developing a great variety of
magnetic materials. Semd, t he el ectronds orbital moti on |
and the protonods anmclensalso provaledssnallmagnetiomomenn t he
When atoms or moleculesompose materialsthose 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 couplingrkspin
couplingandZeemarinteraction Also, the interactiotetween light and magnetic materials is the

most attractre 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 considerd, and the microscopic mechanisms of eptagnetic effectsare still missing.

Although the light is an electromagnetic wave, the interaction between the light and the magnet is
extremely weak, which also makes manydgcadéds e t ou
efforts, we now know more details about the magiogiical interactions, and we will introduce

several of them thatereused in our research.

2.2 Exchange coupling

Most of the gas, liquid and solid are paramagnetic materials, which ob€ u r i dtdss | a w.
described as the magnetization of the material is proportional to an applied magnetic field and

inversely proportional to tengpature, which can be presented as:

0 0- Equation 2.1
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However, people founsbome 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 Curieds | aw and ex pWenidsesdd iltavw:o f err oma
0 0— Equation 2.2

where "Y 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 ntecular field in the ferromagnet to explain spontaneous magnetization in
1907[92], which has an astonishing scalemfrt T. However, the origin of the molecular field is

not explained until th development of quantum mechaniter that this field is described as

the exchange couplind.he spinspin exchange interaction is the most important coupling in
magnetism, which is responsible for the magnetic offiee. exchange coupling is a shoaihge
interaction between electrons, which is the strongest magnetic interaction. It aligns the spin system
to parallel or antiparallel depeing on the exchange energy, while the former gives ferromagnetic
coupling and th later gives antiferromagnetic coupling. The exchange coupling induced energy
splitting was first observed in thée spectrum, which is the easiest but perfect mamlekplain
magnetism in quantum mechesiTo understand the origin of exchange couplivege we figure

out why the helium energy of the spin systemb
alignment. The Hamiltonian of this system under BOppenheimer approximation could be
presented as:

'O h — — Equation 2.3
K K K

Wherei i are the el ectmllinasrée ptotsd tdloecgt ramms &6 mo me n
4 terms are the central field part, which could be treated as theroHamiltonianO i h

While the last term gives the electrelectron interaction, which is treated as a perturbation

'O i i . We start from the wavefunction d© i H , since electrom are Fermiors, the
wavefunction of this system should batisymmetric. Therefore, the wavefunction for parallel

spin alignment is:

= x4

w o —=r1 11 1 I R Equation 2.4



Here the space part is antisymmetric. While the wavefunction for antiparallel spin alignment is:

W o AL L 01 H Equation 2.5

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

correction due to electreglectron interaction:
0  fHso i h gy fwd O o Equation 2.6
for parallel alignment. And
0 wy cfwso i h ay dfwd 0O v Equation 2.7
for antiparallel alignment. Weherefore get the exchange coupling induced energy shift:
(0] (0] cL Equation 2.8

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

He. When U is negative, it leads to antiparallel spins, which is the cad® in

2.3 Spinorbit Interaction
Spinorbit interaction plays an irreplaceable role in magnetism as it is the mgupditween

electrons and latticand 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 sporbit coupling by using a semiclassical model with a spin

Sand an orbital momentuin According to the BieSavart Lawa magnetic field is generated by

. . : J
an electrical current. The electron orbital motion can be regarded as a chirrent——, and

its magnetic field can be presented as:

7 Equation 2.9

Here Q is the electron chargay is the electron mass, and is the distane between the

nuclaisand the electron. Then the s@@in this field has an energy of:
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(0] — 3 Equation 2.10

From quantummechanics the spirorbit interaction Hamiltonian is given by the following

equation:
O , 1 ¥ Equation 2.11

Here then is the principal quantum number ahds the angular quantum number, and the
expectation value of 1 is called the spiorbit parameter{ @ 1 & with dimension
[energy]. Spinorbit interaction is about 2000 times smaller than the exchange interacton,
from equation ZL1 we know it is related to both principal and angular quantum nentmerthe
atoms like H and He, the sparbit interaction energy is abowt p 1 ‘Q@but for the3d
electrons inCo and Fe, this energy has a magnitud@of p 1 'Q qwhile for thedf electrons in

rare earth elements like Gd, it is about@/] and 5d electronis Pt, it is aboutm&’'Q
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Figure2.1 The spinorbit parameter for the valence shells of neutral atoms in their ground
state. These parameters are calculated by Cowan by using the relativistic-plagistatistical
exchange metho®3].

2.4 The magnetic anisotropy
Magnetic anisotropy ign experimental concept which includes magnetocrystalline anisotropy,

shape anisotropy, and surfac€uced magnetic anisopy. 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 ey axis. And tas1i sotropy free ene[rgdy] density |

(0] b v OE}+ v OE} E Equation 2.1
here s the oriemitaito mnwiotfh magage dt U fw, d heareasy
the anisotropy constants.

We now explain why the spiorbit interaction determines the magnetocrystalline anisotropy in

solid. The physical meaning of the sqrbit interaction energy is the energy needed to turn the
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spin S from a perpendidar to a parallel orientation to the orbit moméntThe treatment of the
spintorbit coupling in the previous section is base@simgle atom. In this condition, for example,
the energy of 3d orbits is degenerate. fBetsituation in condensed matters is much different, the
orbital moment may prefer to lie along a specific direction due to crystal str{@ijyea specific
bonding[96, 97] or the interface effe¢®8], which is called the anisotropy of the orbital moment.
In 1989, Patrick Bruno shad that the anisotropy of the sporbit energy is directly related to
the anisotropy of the orbital moment under the tightling approacl©9]. The Bruno model can

be expressed by the following equation:

yo -696 &0 — & a Tt Equation 2.13
here & (a ) is the orbital momerdlong the easy (hard) magnetization direction. This
eguation gives us a particuiimportant insight that the easyis has a larger orbital moment
than the hardxis, and the difference is proportional to the magnetocrystalline anisotropy. In 1995,

D. Weller et al. confirmed this theoretical prediction by using the Hiigd, angledependent x
ray magnetic circular dichroism measuremgh@o).

2.5 Zeeman interaction
Zeeman interaction was namedytch 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 meshahie external magnetic fielg
exerts a torque on a magnetic dipaad the Hamiltonian corresponding to the Zeeman energy

can beexpressed d401]

0 L dga» Equation 2.14

Considering the quantization of the total magnetic momennoiuding the spin and orbital parts:
4 ‘ m v Equation 2.15

In order to compa the Zeemannteractionwith other interactions, we consider the applied

magnetic field along-axis and the simple case whén p andi pA¢ and thereforewe have:

60 O ¢ O ¢—b6 Equation 2.16
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Here — U Y Yo Ypcrt QTYis the Bohr magneton. And therefore, the estimated

Zeeman energy has a typical size<of® & ‘Q cwhen the field is 1 Tesla, which is much smaller
than the exchange coupling and the gpibital coupling.But the Zeeman interaction tise only
enepgy termdirectly determined by the external field

2.6 Magnetcoptical interaction
Although the interaction between photons and magnetic materials is fiendishly complicated, many

researchers have maamassive effort telarify it. Up to date, many magnetptical interactions

have beediscovered, including Kegffect, Faraday effeatpagnetic circular dichroism, magnetic
linear dichroism, optical transition selection rules and so on. Even though some of their
fundamental physical pictures are still under delthéze is no doubt that those findings gave birth

to a wealth of technigeeto detect and manipulate magnetism and therefore pushed the
development of magnetism. In this section, we will introduce several magjpital interactions

that closely relate to the research of this thesis.

2.6.1 Heating effect

The heatingeffect is normally not considered asnagneteoptical interaction. Howevefor the
all-optical switching, the heating effect becomes nonnegligible. As we mentioned in Chapter 2.2,
the magnetization and coercivity decrease with the temperature incréasephenomenon is

used in the commercial hard disk, which increases the capacity of storing information. With the
development ofthe ultrafast laser, the ultrafast lasaduced ultrafast demagnetization also
attracted many r Udtsagotrheating iis gatlically tdiffezentt fronstandard
heating as it could produce a requilibrium magnetic statas shown in Fig2.2 (a), (b). Since

the temperatuseof spin, electron and latticare no longer the same, this nequilibrium state
cannot eaty be described by the Cureiss law, but a new basic mechanism is requided.

early as 1991, Vaterlaws al. discovered the demagnetization time of gadolinium is about 100 ps
[102]. A few years later, Beaurepaie¢ al. found a significant faster demagnetization timeaon

nickel thin films, within 1 psas shown in Fig 2.(c) [15].
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Figure 2.2 (a) Simulating ultrafast lasemduced demagnetization for fdased on the M3TM
theory. Here the red line presents the electron temperatuce, blue line presents the lattice
temperature’Y 0, and green line is the ultrafast demagnetizatioro .  (b) The similar result
for the Gd[103]. (c) Transient remanent longitudinalagneteoptical Kerr effec{MOKE) signal
of a Ni(¢ & &)/MgFz(p Tt d) film for x & o & pump fluencd15].

This paradoxical phenomenon was successfully explained by Koopmans ifi1@8DT hey took
the ElliotYafet-like spinphonon flip processes into account and expanded the phenomenological
three temperature model (3TM)5, 105] This new microscopic 3 temperaeumodel (M3TM)

can be expressliby the following differential equation:
— Ya— p GAT OF Equation 2.17

Just like the ordinary 3TMY is the phonon temperatyréY is the electron temperaturéy is

the Curie temperature, and 0 )0 is the magnetization relative to its value at zero
temperature, wherér is a materialspecific scaling factorThis concise and elegant equation
predicts awide variety of magneticdynamic 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), Sorhar

extra 4f systeniL03]. (c) and (d), Elementesolved dynamics of the Fe and Gd magnetic moments
measired by timeresolvedX-ray magnetic circular dichroisgMCD) 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 timgXjale

The explanation of the singlaulse HIDAOS in GdFeCo is based on tlservation that
demagetizgiont i me f or Gdos 4f el etéive tinkes Sower tham thatof 1. 5
Febs 3d el ect f20]nAsshéwa indig 23 (a)3a0d@b), phetdns directly interact

with the electrons near the Fer mi |l evel . The

no matter it is the 3d, 4p or 5d, 6s electron. The lattice temperature increases by the hos electro
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scattering process withtame scale of ~1 ps. Afi¢ interaction between lattice and electra

different orbitshas no differenceghese two processes have no significant timescale difference.
However, the coupling betwedine electron andgpin sysens strongly depenslon 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 rareearth elements is much different. The 4f electrons are spin polarized, but they
cannot i nteract with photons but with the 5d,
weak, and the time constant for these elements is ~50 ps. Due to the differetiee
demagnetization speed, the ultrafast demagnetization in GdFeCo is diffesenindérmal
materi al s. Once the | aser pul seswithinfOibpssahd t he
then it was renagnetized by the Gd sublattice, and then ¢énerhagnet material GdFeQueasat

a transient ferromagnetic state.

The HID-AOS was not found ianyother materials without Gd until 2019. As shown ig.R.4,

the pure thermal singlpulse switching was discovered again in the ferrimagnetic Heusler alloy
MnRuGa (MRG)which proveghatHID-AQOS 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 Mr{4a) and Mn(4c). The 4a sublattice has a stronger intrasublattice
exchamge 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 firstprinciples calculation, whicleads to a fastedemagnetizing107]. The 4a sublattice is

fully demagnetized aftdreingexposed to the 800 nm (1.55eV) laserpulseda t he 4c subl &
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 reamhibe stronger easy
axis i n the 4spinfips! This finding praves thhat &tB@Sacansbe 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
ergineered materials used for AOS.

43



Figure2.4 Single linearly polarized laser pulse inducedagtical toggle switching in MiRuGa.
This MRG sample has a compensation temperature aboveteagmarature. The laser pulse used

here ha® 200 fs duration and 800 nm wavelen{th6].

2.6.2 Kerr-Faraday effect

Although light is an electromagnetic wave, the interaction between light and magnetic field was
not discovered until 1849%ichael Faraday found that when a beam of linearly polarized light
pasesthrough the glass under an applied magnetic field, itsripateon axis is rotatedThis
experimenwas 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 polarizatin axis is rotated. Nowadays, the magretpt i cal ef fect bés tr
and reflection part are callelde Faraday effect and Kerr effect, respectively. These effects can be

phenomenologically described by the dielectric law:

r o-F QU Equation 2.18

where [ is the electrical vector of the incident light, is the magnetization vectand 0 is

the complex magnetoptical constant, which is introduced in the permittivity tensor:

p Qa Qu
- - Q& P Qa Equation 2.19
Qa  Qa p

herea , & , & are the magnetisation components along the x, y, and z axes, respectively.

From this equationwe get the reflection light amplitude, tievector, which is related to the
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magneteoptical interaction of the incident light amplitudéewi t h t he sampl eds m
vectorm, and it can be regarded as secondary light amplitude. The magpieta constants of

the Cu/Co multilayers at a wavetgh of @ o ¢ Yiz 0 T8t p X X8 1t Qand O

T8t 1t T 0 st 11 0 'Rfor Co/Pd multilayerg[108]. A key point for experimental setup and
measurement is the cross productEochnd m, andwe shall discuss this part in Chapterrg8la

Chapter 6.

Then we derivate the equation of the Kerr rotation and Kerr ellipticity from the Fresnel equation
As the Kerr effect i s about tdndppoldiizediglearef t he

separately considered in the Fresnel equnaHere we present this equatias follows:

@] 1 i @] ,

0 i i 0 Equation 2.20
HereO andO (O ®we¢Q) present the reflected and i nci
component on the-golarized (ppolarized) direction, respectively.Mrei , 1 , 1 , andi

are the Fresnel reflection coefficients and the subscripts denote the scattering plane dependence of

each element such that represents thatio between the complex electric field amplitude-of p

polarised reflected light and that epslarised incident light. Expression of the Fresnel reflection

coefficients can be calculated by applying the reflection boundary condif®h

i Equation 2.21

i Equation 2.22

i Equation 2.23

i Equation 2.24

where © , * are the permeabilities of media 1 and(®;, 0 are the complex indices of

refraction; — is the incident angle;— is the refracted angleThe Kerr rotation,—h and
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ellipticity, — , for individual s and ppolarised components are defined asquprations 21 to

2.24, while the total Kerr rotation and ellipticity are superpositions of the two compdiésis

— 2A ji Equation 2.25
— 2A ji Equation 2.26
- ) hiji 2A i Equation 2.27
- ) It ji 2A ji Equation 2.28

Here Re and Im denote the real and imaginary patiecfomplex number. The Kerr rotation is
guiteasmall andg, for exampleandthe Kerr rotation is about 0.02 degséer Co/Pd multilayer
in a polar configuratiofiL08].

2.6.3 Magnetic circular dichroism (MCD)

The ultimate switching speed of magnetic direction has been a subject of considerable interest and
debate. AHoptical control using femtosecond laser pulses is the fastest manipulating fi&ghod

This phenomenon was first attributed to the inverse Faraday Effért111] Thenthe ultrafast

heating effect is proved to be a sufficient stimulus for sksglet AOS in GdFeCfl12], as we
discussed in the previous section 2.6.1. While MCD combined with ultrafast heatingneffect
introduced to explain the helicity dependent switching of Staatiat [17]. But modelsfor
multishot HDAQOS in ferrimagnets like TbFeJa13] or TbCo[114] and ferromagnet23, 115]
arelacking until today. In retrospect, MCD or IFE is the most likely explanation for th& @B

[28, 116, 117]and therefore, they will be introduced in this section.

The MCD as a candidate mechanism for-ADS inferromagnets was first demonstrated by J.
Bokor in 201628], and the underlying mechanism is shown inZEtg There is an energy barrier

O 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
NeelBrown formula, the characteristic flipping time frahe magnett state a to b can be given

by the following equation:
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t Y tAgp—

Equation 2.29

Here T is the attempt time with an order of 100 picosecofidss], Q is the Boltzmann

constant, and the energy barrier is also temperature dependence, which is ipvepelyonal
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Figure2.5 (a-f) The HD-AOS model based on the MCD mechan[28]. A Nx by Ny grid of cells

are taken into consideration. (a to c¢) shows the initial state before exposed to laser pulses. The

characterise spiflip time for thespin-up (a) and (b) is the same. (d to e) Aftemgexposed to a

right-handed circularly polarized ligldue to MCD, the spidl 0 w n

(b)

than the spin up (a) state, which makes the spin flip ttmd

cell s tempe

Due to MCD, he 0 " domain absorbs morg  phonons than thé ° domain which makes its

temperature closer to the Curiemtperature”Y. Also, it makes) " domain hasa higher

probability of switching to thed ° domain. Once it switclsdo the 0 ° domain, its temperature

will decrease as it absorbs less phononsAfter N laser pulses shgtthecumulative probability

for the magnetization to end in stétaregiven by:

0 0 —— p O
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here the subscriptrefers to the initial state. With laser pulses increasing, theapility is close

to 1, and a minimum of 0.5% MCD is needed to achieve multishefABB.In the cooling process,

the exiseénceof astrong dipolar field will decrease the probability of A®GEnce, magnetic films

with a small magnetization volume have gher switching rati¢23]. MCD effect was observed

in ferromagnetic thin filmsandthe evidence is the heliciyependent lasenduced domain wall
motion in altoptical switchable Co/Pt miilyers as shown in Fig 2.84]. The linearly polarized

laser provides pure heating effect. When the laser spohithe centre of the domain wall, there

is no temperature gradient, and the domain wall has no motion. While ¢éhespas 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
spotwas inthe centre ofthedomain wél. These results prove that the absorption ratio of circularly
polarized laser does related to the magnetic direction.

Degree of Ellipticity
0 -m4 0 w4 0 -w4 0 w4 O

i T
O DWD/Max DWD

1.5 | Siine fit

Normalized DW displacement

T g mo m o % g R
0 45 90 135 180 225 270 315 360
QWP Angle (Deg)

I
Before Exposure  After Exposure

Figure2.6 Magneteoptical 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/cmThe white star points out the centre of the laser, spakN is the number of

laser pulses. (c) Normalized domain wall motion as a functisgheel e gr ee of | aser 6s

[34].
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2.6.4 The Inverse Faraday Effect (IFE)

Although IFE was predicted by Bevskii in 1961111], 44 years later, it was firstly reported by
Kimel et al.that spins can indeed be manipulated by a circularly polarized lase{bE2nTrhen
the discovery of HPAOS has revealed direct optical control of magnetization, and the #SE w

consideredhe mechanism of HIAOS from the beginninl20].

It was the easiest way tatroducethe HD-AOS required magnitude and duration of the IFE
magnetic field. IFE hypothesizes circularly polarized light acts as a strong effective magnetic field
pulse 6 on the spins of the magnetic medium. Tirection of 6 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 HBOS [121]. Koopmansd group ex[i0dladied t he
descritedthe IFE inducd magnetization dynamics in the following equafid@l:

— —a 6 p GAT GE&4 6 Equation 2.33

where & is the magnetization relative to the saturation valile,s 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,a@al parameters in determining whether ADS will

occurs are calculated in the phase diagram. The minimal lifetiriie 6FE field to achieve HP

AOS is the order of 100 fs with a magnitude of 2@g presented in Fig 2.7 (b).
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Figure 2.7 (a) The magnetization as a function of time afiemg 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 magodield of 10 T and a duration of 0.4 ps. (b) Phase diagram

of HD-AOS as a function of | FBO.fieldds magnitude

Themaget i ¢ fi el d i nduc¢asdiscissed ihthesf@eagojipgad sseaditiat | F E

is comparable with exchange couplindneTorigin of the IFE has not been fully understoarnd

various treatments have been proposed. A simple derivation of thed&proposed by Hertel

[122], which involves microscopic currents rather than a purely phenomenological approach. In
his derivation, the conducting electrons in m
perturbation is treated as a hiffaquency electromagnetic fie Then the magnetizatiohl

generated in the plasma by the field can be presen{é@2s

A FF Equation 2.34

Wheremandear e the electronds masandgpadechaegd, gt
frequency and electrical component, respectively; &@7Ta- ¥ isthe plasma frequency.

If the lightis propagating in the-direction, the last term of equation 2.34 can be written as

F F X Equation 2.35

According to this equation,theoppma gnet o fi el ddéds direction is th
direction. That is why the HIAOS is only observed in materials with perpendicular magnetic
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anisotropy. Also, equation 2.35 equals zero in the caseedr|polarization, and its sign depends

on the chirality of the light wave.

)
«

)
S8
b))
1SS
))
\\

““““ | .S o

e Excited state 10

Ground state

Figure2.8 Schematic representation of the process of impulsive stimulated Raman scattering on
the magnoifl23]. The right axis shows the corresponding energy, as it indicates the photpn ener

is lower than the edge of the fundamental absorption ‘O, and the difference equations ta

The incident photon pair have the frequency of  and] . After theyparticipatin the SRC

process, the scattered photandthisoprocessogenerbteseaq u e n-

magnon with frequency .

Although the above equatiod 6 [ F [ described the lighihduced magnetic field, it is
based ora much longer pulse duian compared with the ultrafast laser pulse used iRA4ES.
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
magnong120, 124] SRC can be regarded as a seeorttr inelastic scattering of light, which
will generate an excited state. As shown in Fig 2.8, they considergzthtwons with frequencies
1 and S m The ultrafast laser used in HBOS has a duratiothatvaries from 10 fs to 1 ps,
which is about one 2 ordeshorter than the coherent spin precession peciodm Therefore,
there must be pairs of photons in the laser pulse that satisfy the SRC prodegstdezmherent
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ma g n aexcitation. The spinorbit coupling plays an irreplaceable role hemecethe optical
electric dipole matrix elementannot change the&pin magnetic quantum numbér alone, but
invoking the spirorbit coupling,it makes it possible to reach the excited stwita Ya p

[125]. Another important feature of IFE is that IFE induced magnetization is strongly materials
and frequencyependent according to the ab initio calculafi®d, 126] As shown in Fig 2.9,

spin and orbdl parts are calculated separatélgr magnetic materials (Fe, Co and Ni), the spin
IFE shows negligible dependenaethe laser polarization, while the nonmagnetic metaigea

small spin IFE component. And the total IFE for all materials is mainlyriboéd by the orbital
component. The photon energy dependence also provides a deepmsigii-AOS. Compared

with other materials, Pt shows a much stronger IFE, which could explain most of tA&©BD
materials have Pt layers. The mostly used lasétDrAOS has photon energyf 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 DS with different photon energy.
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Figure2.9 Materials specific ab initio theoretical calculated total, orbital, and spin IBRiastion

of the photon energy and laser polarizatif39y.

2.7 First principal calculation

2.7.1 Introduction to Density functional theory
According to quantum mechasj oncethes y st emdés Hami | t oni
by ng

like asingle atom or moleca| this method gives beautiful and accurate results. But for now, there
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iS no pecise computation methddr solvinga multi-e | e ¢ t r o nSchsdjinger eguatios.
Solid is a multiparticle system with @ 1 orders of magnitude electrons/nuclei per cubic meter.
Its Hamiltonian includes all the nuclei and electdkisetic energyand their interaction with each

other. The Hamiltonian of a solid system can be present by the following equation:
O 0 O ° Equation 2.36

Since the motions of nuclei are ignorable compared with the outeredbelions, the Born
Oppenhei mer approximation suggests that the s

the electronic and nuclear parts. The simplified Schrdalinger equation is:

B 2-n B —— BU» « » O-«» Equation2.37

where the first term in the left side is the ¢
electron repulsion interaction and the third term is nuclear potential. As each electron has 3 degrees

of freedom (excluithg the spin degree of freedom), a system Wthalectrons hasi8 degrees of

freedom. It is still impossible to solve this equation. Density Functional Theory (DFT) provides a

new wayof researching complex mulélectron systems. DFis an ahnitio theory ased on

guantum mechaog which does not need any experimental paramdtet®FT calculation gives

i mportant physical properties of the system.
treats the whole electrons as an electron derisiwy . Also, due to the wavparticle dualism and

uncertainty principle, eveiiwe get t he el e ¢cwe caonotpedidiveev eefcu m otnidcr
position at any given moment. DFT "exandieis ses t
proved bythe HohenbergKohn theorem that the total energy of an interacting inhomogeneous
electron gas in the presence of an external poteatiali is a functonof the density” »[127],

and theground state energy of this system is the only funaifdhe particle number density. Then

Kohn and Sham proposed to replace the -system
interacting functionals and to express all correlations-cedled exhangecorrelation functionals.

That means the real kinetic ener§y” and the potential energyy ” are replaced by the nen

interacting kinetic energyY ” and the nosinteracting potential energl¥ ” , which can be

solved by the HartreBock equation. The difference between their approximate value and the real
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value is put into the exchangerrelation functionalO , and only this term is used to include

all the errors and unknown effects.
o Y” Y” Y” Y " O " Equation 2.38

: v x : : v Q AL :
O~ Y?” Y’ w’” o 7 Y?” ‘ »x» O 7
T > »S

Equation 2.39
Here the electron density and the real kinetic energy can be presented by:

"» B 9 »sS Equation 2.40
Y'B et e pO» Equation 2.41

Then the variation of these two equatismequaltoas i ngl e el ectrondés Schr o

2n @O w» e p O » Equation 2.42

| S

w > wr —
> Sk S >

Equation 2.43

These equations are the-called KohnSham equation which is consistent. As the effective

potential ® is determined by the electron density and the electron density can be calculated

from the wavefunctiorr  ». About the only unknowterm exchangeorrelation energyO :
there are two most used approximasicalled Local Density Approximation (LDAJL28, 129]
and Generalized Gradient Approximation (GG230]. For LDA approximation derived from the

homogeneous electron gas model, the exchaogelation energy has the following expression:
o " _er»l > D> Equation 2.44

For the system with electron density » changes slowly with the»; the LDA approximation
gives accurate calculation results. For the system with electron dénsitychanges fast with
the » LDA should be replaced by GGA:

o _&wi &t emEr > 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 enemgy bandstructure.

2.7.2Pseudopotential

“ L L}

| 1
‘ e0s:-00 0 f

‘I ;: |
‘ . Zp. |
N\ 3s /\|

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

could combine inner electrons witte nucleus to make a pseudm.

Now we introduce the last important approximation, pseudopotential. As shown in Fig 2.10, the
chemical bonding arises fromme overlap of outer electrons. Since the outer shell electrons
determine the systemb6bs most properties I|ike e
and so on, the change of the inner shelsd el ec
are composed inta 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
val ence el ectrons. Her e \wwseudopoténtiabvehvefurectiopn (e v al e

in a single atom. Suppose and | are the valence el ectrond

wavefunctions, respectively, and their Schrdalinger equations are:

@ G 7 g G Equation 2.46
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And
¥ 0 73 @ Equation 2.47
Here7 and] are the eigenvalue of the valence and core electrons, respectively. And
0 Y w Equation 2.48

is the single elfyestithmede!l idami lon ddthedpatentialtr.i c
We could construct the pseudopotential as follow:

I s G BT 1 T Equation 2.49
Then the valence el ectronbés wavefunction <c
g a 7 Brr T Equation 2.50
Using the Hamiltonian operator in the equation:
fo:} Or BT T I Equation 2.51

And then replace thg G and get the eigenvalue of the Hamiltonian operator:

T B r 1 T or Bf r & g Equation 2.52
We could extract thel in both side of this equation:
i p Bg o sT O BT g OO sf Equation 2.53

Rewrite this equation in the form of Schrdinger equation we get:
'O BT T ¢ 6 sT T T Equation 2.54

It is obviously that this equation gives a Schrdalinger equation with a new Hamiltonian with the
eigenfunction of the pseudopotential wavefunction and the same eigenvaliie of the

valence elecon:

o 0 [ I T ¢ QS
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Yo T g ar s

Equation 2.55

Comparedwith the normal potentialthis pseudopotentiako has a new termB T

T § 08 s w includestwo 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 posié. And since the valence electron ladsigher eigenenergy, this

term is positive B T T ¢ 6 s m) as well and hence, the pseudopotential is

smoother than th¥.
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Chapter 3 Experiment technology

3.1 Magnetceoptical Kerr effect image system

The Magneteoptical Kerr effect (MOKE) image systeis the name impliess based on the Kerr

effect. This system helps us tmaget he magneti c material 6s doma
experimental setup is shown in FIG 3.1. #)e Lightemitting 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 collectownhile the aperture is on its bafcus plane. The teer not only adjusts the
luminous flux but also contrelt he | i ght és i ncident direction
perpendicular to the sample, then the whole system is sensitive to-thfepbae materia which

is called polar MOKE mode. If not, it detects theplane méerial called longitudinal MOKE

mode. Since Lens 1 and 2 are conjugated, the light becomes parallel light after Lens 2. Lens 3 and

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

"l =) | — 1

Lens 1 Aperture Lens2 Polarizer 1 Lens 3 Objective ‘”

_ Polarizer 2

lens

Samp

Figure3.1 (a) Schematic drawing dhe experimental setup for magnetic domain imaging using
the magnetaptical Kerr effect. (b) The raw magnetic domain image of the Co/Pofepiaine
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thin film, while the sample ig1 a multtdomainstate. (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 polarizationlpa n e . Here the polarizer 1 i s set
direction is nearly perpendicular to it. Therefore, the magnetic state of the sample could change
the luminous flux to theomplementary metaixide-semiconductor (CMOSjetector And the

intensity obeys:
"D -Oné ie — hforthe 0" domain,
© -Oné ie — hforthe 0 ° domain.

where O is the intensity of the incident lighg is the angle between polarizer 1 and 2, ard

is the Kerr angleF-IG 3.1. (b) shows a classical polar MOKE image. The circle shows the boundary
of thefield of view. There are two different magnetic states in the circle labelléd’aand 0 °,

which show a different light intengat. It is impossible to ensur® has the same value for each

point on the field of view, that decreases the sigiuage 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 remaitise magnetic signal, and its contrast has significant

improvement.
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Figure3.2 The single hysteresis loop of the cuff-plane Co/Pt multilayer sample. (a) wagen
from the MOKE image system, and (b) wiekenfrom the VSM.

By changing the electromagnetds field, we cou
we could gmagrathcapeaperties, that helps us c
and domain wall. FIG 3.2 (a) shows the hysteresis loop took from our MOKE image system, which

has a much better sigrabise ratio than the vibratirgample magnetometer (VSM) data.
However, MOKE image system cannot give the magnetic moment. As the optical signal is related

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

3.2 Timeresolved pumpprobe spectroscopy
The femtosecond timeesolved (TR) method was develogadhe 1980s[13, 131133]. 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. Thezeaarariety of interactions between photons

and materials, and each of them has the possibility to develop -aetsoleed technology based

on the ultrafast laser system, like -pRotoluminescenci 34], TR-fluorescencg¢l35], 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 theVilXE technique, whicthas been

used in this thesis.
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Figure3.3 Experimental configuration of the tirresolved pumyprobe technique. The laser
beam is split int@ pump (blue line) and probe (red line). The time delay between pump and
probe pulse changes with the movement of the retroreflector. To extract theeakrgignal, an

optical chopper system and letksystem 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 nmalcentr
wavelength. In termof the temporary resolution of TIRMOK E , it i s determined
pulse width, here we consider the time resolution is about 100 fs in our measurdinedser

beam is split to two beams, called pump and probe, respectheshown 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 pr obe 6The purapvbeamagoesg thrbughtaoetrateBle@tarnwhich

is mounted at a 300 mm (corresponding to a 2000 ps delay time) linear translation stage. The
retroreflectorés position determines the del a
pump goes thnagh 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 ‘GalEus signal has the

same frequencgsthe probe beam, 1000Hz or 80MHz in our experiments. If not, the pump pulse

could induce a small changgONormally, Y'Owould be three to six orders of magnitude smaller
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than "O [137]. Since the optical chopper gives the pump beam a special freqi@nsych a
small signal can be extracted by the Lackamplifier system. Without the Loak amplifier

system, the riee of "O will fully cover the ¥Osignal

Blocked pump Pump Probe
pulse pulse pulse

t 5
1 ty t3 R

Figure3.4 Schematic diagram for the detection scheme ofVIBKE. (a) The pump pulse is

blocked by a driving optical chopper with a special frequencipWhere “O is the origin signal
without pump pulse, andOis the pump pulse induced signal change. Here mglified the
proportion of YPOt o make it more obvi ou®.YO(ibrélateifoe det ¢

the delay time between the pump and probe pulses, as the pump induced€ghahges with

the delay time.

The delaytime between the pump pulse and probe pulse changgsthe position of the
retroreflectorchanging The conversion relation is simpl&> o) wherex is the position of

the retroreflectgrw 1T is the zeredelay point, and is the light speed. The satapreflected

probe beam was collected to the photodetector. The detector we used is a bridge detector, which
has two separate Si photodiodes, and weltathA and B here. And there is a half waveplate and

a Wollaston crystal in the front of the detecbh e Wol | ast on cr yst al can s
p componentsto two beams. Before measurements, we will tunetige of the half waveplate

and setthed 0 signal of 'O equal to zero. Fig 3.5 shows the typical tiresolved signal.
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Figure3.5 Normalized timer e s ol ved si gnal of the intyisnsic (
CB' Wa ,anditisrighanded circul arly polarizeid (RCP)
¢' wa ,and it is linearly polarized (LP). (& & & signal, which is considered as the

change of reflection. (by & & signal, which is considered as the change of the Kerr signal.

3.3 Magnetron sputtering

Magnetron sputtering is a kind physical vapar deposition (PVD). The magnetron sputtering
methodwasdeveloped in the 19708Vith the characteristics of simple equipment, large coating
area, slow base surface temperature rising and relatively lowitdoas, 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 systexs shown in Fig 8. A base pressure g p 11 mbar

will be reached in the growth chamber before growth. Thackseved by the vacuum system,
which has a rotary pump andvelecularturbo 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
propertiesof 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(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.

63



Substrate table
Vacuum measuring instrument

Crystal Oscillator

Turbo molecular
pump system

Water value
Observation window

Airinlet valve Vacuum system

Vacuum breaker valve

Magnetron sputtering target

Main air control board

Figure3.6 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 fielddaglectrical field controlledd i 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
substra¢ is connected to the ground. The electrical field speeds up electrons apdstas#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 increas8@a¥. With the electrical field between

the target and the substrate increasing, electrons will gagbrkanetic energy (>30 eV), then the

electron collides with Ar and will produce a new electron anda ion. Although the electrical

field will push electrons to the substrate, the Lorentz force provided by the magnetic field makes
them travel alongtat f i el dés | i nes econtrallen pracess sighificandy ma g n
improves the collision probability and highly reduces the number of eledtratexrived in the

substrate. Due to that, we get a higher sample purity and a lower sulestrpégature. The Ar

ion bombard the target due to the electrical field, and its kinetic energy transféhe target

at oms. When the atomdbs energy exceeds the bi:
surface, resulting irthe sputtering phenomeno The intensity of plasma up tp tx p 7

ions/cm® can be generated thi an Ar pressure ofc p 1 mbar. To improve the growth
samplesdéd purity, the target 4plasmatsputering beforet r at e
depositionstars. Fi r st | y, we close the substrate®ds shul
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 suibtoateleaned by

the plasma for 60 s e csfordnsther ID beeonds psputiezingdoget s h u t t
a stable deposition rate. Then the substrate shuttes,gpehthe growth begn

3.4 Vibrating Sample Magnetometer

The Jbrating samplenagnetometer (VSM) is usually used to measure the magnetic properties of
magnetic materials. The sample is placed in a uniform magnetid¢ffjeddusing the sample to be
magnetized with a magnetization intengiy 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 sampiea fixed up and down at the sine wave mode. According

to the Faradayods | aw of iinduttioccurierdimthe coil heanthie | | ge

magnetic sample.
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Figure 3.8 (a) A point dipole induces an electrical cutrém the detedhg coil. (b) Schematic
diagram of a VSM systenfc) The VSM model used in the York spintronics lab. ADE model 10
VSM has high sensitivity ( T@® * 'Q &) anda high maximum magnetic field up to 2.2 T.

We shall consider the easiest model, as shown in Bi(pR. 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

intensityB atthe point (x, y, 0) induced by the point dipole is:

| oy — 222 2 Equation 3.1
and the magnetic flux in through the coil is:
%0 M B 0o 0 — Equation 3.2
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Here »0 ® ® o ® _ And when the point dipole moves in the z direction,

the induction electric potentiai the single coil is:

;s O bh

Q
g
S
©

Equation 3.3

Now, according to the principle of reciprocity and the Bsatvart law, the magnetic flux induced
by the sample is equivalent to the magnetic flux induced by the cuiretite coil:

o — nlxmimo— o i o— Equation 3.4

Here || is called the geometric sensitivity factor. Sirthe vibration device can vibrate the

sampleat the cos mode with an amplitudand a frequency
-0 — 02 Y i DET o - Equation 3.5
and this frequency is imported to the laokamplifier, the output signal can be presented as:
@ 02 Y 1 DETO « AT100 « QO
gm 2awmd i iQE 1 6 .+ .+ iQE 1 6 . . Qb

Equation 3.6

As we know the integration OETl o T in a ¢* cycle. Therefore, the output signal is

not zero only if] i

The VSM model we used in the York spintronics lab is the ADE model 10 YA&Mlectromagnet

cooled by the water cyckpplies a magnetic fieldrovides 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 thehtalior 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 measgifrom 78 to 773 KAnalysing 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 altoptical switching

4.1 Introduction
All -optical magnetization switching (AOS) was first observed in a landmark experjignt

demonstrating thainagnetization can be reversed by laser pulses without any applied magnetic
field in GdFeCoThe microscopic mechanism for the AOS process in GdlRe€been considered

to be a helicityindependent heating effeethich is due to the fact that the Fe and Gd sublattices
demagnetize on very different timescdle€$2)]. This leads to a traent ferromagnetitike state
discovered in GdFeCo, which mediates the helicilependent albptical switching (HIDAOS)

[20]. HID-AQS is a singlepulse thermal switchingl8, 138]that is not limited to Gdbased
ferrimagnetic alloys but has alsodpeobserved in GHased ferrimagnetic multilayef22, 139]

and theferrimagnetic Heusler allojinoRuGa[140]. However, AOS is also found to be helieity
dependenih some materials such as ferrimagnetietimsition metal (TM) alloygl41], synthetic
ferrimagnets[19], and ferromagnetic Co/Pt multilayef23]. 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 helicidependent AOS (HEAOS) [30, 32, 124] The strength and
lifetime of the inducd field pulses is still a matter of debate. When-AOS is studied in the
ultrafast time domaifi34, 141] the effective magnetic field strength due to the IFE has to be as
large as 1(0resla to achieve such a short switching time according to the theoretical simulations.
A minimal IFE lifetime of 0.15 ps was estimated for Cd8®] while longer durations of several
picoseconds after the laser pulse excitation have also been rgfi@@ed42144] Furthermore,

the IFE response has been found to be strongly material dependent, and the interlayer exchange
interactions and spiarbit coupling are considered to play an important role inA{ID5 of
magneic multilayers[24]. An optical spintransfer torque was also suggested to play a role n HD
AOS of ferromagnetic thin films with a Pt capping laj2%]. Other mechanisms put forward to
account for HBAOS include the lasenduced heating26, 27] magnetic circular dichroism
(MCD) [28, 29] and optical selection ru[83].
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Delay time

Short delay \

Long delay IVIl

Figure4.1 Doublepump scheme and its implementation. (a) A magnetic domain image of the
Pt/Col/Pt triplelayer sample under laser illumination from the substrate side. The magnetization is
initially saturated along the perpendicular direction of the sample plariedaise 0 " state (red
arrows). The area exposed under the laser is switched to the opposite direction labélfed as
state (blue arrow). (b) The magnetization of the exposed area as a function of time wthiskial
excitation. The first linearly polazed (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 mayurot occ

(yellow curve).

Heating and helicity effects are entangiediD-AOS using circularly polarized laser pulses, and

the individual contribution cannot be distinguished by using just one circularly polarized pump
beam. Furthermore, as the HAIDS has beereported as a mulpulse effec{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 -ADS switching processes cannot be

obtained from a conveonal timeresolved measurement with a single pump bEzgn 28, 34,
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144]. In this work,we havedeveloped a dualpumping scheme combined with a magraptical
microscopic detection to investigate HADS in a Pt/Co/Pt tripldayer sample, as shown
schematically in Figd4.1(a), to identify individual contributions from heating aralicity effects,
and distinguish the time dependence between them.

This novel duapumping 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 pulsewidth of two pump pulses is the same as 150 fs. The transiehepted state of the
electronspin system, on which the second CP pump pulse is to impinge, can be tuned by
controlling the power of the firdtP pump pulse as well as the precise time de&ween the two
pulses, as indicated in Fig.1(b). We have found that HBOS 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 tatio; between HPAOS 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. Theéhpeged transient demagnetized state is found

to be a keyactor for realizing HDAOS.

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 a 5 nm
Ta buffer layer. The film was deposited on a Corning gabstrate with thickness of 0.13 mm at
room temperature hyirect curren{DC) magnetron sputtering. The base pressure of the sputtering
system was better than 4 x¥®a. The Ar pressure during growth was 0.5 Pa. The sputtering rate
with a DC current o0 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. diffisrised in the

MOKE hysteresis loop shown in Fig2. Here Fig4.2(a) is measured by the MOKE image system
used in the AOS experiments and F@(b) is measured by the vibratisgmple magnetometer

(VSM). Both loops prove that the sample hagedl-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 imagensysd (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 taghtting diode provides a

465 nm light to the system. Lens 1 plays the role of light collector, whel@plerture is on its

backif ocus plane. The | atter not only adjusts th
direction to the sample. Since lenses 1 and 2 are conjugated, the light becomes parallel light after
lens 2. Lens 3 and the objedilens 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-guaiping measurements, the pulse wag sto

two pulsesThe first pump pulse was Il inearly pol ari
electron/spin systems. The secondhppulse was circularly polarized (CP), delayed with respect

to thefirstL P pul se, and used to switch thedl@ampl eod:
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 measuredl s B8diameter using a CCD beam

profiler, which gives a laser fluence ¢y o p i A | at averge laser power opt7 .

The sample was mounted on a motorizeaki® 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
0" state. When the sample was exposethéodualpump beams, the stage was scanned over a
30011 distance at a velocity of 19i ¥Q equivalent to 100 pulses per evepy | illuminated

path on the sample from each pump beam. After laser excitation, the magnetic domain state was
recorded as a MOKIEnage via a widdield MagneteOptical Kerr (MOKE) microscope. The
sample was then mmagnetized to the " 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

Figure4.3 A magneteoptical Kerr microscopwas coupled to the HRIOKE laser system. The
450 nm lightemitting diode (LED) served as a light source for the Kerr microscope. The reflected

imaging beam was directed towards the chamgleddevice (CCD) camera by a polarizing

beam splitter. Asthe ampl eds substrate is glass, the | ase

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 wavelemgtisplit 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 oneawafplate, which ensures

the power homogeneous of the laspot. Then the two pump beams were madénear by a
nonpolarizing beamsplitter cube before being focused onto the Pt/Co/Pt triple layer from the
substrate side. The quarisrave pl at e was set just before the
circulally 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 T v angle. Therefore, after they went through the quavave plae 6 s f ast axi s, o]
circularly polarized and the other was kept linearly polarized. The temporal overlapping of two
pump pulses was determined by monitoring interference between them in -sesivhed
reflectivity measurement using a GaAs sampleeHie fringes in the reflectivity signal, as shown

in Fig.4.4(a), are the crossorrelation of two pulsesccurring when they are overlapping in time
domain. The duration of the fringes is approximately 300 femtoseconds, which indicates a 150
femtosecads 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 zerdelay position. The power fluctuation induceg 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 zeralelay point as showm 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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Figure4.4 (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 tim@&ependence

Total power (uW)

b 100 120 140 160 180
064

0.43 0.51 052 0.47

0.53

(mn) 1mod gD

__ Switching ratio

Figure 4.5 HD-AOS induced by dugbump 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 fromac @0

180 * « while the vertical axis gives the power of the CPspuhcreasing from 10 w 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 120w needed for the HEAOS effect, while the red frame
highlights the images showing a clear tADS effect with the CP power as low as‘2@ 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 electrorspin system to the lattice system is mediated by thegotsomwhich takes about

1.6 ps to reach the speiectronlattice thermal equilibrium staf@04, 145, 146jvith the system

in a largely demagnetized state when the second CP pulse arrived.5&). shows each
subtracted MOKE image centered along the scanning path of thewaal beam with a field of
viewof @ i o @i . The horizontal axis shows the total power of the LP and CP pulse pairs
increasing from 10G 7 to 18017 , while the vertical as gives the power of the CP pulse
increasing from 1 7 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 peat 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 20&ml 20 @5a) hasibeen extactédmnde a ¢ h
presented in Figl.5(b). As shown in Figd.Xa), the images of the firsbw show that a random
domain state is induced when the CP beam power is only710The switching ratio of each

image on the firstow is between 43% to 64%, again indicating a radinain state as shown in
Fig.4.5b). Once the CP beam power is increased t¢ 20 and beyond, HPAOS was observed

with a total power window of 1297 (p #pi A1 )to 16017 (p ®1 A ). 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 theatumn of the 160{ 7 total power, multidomain patterns can be seen to
emerge in the center of the laser beam path. When the total power was increased 7o, 180
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{IBOtotal power, the laser

caused irreversible changes in the samplebs m
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area increases. Therefore 180 is excluded from the quoted pewwindow of HDAOS. 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 a#&0OISDAs shown

in the images framed in dashed red lime&ig. 4.5a), the laseswept area remains a uniformly
switched magnetic domain even when the power of the CP beam is reducefl#o 2ah the
samples preheated with the LP pulse. The corresponding switching ratios are all above 80% as
shown in Fig4.5b). When the CP beam power is less thaph 20 no HDAOS was observed.
Therefore, the minimum power of the CP pulse required to achievA®®is 20t 7 when the

sample is preheated. It gives a threshold laser fluence for helicity effect as low hsA77,

only 20% of the total laser fluence i A1 (120 {7 , 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 atiaésskenin HD-AOS of

the Pt/Co/Pt triple layer, where only a single magnetic lattice exists, in comparison with@®8D

in RE-FM alloy/multilayers [5,6]. When the sample is sufficiently demagnetized, circularly
polarized illumination with a power threddas low as 1.77 A [ is sufficient to achieve HD

AOS as demonstrated by the images framed in red dashed lines4rbEy. Without preheating

by a LP pulse, the CP illumination has to be about five times as intense in order to trigger HD
AOS. Thisdiscovery reveals that in a singd@mpinduced HBDAOS 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 Fig4.1(b), the delay time between the LP and CP onrA{DS 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 inéreas2ad to 100t 7

with a step size of 19 7 , while the LP was decreased from 100 tot20, so that the total power

was fixed at 120 7 , which is the minimum total laser power needed forADS. The switching

ratio of HD-AOS was extracted for each MOKE ingagaptured at every delay time, quantified

via image processing using Imagéd7], and plotted as a function of timeldy inFig 4.6.The
calculation details will be discussed in the chapter 4B8¢g24.6 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 aftdre LCP power increases over1f 7 , 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 egite magnetic state.
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Figure4.6 The effect of the delay time between the LP and CP orAIS in a Pt/Co/Pt triple
layer. All figures have the same total power@f; Tt wy while Each fig shows a different CP and

LP power combination.

The MOKE images anché extracted switching ratio of two representative power combinations
are displayed in Fig.7. The interference of the two pump pulses at the-detay point induced

a multidomain state, which leads to an approximate 50% switching ratio for @we®y in Fig

4.7(c), (d) at the zerdlelay 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, aftee timitial 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 407 o® d¢ fA 1 and CP power 8Q 7 , the switching ratio drops

sharply when théme 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 id.Fg). On the other hand, for the

case of LP power 80 wx8t ¢ A1 and CP power 4Q 7 , the switching ratio stayat 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 darpsatically 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 Hg7(b), the width of the central black trace
decreased with thecreasing of the delay time while the switching rate was calculated within a
window of fixed size 2@ m1 2#rmThese two different processes are also evidenced in their
MOKE images at different time delays as presented in4=f§a) and (b), where Figt.7(a), for

the case of LP power 40 &W, s hd¥actearswstchiggn of s
at the same delay time, but with a | arger LP
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Figure4.7 HD-AOS in a Pt/Co/Pt triple layer induced by dyalmp 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 tvil@idint combinations of LP and CP powers (a)
LP40‘ w+ CP 80‘ wand (b) LP 80 w+ CP 40 w under the same total power of 120

‘@ The number next to each image indicates the delay time. The red square symbols in the lower
panels, (c) and (d), siw the corresponding switching ratio vs delay time. The horizontal red
dotted lines indicate a switching ratio of 50%e superimposed blue lines are the simulated

demagnetization curves from the LP pump excitation only, indicating the transient mdgmetiza

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

P 1t wLCP 1 1 @ where the number indicates the delay theaveen these two pumps.
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Figure 4.9 MOKE images of magnetic domain induced under the power combination of LP

T 1t wLCP @ 11« where the number indicates the delay time between these two pumps.

4.3.2 Swiching ratio and Light ellipticity

During the image processing, a rectangle of size 201 2s0r@overing 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 illumation 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 &igjQ(a), which presents a subtracted MOKEage of

three scans obtained under excitation of the same combinatibp t Tt 0 O¢ 1T @ but

with three different times interval Hbetween. These blue rectangles have the same illumination
distributions during imaging process as the corresponidisgr 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 thi¥shadlthen a

rectangle of size®s ml 260 covering the central area of

[}
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rectangle was selected. I f "Ya it pas goasidéred adnon g ht n e

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

Y Equation 4.1

Since we have done this process 3 times, we get an error bar,gitesha point in the cues

shown inthe previous figuresThe 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 speedelti@mship between the position across

the width versus the number of pulse pairs is plotted idEQb). The red line indicates the

region from which the switching ratio has been extracted. The distribution of the number of pulse

pairs does not varygnificantly within this region.

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

Number of Pulse pairs

Figure4.10 (a) The MOKE image of0 6 @1t @ O Ot 1 o at 3 delay times (0.5 ps, 1 ps, 1.5

ps. from top to bottom). The sample was initially magnetized tathedirection. 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 distributon of the number of pulse pairs across the width of the scanning thaecked

line indicates the calculated switching ratio area.

As the interference occurs in the zglelay point, we further explored the single pump light
ellipticity for the HD-AOS and results are shown in Fidll The light ellipticity is tuned by the
guarterwave plate, and the number in the left of Bid1(a) indicates the quartarav e pl at e o
angle. Heret v gives the CP light, andt Jgives the LP light. The laser power is fixed at

p ¢ {7 in this experiment. The elliptically polarized light can be regarded as a combination of
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LP and CP. In these experiments,at he LP and CP arrived at the
heating could not assist the switching due to thsitin helicity effect and the lagging heating
effect. Therefore, the switching ratio decr eec
4.11(b).
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Figure4.11 (a) Magneteoptical Kerr image of all optical switching in a@tnm)/Co(0.6 nm)/Pt
(2 nm) thin film exposed to 120 wRCP laser with different light ellipticity, which shanged
by rotating the angle of the quarvave plate as labeled on the left. (b) The corresponding AOS

switching ratio of (a).

4.4 Timeresolved MOKE scans and simulations
Atomistic spin dynamics modelling combined with a ttemperature model has been employed

to simulate the demagnetization rate and magnetization recovery after the LP pulse for both cases,
i.e.,0f 40t 7 and 80f 7 , and the results are superimposed on #witching rate curves in Fig

4.7(c) and (d), respectivel\.he atomistic simulation of the ultrafast demagnetization in this work

is provided by Vampire 5.0 packafjel8]. The energy of the system is described by the following
Hamiltonian, which includes athe energy contribution to the magnetic behavior of the system,

including the Heisenberg form of exchange:
O B 0"9?0P BTQ "X * B "9JO P Equation 4.2

Where thelJ; is the exchange interaction between the spins on sitel j, Kest is the uniaxial

anisotropy energy on sit@long the axis®U  is the atomic spin moment on the atomic site
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unitof *  and is the permeability constant. Tlrarametersdr the atomistic simulation are

obtained from the literatuj@49, 150]which has been listed in the Tadl4.

Exchange strength 6.064  1021J per link
Anisotropy 1.1  102%J per atom
Magnetic moment 1.72°

Damping coefficient 0.1

Lattice constant 2.73 A

Electron heat capacity 699 J/(nmK)
Phonon heat capacity 3.15 10°J/(m’K)
Electron phonon coupling 2.9 10 J/(nPsK)
Table4.1 Material parameters used in the atomistic simulation.

The dynamics of spin systems atetermined by the Landalifshitzi Gilbert (LLG) equation

with Langevin dynamics:

2 —— ™ 0Db _"™ "™ 0OBb Equation 4.3
where 9 is the gyromagnetic ratio andOa is

is the net magnetic field with an additional white noise term as:

0P wo g Equation 4.4

whereks is the Boltzmann constant, is the temperature of the electron systerg, is the

integration time step, and 0 is the Gaussian white noise term which representing the thermal
fluctuations on each atomic site. Then the effective fi€ldP in theLLG equation with thermal

term can be explain as:

0 b —— 0P Equation 4.5

84

t



The threetemperature model is indeed often used to explain the ultrafast demagnetization. Unlike

the 4f electrons, forthe3@l ect rons (i n our case is the Cobal
the temporal profile of spitemperature and electrdemperature after femtosecond laser
excitation is very short, about several tens to a few hundreds of femtoseconds Thig stagda

the same when we vary the power of the LP ar
comparison results. Therefore, to simplify the analysis, we consider the spin system is coupled to

the temperature profile of the electrons in the-termperatire model. The energy transfer for the
electronspin system to the lattice system is mediated by the phonons, which takes about 1.6 ps for

the spinelectronlattice 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 twotemperature mod¢151].

0 — O Y Y 00 Equation 4.6

0 — o Y Y Equation 4.7

WhereCe, C; are the electron and lattice heat capacifigsly is the temperature for electron and
lattice (phonon)Gep is the coupling constant between electron and la®@i{tgdescribes the input
laser power as a function of time and follows a Gaussian pulse with the height being proportional

to a laser fluence parametesBnd a widtho. P(t) can be explained as:

00 O 2Q 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 anddirection. The environment temperature is set at 293 K. While in
this simulation, we onl y ndtedaratidreofthethbadng puses er 6 s
is 150 fs with a gauss profile. The fluence was set corresponding to the AOS result, where we
found p ¢ 7 laser pulse was the minimum fluence to fully demagnetize the sample, and hence,

we set the first fully demagnetd fluence in the simulation gs ¢ {7 . To eliminate the thermal
fluctuations, all curves are the average of 10 times simulations with different instances of the
random number generator seed. &if2(a) and (b) show the simulation results within thstfir0

ps and 800 ps after single pump excitation with laser power varying frapy to p ¢ {7 .
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The corresponding experimental tiresolved MOKE scans are also presented imdHigc) and

(d). The simulation and the experimental data are in very goedmgntWith theincrease of the

laser fluencethe ultrafast demagnetization increases and the relaxation time also increases from
several picoseconds to nanosecond. Both the experimental and simulation results support our

explanation for doubkpump AOSresults.
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Figure4.12 Time-resolved ultrafast demagnetization excited by a single laser pump with various
laser power. (a) and (b) are simulations by-termperature model, where (a) show=bamedin

view of the first 10 ps, and (b) shows the whole 800 ps dutgttpand (dare he timeresolved
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 coupldtettemperature profile of the
electrons in the twdemperature 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 increasesrh 40t 7 to 80t 7 , which was also observed in the timesolved

MOKE measurements of the sample shown in&i® A red dotted horizontal line is drawn at

50% switching ratio (left hand y axis) in both Fg/(c) and (d). In Figt.7(c), HD-AOS occurs

when the 80t 7 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 4p7 CP pulse arrives within a time delay between 0.2 to
over 300 ps, also shaded in grey. Comparing the sample masgtagtis within these two grey

areas where HEAOS 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 fad¢toachieve HBAOS.

4.5 Timescales and contributions of théleating and helicity effects
However, the essential role of heating in 4ADS on its own cannot explain the dramatically

different timedelay dependence between the above two cases sincedhd €#tpulse 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 twtemperature model has been applied again to simulate the
demagnetization rate and magnetization recovering excited bytfetLP and CP pulses. Fig

4.13a) 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 Fi§7. Thespin flip energy barriers related to the spin temperatures are also
added and represented [y and O , respectively, where t represents the delay time. To
identify the lag between the helicity and heating effects, we show the correspdddiaigfour

time points namely when: the first pulse arrival time (1), the first demagnetization peak occurs

(6 pn b, the second pulse arrival time ( v 1} ), and when the second demagnetization peak
occurs 6 @n ). One can see that in tikase of Figh.13a) with the LP 80t 7 + CP 40t 7

pul se combinati on, at 5 ps delay ti me, the sa

corresponds to a lower energy barr@r between0 " and 0 ° states upon the arrival of the
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40 {7 CP pulse and HDAOS takes place in this case. In the case ofdElgb) with LP 40

t7 +CP80t7 pulse pair, at 5 ps delay time, the sample magnetization recovers to around 80%

of its saturation value. This corresponds to a high energy b&riebetweend " and 0 “states

upon the arrival of the 897 CP pulseandHIAOS doesné6t take places. 1
pul seés heating effect takes more than 0.3 ps:s
second peak. During the CP pulse duration, thepsd e 6s magneti zati on 1 s
of its saturation value., as marked by two short vertical dash lines id.E3gb) The only

explanation for this observation is that the onset time of the helicity effect from the CP pulse is
instant, and theuration of the helicity effect is less than 200fs which is close to the laser pulse

width of 150 fs. Even though the energy barf@r is reduced further by the heating effect of

the CP pulse itself, the helicity effect has already disappeareis atoiht, and HDAOS cannot

be triggered anymore.
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Figure4.13 Simulation of duapump 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 w+ CP 40° wand (b) LP 40° w+ CP 80‘ « Two short
vertical dashed lines (in blue) in (b) mark 0.2 ps time interval after the CP pulse excitation. The

effective energy barrier&) , 'O ), determined by the transient spin temperatures, betWeen

states and) ° states at foutime delayqt ps) are illustrated for both cases.
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We have further investigated the relationship betweerAdI3 switching ratio and laser
ellipticity using a single pump and the results are included id Bify The switching ratio was

found to decreasas the laser polarization changes from circular to linear. This is consistent
with a previous finding on lasénduced domain wall motion where wall displacement
decreases as laser polarization changes from circular to[lBd¢alFor 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 achieveADS. This could account for the fact that HD

AOS has not been observed in a widegeaof 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 Figt.12 the higher laser fluence takes a longer time to reach the highest
demagnetized state as pointed out previousl9]. With the dualpump laser pulses, we expect

that HD-AOS would occuin many other magnetic materials where the transient magnetization
states needed for the CP lighted driven-ADS 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 tiothand 0 d o mai nsé t emper
but not close to th&Y. While due to the MCD effect, the second CP pulse heats e
domai nds t e mp¥.Oaceiuswitchedtt)d doeain, it absorbs less CP photons,

and makes its temperature away fr6 However, this phenomenological mechanism should

not sensitive to the time sequence of the CP and LP pulses. As showd b4y, if the CP

pulse arrived first, it still gives a temperature differencé¥fand "Y. And then the second

LP pulse increases both domains temperature, but keeps this temperature difference. Then the
HD-AQOS still can happen. Also, in Fi§14(c), the elliptical polarized pulse can be regarded

as a mixture of CP and LP pulses, based on the MCD effect, it stiteaada temperature
difference of 0" and 0 ° domains. However, in our results, thert @0 0 ¢ 11 06 O

(LP arrived first) gives the same AOS ratio as the 12 CP pulse, but if they arrived at the

same time (elliptical polarized pulse) the switchmatio is lower than the former. While the

AOS is not observed if CP pulse arrived earlier than LP pulse. Moreover, in our double pump
experiments (especially the m Tt LP + ¢ 1 @ CP), the temperature difference between
these two domains is much stealthan using a single ¢ T w CP pump, while these two
experiments give a nearly same switching ratio. Of course, this superficial explanation ignores

the spin heat capacitp() changes with the ¥%)pAlso, MCP st e md s
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introdued to explain lasenduced domain wall motion, which may also suitable to explain
our resultd34]. Finally, we would like to emphasize that to fully explain our results based on

MCD mechanism, several nmeffects should take into consideration.

M a M b M 'y

T

Figure4.14 The HD-AOS model based on the MCD mechanism to explain our experimental
results. (a) The LP pulse arrived first, and then the CP pulses. (b) Thels&Parrived first,

and then the LP pulse. (c) Using elliptical polarized pulse.

IFE effect could also explain our results, just like the dasatsted magnetic recording
mechanism. However, the origin of the IFE is much more complex. The standard li€Ednd
magnetization in a plasma is given by the expressior ro o 'O06 and its
direction is parallel to the axis of propagation of the wave and its sign depends on the chirality
of the wavd122]. The duration of the IFE field is still under debate. According tcetipisation,

| FE fieldds duration i s t hEHoweva,nreall ansderrt h e
measurements of the wultrafast | aseroés | FE,
time to stabilize, anthereforeseveral later papers discussed th& equation is not suitable

for the ultrafast laser and the duration is longer than laser gla@&s124] Here, just like the
previous IFE paper discuss¢80], 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

t

indicates that HFAOS only depends on the spin systen

temperature is much sl ower than t hgeratar@i n
increased, the IFE field could switch the spin. But as we indicated in Fig &, tgrft @

GUut 1t wandd Or t @ 6 OP 11 @ their demagnetization will reach the same after about

1 ps. But the former switched. To explain this diffeeenee suggest that the AOS happens
when the CP pulses arrived at the sampled the duration of the IFE field has the same
timescale of pulse duratidhthe IFE field duration is longer than 1 ps, and thet @ CP

pulse will provide a stronger IFE fagland 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 puAlOKE has done, but
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we still did not observe a magnetic switchindpwever, arecent reporin the arXiv, see ref.
[153] tried the duapbump HDAOS, by using a longer duration CP pulse (up to Zps)
successfully reduced the pulse number required faAdL3. This is consistent with our results,
as we mentioned, the helicity effect only exists close to the laser pulsedufdteir results
also suggest that by decreasing the magnetization and increasifageheulse duration

(hel i city e)HDAOS dosld be achieveédiatsingle pulse pair.

4.6 Conclusions
In this chaptenve have applied dugdulse laser extation to identify the contribution and time

dependence of the heating and helicity effects orA4LS in a Pt/Co/Pt triple layer. We have
shown that prdneating plays an essential role in DS. The laser power required for HD

AOS via the helicity effeatvas 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 helicignduced 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 heligiigpendent albpticalmagnetization switching. At the

same time, the unique LP/CP dyaimp scheme makes the manipulation of DS feasible,

which provides a promising way for achieving DS in a wide range of material systems.
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Chapter 5 Tuning the power rangein helicity-
dependent altoptical switching

5.1 Introduction

As a candidate for the negeneration information storage technique, the energy efficiency and
switching accurey of AOS areessentialssues The Gd based materials have achieved single
shot AOS, showing an incredible energy efficiency. For example, it was reported bydtalieu

al. that single pulse AOS was observed in Pt/Co/Gd stacks with a remarkable low threshold
fluence of p& & W & [22], which is more than 10 times less than the-ADS in
Pt/Co/Pt stackf23, 34] Based on the mechanism of singlet AOS in GdFeCo, Yargs al.

found picosecond current pulse also can switch the magnetic direction in a GdFeCo cell with
only 4 fJ[18]. Although the HDAOS is still a multipulse switching with a much higher
threslold fluence, the rarearth element Gd isnessentiaior HD-AOS materials. And iming
rareearthelementss laborious anagnvironment unfriendly work, hence, it is important to
study the HBAOS without Gd. In this chapter, we have further studied A5 from two
aspects, experiments and first prineipalculation, to explore the approaches to tune the AOS
power ranges and switching ratios. The samples used are the typieADHDmaterials:
Pt/Co/Pt stacks as in the previous chapter, but with differesmidPCo thicknesses. The HD

AOS power window and switching ratio have been studied in all of these samples. We have
also calculateda similar sample structure by DFT, and the calculation results provide
information about magnetic moment distribution anich-gpbit coupling energy in each atom

layer.

5.2 Methodology

5.2.1 Experimental part

Here we studied the HBOS power window and its switching ratio in two selésamples.

All of them have the same layer structure: Glass/Ta (5 nm)Hh(n)/Co/ (Eo nm)/Pt (bt nm).

The first serieof 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 Z'hese samples were deposited

on Corning glass withthickness of 0.13 nm at room temperature IG/bagnetron sputtering

from separate Co, Pt, Ta targets. The base pressure of the sputtering system was better than

T p 1 0 @and the working Ar pressure wa® 0 @The sputteringate with a DC current

of 40 mA was 0.41, 0.84, and 0.48fi for Ta, Pt, and Co, respectively. The first 5 nm Ta
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buffer layer was employed to improtlee smoothness of the substi@®], the Pt/Co interface
smoothness and the (111) orientation, thereby emmganthe perpendicular magnetic
anisotropy (PMA) of the Co layefor all the samples studied in this chaptevehthe
perpendicular mgnetic anisotropy confirmed by both the MOKE image measurement and

VSM measurementhe top Pt layer protexthe sample from oxidation.

The experimental setp is the same as we used in chaptdihé. laser used in all experiments
hasa central wavelengit 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' state, and the black part of the image is the

state. Then the laser scan from left to right with the velocitp af G6fi and the acceleration

is p T G . After that, the first raw image imageOl wtken. Then the sample was
magnetized to thé " state, and the second raw image02 was taken. To improve the image
contrast and eliminate nanagnetic signal, we did the subtraction of image0O1 and image02,
and then wemultiplied the subtracted image bygain 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 Firstprincipal s calculation
First-principles planavave calculations are widely used to predict and explaieldetronic

and magnetic properties. In this section, the numerical pl@ve calculations were performed

by using he Vienna Ab initio Simulation Packa@éASP) [154-156] at Viking-University of

York Research computing clusteBtructure optimization is always the first step thé
calculation, which gives rise @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. El@dtreelaxation 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, inup calculation it is set EDIFF s 11 . And the ionic
iterationds convergence is dependent on t he
relaxation steps. The parametiat specifies the global break condition for the structure
optimization is the EDIFG, in our calculation it is set EDIFF =p 1t . The generalized
gradient approximation (GGA) exchangerrelation potential using PerdeBurke-Ernzerhof

(PBE) functional157, 158]is used for all calculations in this section. And the structues us
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periodic boundary conditions. The kine&nergy cutoff of 500 eV is set foné planewave
basis set. The calculated valence configurations far€8d’4s’ and for Niare3dP4s® and for
Feare3d4s’and Ptare5d°6s'. Fig 5.1 (a) shows the structure we investigated, and this figure
is plotted by the VESTA softwaif@59]. Two Co layers are placed on the body centre cubic

(BCC)
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structure has 15 layers with 13 layers of Pt. In the®isistent ptential and totaénergy
calculationsthey have been performed wittkanesh of p ¢ X p. A lattice mismatch is

existed in both experimental measurements and calculatsotie radius of Co atom is much

smaller than Pt{To simulatethe experimental resis| we set the-axis as free and fix theg, b-
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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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Figure5.1 (a) The front view of the calculated Co/Pt multilayer structure. 2 Co layers (Blue

balls)areplaced on the top of (111) surface of 13 layers of Pt (Silver balls) with a BCC structure.
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After the first structure optimization step, the structuit the lowest system ergy is used

for calculating magnetic propertiel this step,the spinorbit couplingis involved in the
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calculation, which will also turn off the collinear calculation and all symmetry. As@pin
coupling changes the electron density, old wave fanstifrom step 1 are not read, but we
recalculated the electron density frahe beginningwith the parameter ISTART = @00
energy bands are included in the calculataong the partial occupancies orbitals are using the
Fermi smearing with a width of thr@mearing in 0.01 eV. As we discussed in the previous
section, all the magnetic interactions are very sensitive to the elatécinon distance, and
hence, the GGA+U (or LDA+U) parameters play
calculation. HbbardU correction is adopted to diminish the error, and the parameter GGA+U
determined Hubbard 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 lsiméngt
the effective orsite exchange interactioremdit is fixed at 0.8 eV for Co, 0.78 eV for Fe, 0.82
eV for Ni and 0.5 eV for Pt.

5.3HD-AOS Results
5.3.1 Experimental part

RCP

LP

LCP

e RCP
e 160 uW
LP

LCP

Figure5.2 Magneteoptical response in zero applied magnetic field of Glass/Ta (5nm)/Pt (2

nm)/Co (0.6 nm)/Pt (2 nngamples 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.thatthe RCP laser switches the bladK state to the white

0" statein contrast to the LCP laser. While the LP laser, it induces a multidomainistate.

easy to get lower limit power of HBOS about the HPAOS laser power windovBut for the

upper limit power of HRAOS, the situation is more complicatéa mostof the case, although

HD-AOS was observed, we noticed that when we use a magnetic field very close to the
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sampl ebdbs coer ci vi t yalwaysislewedinthealieanexposed td thentesdr.i o n
Further increase of the laser fluence results in afggnt coercivityincreaseeven 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-ADS. Therefore, the uppémit power of HD-AOS

is the laser power that does nbainge the coercivity of laser scanned area.

RCP

b200 uw R € 220 i B 540 W

LP

LCP

| RCP

& P

| Lcp

Figure 5.3 Magneteoptical response in zero applied magnetic field of Glass/Ta (5nnd)/Pt (
nm)/Co (06 nm)/Pt 6 nm) samples to various laser povaed different laser polarization

The HD-AOS laser power range for different Pt thickresshows a significant diffence as

shown in Fig 5.4 (a)With the Pt thickness incraag, the HDAOS power increases, which is

due to the Pt | ayerodés high reflectiotmband I
nm Pt layer is the highest in all the samples. The las@nged area shows two clear boundaries,

as shown in Fid.3, and between these boundaries, the switching ratio is very close to 100%.
But when the Pt | ayersodo thickness increases
Also, the laser power fdiD-AQOS is very high, which is not energy efficten
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Figure 5.4 Magneteoptical 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 widdwhe switching ratiand

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 tigst 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-AOS was observed for Co thickness

of 1.4 and 1.6 nm. Fig 5.5 shows the magogitical response of 1.4 nm Co sample to various
laser pover. No difference was observed for different laser polarizatiop gttt and

¢ MTwas seen in Fig 5.5 (a) and (b), LCP, LP and RCP all induce a multidomain state
without any differencesNo helicity dependent difference was observed until the la®eep

up to o m't@ In Fig 5.5 (c), the LCP laser switches the wHité state to the black °

state same as the previous results. However, the RCP laser scanned area is not uniform, the
outer boundaries were switched to the black state, but the irer is a multidomain state.

And when we usga magnetic field to remagnetise the sample, we found that these areas cannot

be switched with the magnetic field up to th

Oe), while the samplebdbs original homenbres esi s
due to the fact that the | aserdés heating ef
Since the Co/Pt multilayer structure i s not

Co and Pt atoms enough energy to reach this statk,asthe CoPg alloy state, which has a
hysteresis of over 1000 Q&63]. Finally, one could expect that the HEDS 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 | asero6és heating

effect will demagnetize it again. And therefore, the4ADS power window was narrowed.

300 uW PD

Figure 5.5 Magneteoptical response of Glass/Ta (5 nm)/Pt (2 nm)/Co (1.4 nm)/Pt (2 nm)
samples to various laser polaripahn  and power . (a), (b) The | as
bottom isRCP, LPandLCP. And no HBAOS is observed fahelaser power of (ap ¢ T w

(b) ¢ Mm@ (c) o T wWLCP and RCP (from top to bottom) are used. The laser scanned area
showsadi f f erence for LCP and RCP at this | ase
hysteresis has permanently increased.

5.3.2DFT part

Forabetter understandingf the experimental results, the figtincipal calculation in the same
structure was dan Inmost systems, the DFT calculation gereliable 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 O6righto r es ué¢judgment ofenetal/indulator tp after wrang The lvandgap

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 highas occupi ed orbitals come f Sopwhydantensi t i o
LDA and GGA calculatioa not dealwith the d and f electrons? Firstly, we shall discuss the
localized versus itinerant electroi®nce we are considering the distance betwibe electron

and the nucles we should separate the tinmelependent Schrdinger equation:

=0 > @O» » O » Equation 5.1
into two parts, the radial part and the angular part, respectively. We rewrite the electron

momentum operatOkmm ‘Q in spherical polar coordinates

o)

e~ o]
— 2 — — —i Q&e—

— Equation 5.2

98



Here, the firsterm on the right side is the radial part, while the rest othe terms is the
angular partr) . Corresponding to the classical mechanics, the angular momeny part

4 ji . And L is the angular moment operatim, quantum mechanics, it has the following

eigenvalue of
4 aa po Equation 5.3

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

spherical polar coordinates:
e » YRl O —Fbo Equation 5.4

Here, n is the principal quantum numbdrjs the angular quantum number, amdis the
magnetic quantum numbefh en t he r adi al part of the Schr

given by:

o] . \ o o}
——Y5l Wl

Yii OY ;i Equation 5.5

We know that the coulomb potential provided by the atomic nucleusa megative sign, and
it is related to the distance of the electron. Close to the nucleus, it has @eaufoinbpotential:

Wi — Equation 5.6
While in the outmost shell, due to other el
positive core electron, therefore:

Wi — Equation 5.7

The Coulomb potential has a complex form in the intermediate region, but it always pulls back
the electronOn the contrary, alsis equato or greater than zero (for s orbi, 1T, for p orbit,

a p; fordorbit,a ¢; and f orbit, & o ), 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 chdbeerelative position of two electrons
plays a key role in magnetissnd due to this competitive mechanism, the perfect balance of
localization and itinerant gives 3d and 4f electrons special magnetic propeniteir

electronelectron interactonimuc h hi gher than other orbités
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Chapter 2.3, the energy induced by the el ect
1~2 eV. While th&Coulomb interaction between nuclear and electron is about 5 eV. Therefore,
the ekctronelectron interaction for 3d electrons is nonnegligible. Unfortunately, the electron
electron interaction is the weak part of DFT calculation. And the exchaorgelation used by

the DFT to calculate electreglectron repulsion is developed on tlasils of the singlparticle
approximation, which approximately treats two spaired 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 wel géthh d and f electrons, the electron pair must be
separated into two particles with spin up and spin down, called-sipeh calculation.
Moreover, the sphpolarized d and f electrons has a sgin repulsion with inner electrons.

Again, the intercharggcorrelation 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.

0.055 - — o

0.050 |-

0.045 |
S 0.040 |
o

80035 |
172

|
W 0,030 a_ /
8

0.025 - —

L A
0.020 N

0.015 | -

0.010
0

GGA+U (V)

0.770

o765
J o760
{0755 5
A
Q
Jo7s0 Q
w
Jo745 &
o740
H{o73s

0.730
6

Co Orbit moment (ug)

o
o

o
'S

o
w

o
[

o

GGA+U (eV)

0.10

0.08

0.06

0.04

0.02

0.00

Pt Orbit moment (ug)

Figure5.6 The Co and Pt ato@m (a) spintorbit energyand (b) orbit momenas a function of
Here the | abel Ptl indicates the
Co 0 s estleedeft yaxs isrfoe @oraedshie rigRtgxislisa y e r .

HubbardU correction
indicates the
for Pt.

To sole this problem, the Hubbard U correction was propd4éd], which is derived from

the locatdensity band theory, that provides an excellent agreement with correlated electron
guantum chemistry calculatiof$65]. The 3d el ectronds | ocalized
plays an important rolen the spirorbit coupling, while the localization and delocalization are
determined by the Hubbard U
from 1 to 5 eV, while this parameter for Ptisunchangedd Fi g 5. 6

correction. Il n

shows t he
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spinorbit energy and orbit moment as a function of the Hubbard U correttisnobvious

that the Pt layer enhances the helicity effedtjch is also confirmed by both theoretical
calculation and experimental measuremg2is 166] From the firstprincipal studywe know

t hat t he Potbit muplngn(@& ssocs 0.78neV) is nearly two orders of magnitude
greater t han -orihteoufling (Easoo=D602 e¥)p Asnve discussed the IFE

in chapter 2.5.3, spiarbit coupling plays a key role in the IRan scatter IFE model. During

the spin flipping process, the angular momentum of the electron system was mainly transferred
to the lattice, mediated by the syorbit coupling.According to the calculation results, the Pt
atom strengthens its nearest Ganals spirorbit coupling. The interface Co's spinbit energy

is about 30% higher than the inner Co atofitse tendency igvidencet hat wi th Cod

el ectronsd | ocal i-arlattenemynand atbt merers exgease,iwhilg itss pi n
nearestPAt o mé-er bpt nenergy. The orbit moment of P
Cobs 3d electron, and it i s neahelsgcondmeardstange d

Pt layer's spirorbit energy and orbit moment have no change, indicatinghtbdt enhancing

the Co's spirorbit coupling is a shomange effect that only affects the interface atoms
Compared tdhe experimental result, the thicker Pt layer provides a higher switching ratio.
Therefore, we suggest that although theREanterfca e ef f ect coul d -i ncr ea
orbit coupling, it does not increase the helicity effecthi@Co layer. But the Pt layer itself

increases the optical spinr ansf er tor que. M o-orl@t couming,isndt he i n
strengthened, but as wee from Fig 5.4 (bgthicker Co layer does not decrease the switching

ratio. This conclusion is consistent with the previous magnetic dynamic Et6dy, as they

found the IFE was ggoximately the same in Fe, Ni and Co, but adding a Pt layer could

enhance the IFE.
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Figure5.7 The magnetic distribution of Pt layers. Since the periodic boundary condition is used,
the magnetic distribution shows symmetry in thaxis. RKKY induced antiferromagnetic

coupling is shown in layer 4, 5 and 9, 10.

RKKY interactionis introduced brieflyhere It was first suggested by Ruderman and Kittel in
1954 that a nuclear spin can induce a spin polarization in the surrounding electf®n].sea
The Hamiltonian of this systeoould be expressed as:

0 ¢d1i Y{ov Equation5.8
The free electrons as plane waves normalized to a volume

Mo M—_'Q ° Equation 5.9

The electron kinetic energy by the free electron dispersiation,

o}

0O

Equation 5.10

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

volume @ per unit energy and is given by
00 —6&™Q ——ca VO Equation 5.1
If we denote the electron density per unit volume as
u -, 00QO0 — — Equation 5.12

The RKKY exchange coefficient J(R)
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0'Y Equation 5.13
At large R takes a simple form:

VN Equation 5.14

o}

As t he RKKY coupling is related to the el ectr
the GGA+U parameter will affect theshgth 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, Riaisamagneticbutthe nearest

Pt layers (layer 1 and 13) are magnetized by Co layers which has a magnetic moment of about
0.28° . The second and third nearest Pt |l ayers
Then the fourth and fifth layers ha@enegative magnetic nment. 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. Herite AFM state is more stable in the ground

state. However, the AFM coupling istnabserved experimentally in most Co/Pt multilayers
[168-170]. One of reason that the antiferromatgmeoupling in the Co/Pt multilayer is related

to the layer repeat times. As shown in Fig 5-8)(d. W. Knepper and F.Y. Yang found that

the antiferromagnetic coupling is not observed forétv 70 6p pv with N= 5 and 8

[171]. But when the repeat times increase to 12, the AFM coupling induced sulleops
obseved. And thenthe 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 theexperimental results.
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Figure5.8 (a) to (d)Room temperature hysteresis loops 6féT@& &€ & 70 60 . (e) to (h)

Room temperature hysteresis loops ob ¢T@ & G 70 opd & &  multilayers[171].

To figure out theelationship between the interlayer antiferromagnetic coupling and the Co/Pt
struct ur e pasingie eepeataPt/Co/Ptisandwich structure with varies Co |layass
calculated. This structure has 13 Pt layers on the side of the Co layevasideation of the
periodic boundary, a vacuum 80 v between thestructureand the cell constraint at te

axis are set to eliminate the layer interactieig. 5.9 shows the magnetic moment distribution

in the Pt layers. It is clear that the antiferromagnetiupling exists even in the single repeat
structure, and more Pt layersviean opposite magnetic direction. However, the situation is
slightly differentfrom the previous infinite repeat structure. The distance between the Pt layer
with opposite magnatidirection and the Co layer is much longer timethe previous condition.
Also, all structures with Co layers from 2 to 6 have the antiferromagnetic coupling. Therefore,
we confirmed thatthe interlayer antiferromagnetic coupling not related to the Co/Pt
structur eds r ¥gmeantetat. demanstratedthat the thdgietization reversal

in a Pt/Co/Pt stack can be induced Isiregle femtosecond laser pulséhichoccurs back and
forth with subsequent laser pulses and it is helicidependent[172]. Although they
contributed this phenomenon to thige of the switched spot is comparable to the size of the
intrinsic magnetic domins 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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mayberelated to the interlayer antiferromagnetic coupling induceithdRKKY effect in the
Pt/Co/Pt structure.

Figure5.9 Pt/Co/Pt single stack structure and the magnetic distribution in the Pt layers. gihetima

moment othe Coatomis 2.054 * , which is 10 times larger than the Pt.

5.5 Conclusion
In this chapter, two series samples are usedviestigaethe HDAOS6s power windo

switching ratio All samples were grown by magnetron sputtering system with the same growth
condition and the same structure of Glass/Ta/Pt/Co/PtABBS is observed for the Co
thickness between 0.6 to 1.2 nm and its pow
thic k ness. The switching ratio is also relate
switching ratio is observed for the sample with 5 nm Pt layer. The DFT calculationagives

crucial explanation to the experimental results. Moreover, a surprisinglayeer
antiferromagnetic coupling is found in the Co/Pt multilayer system, which is due to the RKKY
coupling. The strength of RKKY coupling 1is

localization and itineration, which is described by th#bard U corection
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