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Abstract

Time Resolved Optical Studies of Spin and Quasiparticle Dynamics in Ferromagnetic Thin
Films and Superconductors
by
Yu Gong
Adviser: Professor Yuhang Ren

This thesis presents the studies of spin and quasiparticle dynamics in ferromagnetic
thin films and iron based superconductors by ferromagnetic resonance (FMR) and
time-resolved pump-probe optical techniques.

First, the FMR spectroscopies were applied to study the spin dynamics both in
frequency and time domains for the epitaxially grown Fe/GaAs thin films and
FeCoB/Cr/FeCoB multilayer structures. In the single layer Fe/GaAs thin films, magnetization
precessions were studied to characterize the magnetic dynamical parameters. Our results
show that the magnetic crystalline anisotropy is dominative and the magnetic damping is
strongly dependent on the in-plane magnetic field orientations. In FeCoB/Cr/FeCoB
multilayer films, both the acoustic and the optical spin wave modes were identified in the
FMR spectra. We reveal that the adjacent magnetic layers in the trilayer structures are
antiferromagnetic coupled with an effective interlayer coupling constant J.; The magnetic
dynamical parameters can be accurately optimized by the interlayer coupling constant J,.

Second, we employed the time-resolved pump-probe magneto-optical Kerr effect
(MOKE) spectroscopy to study the spin dynamics in the Fe/GaAs thin films at picosecond

time scale. The time-resolved MOKE results were combined with static magnetic hysteresis
iv



loops at various time delays to understand the ultrafast demagnetization dynamics. The
ultrafast demagnetization process is faster than the time required for the electron-phonon
equilibration and therefore the spin-orbital coupling has to be included with the conventional
electron thermalization model to understand our results. Moreover, we show that the ultrafast
magnetization excitation and reorientation can be coherently controlled by varying the
polarization of the pump beam. The magnetization excitation and reorientation are attributed
to the laser induced effective magnetic field in the sample.

Third, the quasiparticle relaxation dynamics were studied in -electron-doped
BaFe; 9Nip1As, and BaFe; gsCog 15As; superconductors by time-resolved pump-probe optical
spectroscopy. Two distinct relaxation components observed in the transient reflectivity
spectra are attributed to the quasiparticle recombination in the superconducting state and
quasiparticle relaxations from the higher excited band due to the multiband excitation. The
results show the multi-gap characteristic in BaFe;oNig;As; and BaFe; gsCog15As2
superconductors. Moreover, the estimated electron-phonon coupling constant and the
Coulomb pseudopotential indicate that the electron-phonon interaction is not large enough to
induce the SC transition. A spin mediated pairing mechanism is necessary to understand the

SC phase transition in the iron based superconductors.
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Chapter 1 Introduction

The spin and quasiparticle dynamics in the materials triggers tremendous studies in
the field of solid state physics for both the fundamental research and industrial application
purposes. For example, investigations on the spin dynamics such as spin-orbital coupling,
magnetic anisotropies and magnetic damping are essential to understand the spin correlations
in magnetic films and nanostructures and therefore to improve the performance of magnetic
devices. In this thesis, the spin and quasiparticle dynamics are discussed in magnetic thin
films and iron based superconductors. For magnetic thin films, we use the results from
ferromagnetic resonance experiments to reveal important dynamical magnetic properties. As
an addition, we demonstrate ultrafast manipulation of magnetization by using the
time-resolved pump-probe MOKE spectroscopy. Further, we present intriguing quasiparticle
relaxation dynamics and discuss the paring mechanism in the recently discovered iron based

superconductors.

1.1 Spin dynamics in soft magnetic thin films

Soft magnetic materials have attracted a lot of attention through recent years because
of their potential applications in spintronics, magnetic sensors and microwave devices [1-5].
Among these, layered film structures such as exchange biased bilayers, have been studied
extensively. The strong magnetic coupling between the ferromagnetic (FM) and
antiferromagnetic (AFM) layers creates effective anisotropy as well as exchange bias in the

ferromagnetic layer [6-9]. For example, Grimsditch ef al. showed a large magnetic anisotropy



was induced in the Co film by an antiferromagnetic FeF’, substrate even well above its Neel
temperature [13]. The result was explained by interactions of the ferromagnet with locally
ordered regions within the antiferromagnet. Zhou ef al. further revealed a large coercivity and
a strong surface anisotropy field in Co-Ni/FeMn bilayers [10]. The local field is induced by
ferromagnetic layer and determines the spin structure of antiferromagnetic layer. Compared
with the bilayer structures, the hybrid sandwich FM/AFM/FM structures have shown unique
advantages [11]. First, the sandwiched films have a higher effective magnetization resulting
in a higher flux conduction capability and show excellent magnetic softness with a uniaxial
anisotropy field and a low coercivity [11, 12]. Second, the magnetic behaviors of the
FM/AFM/FM structures are influenced by the thickness of FM and AFM layers, crystalline
phase growth conditions and strain between these juxtaposed crystalline layers. The relevant
magnetic parameters include magnetic ordering temperature, magnetic anisotropy, magnetic
axis, and magnetic coupling of magnetic layers through a non-magnetic or an AFM layer
[13-16]. Moreover, they are the essential component required to build blocks of the so-called
spin valves, which usually generate the giant magnetoresistance and other interesting
magnetic properties [17-19].

The interlayer interactions between FM layers and between FM and AFM layers seem
to be critical for controlling the magnetic properties in multilayer structures. In the case of
rather thin (from several to tens of angstroms) interlayers; this interaction brings about the
magnetic ordering [20]. Ferromagnetic or antiferromagnetic ordering of the neighboring
ferromagnetic layers can be tuned by changing the thickness of the interlayer. For example,

Planckaert et al. discussed the static magnetic ordering affected by the interlayer coupling in



Fe/FeSi/Fe trilayer [21]. Heinrich et al. showed that a long-range dynamic interaction is
communicated by non-equilibrium spin currents in the Fe/Cu/Fe structure and the magnetic
coupling between the Fe layers changes from FM to AFM as Cu interlayer thickness
increases from several to tens of monolayers [22, 23]. The interlayer interactions also affect
the dynamical performance of the multilayer structure [12, 24, 25]. Although much progress
has been made in the past few years, there are still some fundamental problems regarding the
underlying physics of magnetic interactions, exchange couplings, and magnetization
relaxations. In particular, little is known about the dynamic magnetic properties of
FM/AFM/FM structures, such as magnetic anisotropies, interlayer coupling, and the
mechanism of magnetization damping, which are of great importance to assess the
technological potential of these materials. Because of the high resistivity and relatively high
saturation magnetization it can reach, the FeCoB alloys are desired for ultrahigh frequency
devices such as future write heads and wireless inductors [26]. It is fundamentally important
to investigate the magnetic dynamical properties of FM/AFM/FM sandwich structures based
on FeCoB.

In this thesis, we present our investigations on the magnetic dynamic properties
including magnetic anisotropies, spin wave modes, interlayer coupling, and magnetization
damping of single layer iron thin films and multilayer FeCoB/Cr/FeCoB thin films. We
answered some key questions raised from our experiments such as: How does the magnetic
crystalline anisotropy affect the magnetization precession in ultra-thin magnetic films? How
are the behaviors of the magnetization precessions different in single layer structures? What

is the dependence of anisotropy field distribution on thicknesses of spacing AFM layers in



soft magnetic FeCoB/Cr/FeCoB trilayer structures?

1.2 Ultrafast magnetization dynamics in magnetic thin films

Understanding of magnetism in the picosecond to sub-picosecond time scales
becomes more and more important, due to demands on higher speed magnetic information
storage devices and magnetic sensors [27-30]. Many groups have attempted to employ
ultrafast laser pulses as a new means to control switching of magnetization at picoseconds (or
less) [31-34]. In 2009, Rasing and his coworkers [35] realized a 30 ps inverse-Faraday
writing in GdysFegs5C09 5, where the magnetization switching occurs non-thermally without
involving the spin reorientation or precession. Ultrafast magnetization dynamics in metallic
films are more complex than those in ferromagnetic semiconductors. The magnetization
reduction in metallic materials is usually mixed with the thermal effect caused by the strong
absorption of pump laser pulses in ferromagnetic layers due to the weak spin orbital
interactions. It has been a long challenge to find an effective non-thermal way to excite and
control the magnetization reduction and therefore the coherent motion of its vector.
Time-resolved pump-probe MOKE spectroscopy has been practically used in the studies of
ultrafast laser-induced magnetization dynamics. Two pulse trains are employed in this
technique, one is used as the pump beam, which triggers the magnetization dynamics, another
is used as the probe beam, which detects the pump induced magnetization changes [36].
Analysis of the polarization of the probe beam after its interaction with the medium at various
time delays between pump and probe pulses allows one to study the ultrafast laser-induced

magnetization dynamics. The depictions of pump pulses on magnetic materials can be



classified into thermal and non-thermal mechanisms. Thermal effects are usually described as
follows: pump pulses deposit energy into the electron and phonon systems and magnetization
change is due to the internal thermal equilibration processes [31]. Non-thermal effects
include two possible schemes: 1) photons are absorbed via various electronic states that have
a direct influence on magnetic parameters (e.g. magneto-crystalline anisotropies, spin-orbital
coupling etc.) [37, 38]. 2) Circularly polarized laser pulses act as a magnetic field to reverse
magnetization in a collinear M-H geometry [39]. The laser beam works as a short magnetic
field pulse along the direction of the incident beam [35, 40].

In this thesis, the ultrafast magnetization dynamics were discussed in iron thin film by
using the time-resolved pump-probe MOKE spectroscopy. Important questions are discussed
including: What is the origin of the magnetization dynamics induced by the laser pulses on
picosecond time scale? Are there any alternative mechanisms for ultrafast demagnetization in

the femtosecond time scale?

1.3 Quasiparticle relaxation dynamics in Fe based superconductors

High temperature superconductivity discovered in iron pnictides has been the subject
of attention due to their high superconducting (SC) transition temperature (as high as 56 K)
and new possibilities to investigate unconventional superconducting mechanisms [41-45].
These new superconductors show some similar features with cuprates, such as
anti-ferromagnetic (AF) parent compounds, doping induced superconductivity, and their
layered crystal structure. However, they demonstrate unconventional s-wave band gap

symmetry in SC characteristics [46, 47] and the existence of multi-gap superconducting gaps



[46]. (Ba,K)FeAs; was the first superconductor found in the 122 series (oxygen-free system);
its superconducting transition temperature, 7¢, can be as high as 38 K [48]. Its parent
compound BaFe,As, shows a first-order structural phase transition from tetragonal to
orthorhombic with the simultaneous onset of long-range AF order around 140 K [49]. The
presence of static AF ordering in the parent compounds and the remarkable similar doping
dependent phase diagram to that of the high 7¢ copper oxides suggests that local AF
fluctuations may also play an important role in the superconductivity of these materials.
Indeed, recent neutron scattering measurements on spin fluctuations of powder samples of
superconducting Bay Ky +Fe»As; (Tc= 38 K) and crystalline samples of CeFeAsOy.s4F.16 (Tc
=41 K) identified a clear evidence from the resonant-like magnetic peaks below T¢ at i ~
14 meV and 7w ~18.7 meV, respectively [50-54]. It is important to investigate the interplay
between spin fluctuations and superconductivity in iron pnictides because spin fluctuations
may indeed mediate electron pairing for superconductivity. Time-resolved pump-probe
optical spectroscopic techniques are ideal to study quasiparticle (QP) dynamics involving SC
gaps, spin fluctuations, and other ordering parameters [55-59], which are extremely important
in establishing the microscopic picture of superconductivity in iron pnictides. Femtosecond
pump-probe spectroscopy has been proven to be a superior tool to discriminate coexisting or
competing phases such as the pseudogap phase [60], the suppression of superconductivity by
antiferromagnetic phase [61], and the competition between spin density wave (SDW) and the
precursor superconductivity phase [62]. In the SC states, SC gaps open in the QP density of
states. In time-resolved pump-probe optical experiments, coherent pump photons break

Cooper pairs and excite QPs into energy states far above the SC gaps. The subsequent



relaxation processes, recombination of the photo-excited carriers back into the
superconducting condensate, are detected by probe pulses. Dynamic information on the
low-lying electronic/spin states of superconductors can be obtained, when the QP relaxation
and recombination are studied on a picosecond time scale as a function of temperature,
polarization, and magnetic field.

In our research, the time-resolved pump-probe optical spectroscopy was employed to
study the QP relaxation dynamics in the electron-doped superconducting single crystal,
BaFe; ¢Nij 1As; (BFNA) and BaFe; s5Coy.154s; (BFCA). The mechanism of the quasiparticle
relaxations observed in the transient reflectivity results were investigated based on the
estimated quasiparticle energy gaps. The electron-phonon interaction contribution in the SC

transition is discussed according to the theory described in Chapter 2.

1.4 Scope of the dissertation

Chapter 1 gives an introduction and motivations of our investigations on the spin
dynamics in the soft magnetic thin films, the ultrafast magnetization dynamics in the single
layer and multilayer ferromagnetic metallic thin films and the QP relaxation mechanism in
the iron based superconductors.

Chapter 2 introduces the theoretical models of spin dynamics in the soft magnetic
single layer and trilayer structures, the ultrafast magnetization dynamics in the ferromagnetic
metallic thin films and the QP relaxations in the superconductors. The content of this chapter
provides us the theoretical support for analyzing the experimental data in the following

chapters.



Chapter 3 shows the samples geometry, laser systems and characterizations, and
time-resolved pump-probe optical spectroscopy used in our experiments. Detailed
descriptions of principles and setups are discussed for ferromagnetic resonance and
time-resolved pump-probe optical spectroscopy.

Chapter 4 presents investigation on the magnetic dynamic properties of single layer
iron thin film and multilayer FeCoB/Cr/FeCoB thin films by using time-resolved pump-probe
MOKE optical spectroscopy and ferromagnetic resonance techniques. In single layer
structures, the coherent spin precession trajectories were utilized to study the magnetic
anisotropies and damping in the time domain. In trilayer structures, the spin wave model
considering the interlayer coupling developed in chapter 2 is employed to understand the
different spin wave modes observed in the ferromagnetic resonance spectra. The influence of
the interlayer coupling on the magnetic dynamical parameters is discussed in the
FeCoB/Cr/FeCoB samples with various thicknesses of the spacer layer.

Chapter 5 presents our study on the non-thermal manipulation of magnetization in
Fe/GaAs thin films by time-resolved pump-probe MOKE optical spectroscopy. The
coherently control of the magnetization excitation and reorientation were explored by varying
the polarization of the pump.

Chapter 6 presents our investigations on ultrafast demagnetization in iron thin films
by femtosecond laser pulses. The temporal evolution of the magnetic hysteresis loops was
combined with time-resolved pump-probe MOKE to investigate the ultrafast demagnetization
in iron thin film. The demagnetization dynamics is discussed according to the electron

thermalization and spin-coupling mechanisms.



Chapter 7 presents our studies on the quasiparticle relaxation dynamics in
electron-doped BFNA and BFCA superconductors over a wide range of temperature. The
mechanism of the distinct quasiparticle relaxations is discussed according to Kabanov’s
model by considering the phonon scatterings. The paring mechanism of the quasiparticles in
the iron based superconductor is discussed based on the calculated electron-phonon coupling
constant and the pseudo coulomb potential.

Chapter 8 gives a summary of studies in this thesis.



Chapter 2 Theory of magnetization
dynamics and quasiparticle relaxation
dynamics

2.1 Magnetization precessional dynamics in magnetic thin films

Energy

Fermi surface

Density of state

Fig. 2.1 Stoner model of magnetism. Spin up and spin down electrons take up different
density of states, the unequal of the occupation causes the magnetism.

Magnetism is the phenomenon of the collective electron spins in the material. As
described in simple Stoner model (Fig. 2.1), the spin up and spin down electron bands in the
magnetic materials spontaneously split. If spin up or spin down electrons take up more
density of states, there will be net spin which leads to magnetism.

In quantum mechanics, the time dependent spin dynamics can be described as:

ih=8 = [S,3€]. @.1)

in which # is the Hamiltonian of spin, §. When considering the interaction induced by the
applied magnetic field H, the Hamiltonian is expressed as

H = -"2ES H. (2.2)

in which y p is the Bohr magneton while g is the gyromagnetic factor for a free electron. For
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example, the Z-component of the commutator in Eq. 2.1 can be expanded as:
Sz H] = — 202 [S,, S Hy + SyHy + S,H,| = — 222 ([S,, S, ]H, + [S,, Sy1H,).  (2.3)
Commutation relation of the spin operators yields:
[Si, Sj] = ihe; Sk (2.4)
Hence, equation 2.3 can be written as:
(S, H1 = —inogup(HySy — HySy). (2.5)
Therefore, the other components can be expressed as:
[Sx, #] = —inogus(HyS, — H,S,), (2.6)
Sy, 3] = —inogus (H,Sx — HS,). 2.7)
Combing the Eq. 2.5, 2.6 and 2.7, we can write Eq. 2.1 as:
%s = —puey(HXS), (2.8)
in which y = gug/h is the gyromagnetic ratio.
In magnetic materials, the magnetization vector is the summation of the magnetic
moments of net electron spins. The relation between magnetization, M, magnetic moments, g,
and spin, S, can be expressed as:

M=) u,

U =—yhsS. @2)

Therefore, the motion of magnetization under external magnetic field can be

expressed as:

dM

?=—ﬂ07(M><H)- (2.10)

In magnetic materials, however, the applied magnetic field is not the only source which

induces torque to the spin; therefore, / is substituted by the effective field, H.; which
11



includes external magnetic field, magneto-crystalline anisotropy, magnetic shape anisotropy
exchange field, etc. After this modification, we obtain the famous Landau-Lifshitz (LL)

equation:

dM

WZ—J/(MXHW)- @.11)

The term —y(M xH eff) acts as the torque on the magnetization vector. A consequence of
this equation is, under disturbance or absorption of energy, if the magnetization vector is not
well aligned with the effective field orientation, it will do precessional motion around the

vector Hey.

H

Fig. 2.2 Magnetization precession and damping. The spiral trajectory stands for the
magnetization vector precession and relaxation to the effective magnetic field direction.

In the experiments, the magnetization eventually aligns with the effective field as
shown in Fig. 2.2. This experimentally observable fact demands the introduction of a

dissipation term into the LL equation. Gilbert initially induced the damping term,

12



1(deﬂj
M dt

By adding the damping term to Eq. (2.11), the equation of motion is expressed as the

so-called Landau-Lifshitz-Gilbert (LLG) equation [63-65]:

dM a dM
?:_y(MXHeﬁ')JrH(MX?) (2.12)

where o is the Gilbert damping constant. The ferromagnetic damping is the energy dissipation
process through which precessional (in Gigahertz) magnetization motion comes to an end.
Understanding and controlling ultrafast magnetization dynamics is crucial to the spintronic
devices’ performance.

In magnetic recording devices, the magnetic multilayer structures are more favorable
compared to single layer structures due to the tunability of magnetic properties by the

interlayer couplings.

Fig. 2.3 Geometry of sample setup. The ¢ is defined according to the in-plane easy axis. The
0 is the angle between magnetization vector and the normal of the sample plane. ¢y and 6y
are the in-plane and out-of-plane angle of applied magnetic field, respectively.
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In order to understand the distribution of the magnetic dynamical parameters, we
introduce the free energy of the trilayer system with two FM layers as:

2
F=> [—d[Ml.H (sin 0.sin6,, cos(@, — ¢, )+cosb cosb, ) +
i=1
~d,(2zM? ~K' )sin’ 6, ~d K| sin’ 6, cos” ¢, |+ (2.13)

-J.

e [$I0 6, SN 6, COS( @, — @, )+ c0s b, cos b, |.

where d; is the thickness and M; is the magnetization of each FM layer. H is the applied
magnetic field. 8, 0 ¢, and @y, show the orientation of the magnetization and magnetic
field in different FM layers with respect the normal of the sample plane and in-plane easy
axis respectively as shown in Fig. 2.3. K1 and K| are the out-of-plane uniaxial and in-plane
uniaxial anisotropy constant. The Ji,. term is included in the free energy formula which
describes the interlayer coupling between the FM layers. The dispersion relation of spin wave
resonances is calculated by applying the equation of resonance frequency of the form [66]:
av*+bow’+c=0 _ (2.14)

where

d!M}sin® 6, d:M: sin’ 6,

a =

2 2
: : ' (2.15)
d>M?2sin? 0 M2 sin® 0
b= (F;(Pl - F‘gl‘gl Ff/’]‘/’l )% + (ng(l’z - F¢92«92 F(Pz% )* +
j 1
* 2(F01<p2 Fﬁ2(p] —F% FWZ) 14, M M, SIn o, Sin o,
" ' (2.16)
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C=Fyo B+ Fp Foy + Fyy Fpp = Foo Foo Foy = Fp Fog Fog, +

B FBi‘ﬂZFelel Fsolcol - FH?%FHZHZF(M B Fﬁiol Fﬁzﬁz Ff/’z‘/’z o F93¢1F9191 Frﬂzfpz +

+ F9191F¢1¢2F9292F¢2¢z + 2F916'1F¢>1¢2F92¢>1F6’2¢2 + 2F01¢1F€1¢2F¢1¢2F9292 +

+ 2F9,92F9,¢2F¢,¢1F92¢2 + 2]79192]79@]117:92(/,1]7(/,2(/,2 — 2F9]92F¢1¢2F9]¢2F92¢] +

~2F,, F,, (FyoF,, +Fy, Fy, | 017

In Eq. (2.17) and (2.17), the free energy terms are differentiated two times with
respect to 6 and ¢. The y stands for gyromagnetic ratio that is ~ 1.835x10""Hz/T in our
experiment. There are two solutions In Eq. (2.14) which are(a)i )2 =(—bi\/b2 —4ac)/ 2a,
corresponding to the in-phase and the out-of-phase processions frequency (o' and ") of M;
and M in the two neighboring FM layers. The precessions are named as acoustic mode and

optical mode [67] of the magnetic trilayer structure as shown in Fig. 2.4.

In phase precession Out of phase precession

Fig. 2.4 in phase and out of phase precession of the magnetization vector M in the
ferromagnetic (FM)/non-magnetic (NM)/ferromagnetic (FM) layered structure.

The frequencies of the acoustic mode related to the in-plane and out-of-plane

resonance fields are written as:

\2
2 | = H;—ﬁCOS2(p x H§+4ﬂM—2L+ﬁsin2(p
y M M M

(2.18)
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4 2
[a; ] = (H,‘; cos(6, —0)—(4zM - 2]‘[/{; )Coszer(H; cos(6, —0)—(4zM —ZZML)COSZ 6’—%)
(2.19)
while the equations of the in-plane and out-of-plane resonance fields for the optical mode are
written as:

o . 2K ] 2K, 2K, .

(7) :[HR— M// cos2(p—J¢[,jx(HR+47rM—7i+ M// sz(P_JWJ
(2.20)

N2
(a;j :(H}; cos (6, —0)—(4zM — 2]‘[/{; )cos 219—Jqﬁ)x(H;’ cos(6, —0)—(4zM —%)COSZ 6- 2]5” —Jeﬁ)

2.21)

The above equations were applied to fit the dependence of the observed mode
frequencies upon the strength and orientation of the static field. We extract the values of the

anisotropy, exchange bias and exchange coupling constants for multilayer FM materials.

2.2 Ultrafast optical detection of spin dynamics in magnetic thin films

In the time-resolved pump-probe MOKE technique, two steps need to be considered
to detect the spin dynamics. The first step is the generation of the coherent spin precession by
pump pulses and the second step is the scattering of probe pulses due to the generated spin

precesions and relaxations.
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Fig. 2.5 The geometry of the time-resolved pump-probe MOKE experiments. The applied
magnetic field is along x-direction. The magnetization vector precesses in the y-z plane. The
pump beam incidents normal to the sample plane.

The pump-probe geometry is in so called Voigt scheme as shown in Fig. 2.5. The
pump beam is nearly perpendicularly incident to the sample plane. The external magnetic
field is applied along the x-direction. Under the pump laser excitation, the magnetization
vector precesses in the y-z plane. The magnetization precession induces the polarization
change in the probe beam.

In our detection scheme, the coherent scattering field is associated with a slow

varying modulation of the refractive index [68]:

L/2
Sn(t) =27y, / Lny) j_m m_(z,0)dz = 27y, / n)(m.). (2.22)
0
where ng is the refractive index, y, = aaX—M, and y(is the linear susceptibility. There are

three preconditions for Eq. (2.22): 1) L'ng/c << 2m/Q where L is the layer thickness, Q is the
spin precession frequency. 2) The light penetration depth (~100 nm) is >> L. 3) Multiple
reflections can be ignored. These preconditions are well satisfied in the materials we
investigated and our experiments.

In a ferromagnetic system, the Hamiltonian of the spin system can be written as:
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H= —JZ; S, Sy —8Hy .S, H,—egu,GEg xE|-S,. (2.23)
Js J
where the first term represent the spin-spin interaction, the second term is the Zeeman energy,
the third term stands for the interaction between the optical field and a single spin in a cubic
system [69]. The coefficient G describes the efficiency of spin-orbital and electric-dipole
couplings. The Es and E; are the electric field of the incident and scattered laser beam.
The polarization change of the reflected probe beam is measured by a balanced

detector. The magnetic susceptibility for a cubic system is written as [69]:

4 —iGm, iGm,
7' (M)=| iGm 4 —-iGm,_ |. (2.24)

z X

—iGm, iGm, X
After the excitation by the pump beam, the evolutions of spin component in y- and
z-direction are written asm (t)=C-m (z)cos(Qt), m.(1)=C-m,(z)sin(Q¢) where ¢ is the time
delay between the pump and probe pulses. The change in the susceptibility due to coherent

spin precession is:

Ah (M 0 —iGCm_sin Q¢ iGCm, cos U
57 )= LM svp | iGom. sinu 0 0
oM :
—iGCm , €OS Qr 0 0

(2.25)

The polarization induced by the response of each spin precession to the probe pulse (£ || y) is:

A

P=6y"(M)E (r,t) =—iGm_(z,1)- E(z)e ¥ e, . (2.26)
The scattered radiation interferes with the reflected probe pulses. By considering the fact that
spin precession frequency is much lower than the laser frequency (~ 375 THz for an 800 nm

laser). The total electric field satisfies the Maxwell equations:

GZE n(z : 622: 82;5 62 . —ior . —ior
PR (cz) . Har :ﬂy(—szz(z,l}E(z)e Q’e)_)=z,quz(z)QzE(z)e Ye .
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(2.27)

- A ,
Assume that £ =e ™ E\’(z)e, represents a general solution of the homogeneous wave

equation:

62E _ I’l(Z)2 62E -0. (228)

oz’ ¢t o

where n(z) = 1 for z > /2 (in the vacuum), n(z) = n for z < //2. The z-dependent part can be

solved to be:

—igz igz
EY(z)=e ¢ +rec (z>12),

nQ

EQ(z)=te < (z<If2). (2.29)

where r and ¢ are the reflectivity and transmittivity coefficients for the electric field. The
time-independent perturbation method is applied to calculate the scattered field. The total

field with the contribution from the scattering of the induced polarization is

[ 0]

E'=e™™Ea(z)= e_iQ[(Eg)) (z)éy +> C,EY (z)éxj . (2.30)

Substituting the above expression into Eq. (2.27) yields:
o*  n(z)* &

(af 2 aﬂJZCwE;‘”(z)e"“‘éwamz(z)QzEg")(z)e"”é- (2.31)
z c ~

where C, is the perturbation coefficient. By neglecting the small terms, the Eq. (2.31) is

simplified:

2
C

ZC[H[_ n’(2)e’ . ,12(22)92 JE;O) (2) = iuGm, (H)QPEL (2) - (2.32)
¢

[0

Using the normalizing condition:
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[ (DE ()EY (2)dz = (0 - ). (2.33)

2
probe

Multiplying both sides of Eq. (2.31) by J.a’zn2 (2)E.\"(z) yields:

. C‘2 1 ' * ' ' [ '

o= G0 | e | (L o (S (2
A 2

Ea(z)=EQ(z)e,+ EV(2)Y inGQ* —

n’(z)

( 21 2jjnz(z‘)E;(.O)(z')mz(z')Eg(zo)(z‘)dz'éx,(2.34)
Q —-w

Forz>0,

0 0
—i—z +i—

Ea(2) = B () +it G E, 3| © s | [ (2D EL (2 )m. (2 E (e .
© -

(2.35)

The single pole at 2= @' is considered as the other pole £2=— @' is not physical meaningful.
For z > 0, 2= w—il", including the decay term /7, should be used in order to satisfy
causality. In addition, only the term that travels in the positive z-direction needs to be

retained.

Q

Eo (z2)=EY (z)e,+E,, uGQc* 2mre e I n*(2VEL" (zm_ (z)ES (z')dz'e. .

prob

(2.36)

0
where the integral is over the thin film and the field is EY’(z) =te "¢ which yields:

Q Q

—z i—z |N igz A
Ea(z)=E,,, (e ¢ trec jey+Epmbe/1GQc2 2rrt’n’e ¢ Imz(z Ydz'ex .

(2.37)
The second term in the above expression is the coherent scattered field. The polarizations of
the reflected (with a reflection coefficient ) and scattered probe are rotated by 45° using a

half wave-plate. The balance-detected signal yields:
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= 21*2E2p,,0b€,uGQc2 272'12}’12ij (z,t)dz = 4zr't’n’ 2pmbe,uGQc2J.mz (z)dz

(2.38)

The results prove the magnetic origin of the time-resolved pump-probe MOKE signal which
is directly related to the temporal change of magnetization in the sample. The mechanism
described in this section is fundamental to our studies of ultrafast magnetization dynamics

bytime-resolved laser spectroscopy.

2.3 Ultrafast demagnetization dynamics

Under laser excitation, the interactions between electron and spin, lattice and spin are
crucial to understand the ultrafast demagnetization dynamics. In 2005, a model that explains
the ultrafast equilibration of magnetic order in ferromagnetic metals was developed [70]. The
model is based on the Hamiltonian incorporated with Elliot-Yafet type of spin-flip scattering
[71] in which the electrons interact with impurities or phonons. The spin-orbit interactions
dominate scattering processes and transfer the angular momentum between the electrons and

lattice. The Hamiltonian is expressed as:

H=H,+H +H,+H,,
/’L' Ns

H, = iZZ:ZCZC,{.(SH +5;). (2.39)
N T%5

in which H, and H; are the Hamiltonians for electron and spin systems respectively, H,. is the
Coulomb term. Hy; is the spin-flip term. c,j' and ¢, are the creation and annihilation of the &

state electrons. s; + and s;. stand for the flip-up or -down of the spin j. 4 is the concentration
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of the impurity. From the Hamiltonian, the rate of the spin change after the photo excitation

can be obtained which is expressed as:

. _GFTIT) *

(2.40)

in which the constant is Cy = 1/4 when demagnetization process is much slower than that of
electron-phonon equilibrium and Cy = 1/8 in the reverse case. F(7/T.) is a dimensionless
factor which depends on the ratio between 7" and 7c. Dr is density of states of the spinless
electrons.

Most recently, Koopmans et al, [72] developed a microscopic three temperature
model (M3TM), which treat the spin excitations with a mean-field Weiss model. Based on the

model, three coupled differential equations are derived:

dT,
C,[T,]—*
71—

=V.(&V.T)+g,(T,-T)),

e e

dT,
p dt :gep(]-;_Tp)7

T
4m _ R =2 (1= mcoth(" e
dt T

(2.41)

)-

c e

where V, is the differentiation along z direction(perpendicular to the film surface), k is the
electronic thermal conductivity, the electron and phonon temperature 7, and 7, are all z
dependent. The model successfully explained the wultrafast laser pulse induced
demagnetization in both the magnetic materials with magnetization contributed from the
3d4sp electron bands and the 5d6sp electron bands. The obtained demagnetization time 7,
agrees well with the experimental results. However, there still needs studies which consider
more electronic band structure and spin excitation spectrum.

In addition to the electron thermalization model, the spin-orbital coupling mechanism
22



which describes the laser induced ultrafast demagnetization through the interaction between
the orbital momentum and spin momentum also attracts a lot of attentions [73-75]. The
Hamiltonian under the Heisenberg model with the spin-orbital coupling can be expressed as

[75]:

H==3J;(R)S;-S;+ > AR)L:S, 242)
i i

where the first term is the exchange interactions between spins with Jj; as exchange coupling
constant. The second term represents the spin-orbital coupling. R;; is a position vector. MR)),
S; and L; is the spin-orbital coupling constant, spin and orbital operators at position R;,

respectively. The ultrafast laser pulses induce an additional term, H; to the Hamiltonian:

e
H =—) P-A(¢).
, ch" (¢) (2.43)

in which e and c are the electron charge and the speed of light, respectively, m stands for the
electron mass, p represents the electron momentum operator while 4(?) is the time-dependent
vector potential of the laser field. With the laser pulse and the spin-orbital coupling effect, the

time-dependent orbital momentum can be expressed as:

23



dL,, :—[L H_ +HI=AR)L.S, —LS,)

dt ix soc i iz 1y iz

+i[p,-sz ()= p,A. )],

dL

hW:_[LlyaH +H]] ﬂ’(R )(sz iz zz lx)
e

1P A ()= p A D),
aL, :—[LZZ,H +HI= A(R)(L,S, - L,S,)

iy~ix ix™ iy

dt
e
+ [ply x(t) plx y(t)]
mc
(2.44)
in which H,,, is the second term in Eq. 2.42. The three differential equations show that under
each of the polarization orientation, the laser manipulates two components of orbital
momentum. Because of the entanglement of spin components and orbital momentum, an
orbital momentum change along one direction must consequently change the spin
components along other directions. The spin-orbital coupling model is utilized to discuss the
temporal variation of the hysteresis loop and ultrafast demagnetization mechanism in our

experiments.

2.4 Quasiparticle relaxation dynamics in FeAs based superconductors

The time-resolved pump-probe experiments have been applied to the traditional high
temperature superconductors [76-78]. It has been found that the amplitude and relaxation
time of the transient photo-induced reflectivity or transmission is strongly related to the
superconducting gap in the photo-excited quasiparticle density of states. Kabanov et al [79],

discussed the quasiparticle relaxation in the YBa,Cu3O7.5 superconductor. The approximate
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distribution functions of non-equilibrium phonon: Ny, and quasiparticle ( /. ) take the form

[80]:
I
o <2A
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in which @, is the phonon frequency, ¢ is the quasiparticle energy, 7 is the lattice temperature
and 7" is the temperature of quasiparticle. 4 is the quasiparticle energy gap. Considering the
number of the photo-excited quasiparticles is much less than that of the quasiparticles under 7
and ny = 2N(0)kgTexp(— A /kgT) (N(0) is the density of states at Fermi level), the

number of the photo-excited quasiparticles is written as:

n, = > E /A . (2.46)
1+ —————exp[-A/k,T]
N(0)rQ,

in which v is the effective number of phonon modes per unit cell participating in the
relaxation, Q. stands for the phonon frequency cut off, E; represents the absorbed laser

energy density per unit cell. If 4 is temperature dependent, then

TA (T)kBT

ny = 2N(0) > exp(—A(T)/kgT) [81]. The number of the photo-excited

quasiparticles should be modified as:

. E, | (A(T)+k,T /2 . 2.47)

pe
12 2K,T =AY/ K, T]
N(0)hQ, \| 7A(T)

The reflectivity change and transmittance change signal in the pump-probe measurement are
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all proportional to this quantity.

Moreover, the relaxation rate of the photo-excited quasiparticles is determined by the
energy transfer from high frequency phonons (Aw > 2 A) to relatively low frequency
phonons (hw < 2 A). By considering the phonon-phonon scattering [82], the kinetic equation

for the energy can be written as:

Z ha)qlph—ph {na)}’
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OF.
o

Iphfph {nw} = 27[2 ‘W‘quz

q91-92

2 |2l(n, +Dn,n,, —n, (n, +1)(n,+D]o(@0-0 -o,)
H(n, + D)1, + Dy —n,n,, (1, +D]6(0, -0 - ) .

(2.48)

in which W, 4, is the coupling constant and n,, represents the phonon distribution function. In

Debye approximation, the phonon density of states is p(w) = 3vw?/Q3. The total phonon
energy that satisfies hw < 2 A is written as:

8vk,TA’

oy (2.49)

2A
E = jo n,p(w)hwdo =

The kinetic equation for the energy, after considering the condition that A < AQ Ctakes the

form:
3 3
8Vk3A3 O 8w | | era-mat, (2.50)
(nQ2)) ot 3 (nQ,)
which is further simplified as:
oT  9mv*wk,T'NT
or _9mvwk,"AT) o _py (2.51)

ot (hQ,)
Therefore, the reciprocal of the relaxation rate is written as:

1 9wk, T'A(T)
—= b . (2.52)
T (hQ,)

26



2,,2,,2
Under low temperature kT << hw, the Raman phonon linewidth I’ w = m% is applied
4h
c
into the expression of the relaxation rate which takes the form:
1_ 12Tk, T A(T). (2.53)

2
T ho

The kpT” under low temperature (7< T¢) can be estimated by n,., —ny =E;/A(0) and

consideringny = 2N (0) A (0)exp[— A (T)/kgT. The relaxation rate of quasiparticles under

the temperature 0 < 7'< T, is written as:

1 12" A(T)’
¢ haIn{l/[E, | 2N(0)A(0) +exp(~A(T)/ k,T )]}

(2.54)

The electron-phonon coupling is important to understand the superconducting
mechanism. Under the illumination of laser pulses, electrons are first pumped from the
ground states to the excited states. After that, the excited electrons relax via the relaxation
energy to the lattice and spin system. In the electron bath, the electron-electron thermalization
time can be expressed as 7... ~ hEf/2mE? [83] in which the E is the carrier energy obtained
from the Fermi energy, E. The time scale of this electron-electron thermalization is usually in
several femtoseconds scale. Because this time scale is much shorter than our laser pulse
duration (~ 100 fs), it is reasonable to think the electron-electron thermalization as
instantaneous. In this case, we can define the temperature of the illuminated electron system
as T.. Usually, the heat capacity of the electron is much small than that of the lattice, the
electron temperature can reach thousand degrees higher than the lattice under the
illumination.

The energy dissipated via the electron-phonon interaction has been studied by the
model which applied the thermal distribution functions fx and ng to the system of electron

and phonons [84]. The time dependence of the distribution functions is expressed as:
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in which & and Q are the wave vectors of electrons and phonons, respectively, N, represents
the number of unit cells in the sample, the Mj; stands for the electron-phonon matrix
elements. If the electron mean free path is too short to match the optical skin depth, the rate of

the electron temperature change can be expressed as a simple form in the model:

oT
a: :7T(];_T5)’

(2.56)
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Yr= 7k,T, 1_12<w2>k§];T6 Tl

in which 1 < @™ >=2 fooo[azF (2)/Q]Q™dQ. a? is the electron-phonon coupling strength
while F(Q) is the phonon density states. Based on Eq. (2.56) we can extract the
electron-phonon coupling constant. The electron-phonon coupling constant is an important
factor in the investigation of superconductivity, since the superconducting transition is
ascribed to the electron-lattice correlation at low temperature.

The equations in this section were utilized to analyze our temperature dependent
transient reflectivity results of Fe-based superconductor, from which the important
parameters such as photo-excited quasiparticle gaps and electron-phonon coupling constant
etc. can be extracted. The obtained quasiparticle gaps helped us understand the quasiparticle

excitation and relaxation mechanism. The extracted electron-phonon coupling constant
28



suggests that the electron-phonon interaction is not strong enough to induce the SC transition.
A non-electron-phonon mediated quasiparticle pairing mechanism was included in Fe based

superconductor.
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Chapter 3 Experimental Techniques

In this chapter, we present some details of samples and experimental setups we
employed for investigating dynamical electron, phonon and spin properties of ferromagnetic

thin films and iron based superconductors.

3.1 Samples

Our experimental results are based on three different kinds of samples including
multilayer FeCoB/Cr/FeCoB thin films, epitaxially grown Fe/GaAs thin films and

electron-doped superconductor BaFe; 9Nij ;As, and BaFe; 3sCoy 15As, single crystals.

3.1.1 Multilayer FeCoB/Cr/FeCoB thin films

COFEB SOA Sample Cr (A)
<
= CoFeB 50A 405A 4
&
[—]
™ 409A 10
413A 20
415A 30
417A 40

Fig. 3.1 Sample geometry of multilayer FeCoB/Cr/FeCoB thin films. Ten periods of soft
magnetic FeCoB/Cr/FeCoB sandwich layers and one 50 A Cu seed layer were grown on the
glass substrate. A series samples with Cr layer thickness varied from 4 to 40 angstroms were
investigated in our experiments.

The structure of multilayer FeCoB/Cr/FeCoB samples applied in our experiments is

shown in Fig. 3.1. Ten periods of trilayers composed of FeCoB/Cr/FeCoB were deposited on
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Cu/Glass substrate and coated with Al,O; layer by dc magnetron sputtering with base
pressure in the order of 10” Torr. The composition ratio of Co:Fe:B is 2:2:1. In order to
investigate how the interlayer coupling affects the magnetic dynamical properties, the
thickness of the FM layers was fixed at 50 A. We varied the thickness of Cr layer from 4 A to
40 A. During the deposition procedure, a uniaxial anisotropy field was introduced by
applying magnetic field annealing. The sample preparation and characterization were carried

out at Prof. N. X. Sun’s lab at the Northeastern University.

3.1.2 Epitaxially grown Fe/GaAs thin films

[001]

[010] /

Fe 10 nm
n*GaAs 15 nm
n-GaAs 100 nm

GaAs buffer 300 nm
GaAs substrate

Fig. 3.2 Geometry of the single crystalline Fe/GaAs thin film. 10 nm iron thin film were
epitaxially grown on the GaAs substrate. The [001] crystal axis are perpendicular to the
sample plane.

In order to study the ultrafast manipulation of magnetization by femtosecond laser
pulses in soft magnetic thin films, 10 nm Fe thin films were grown on the GaAs substrate by
low temperature molecular beam epitaxy (MBE) technique. Two vacuum chambers were
used to grow the GaAs buffer layer and the Fe film separately. Two chambers were connected

by an ultrahigh vacuum preparation chamber. A reflection high-energy electron diffraction
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(RHEED) detector was employed to in-vivo monitor the surface reconstruction. GaAs (300
nm) /n-GaAs(100 nm) /n'-GaAs (15 nm) buffer layers were first grown on the
oxide-desorbed GaAs [001] semi-insulating substrates at 560 °C in the growth chamber I.
After cooling down to room temperature, the substrates were transferred to the growth
chamber II through the preparation chamber under ultrahigh vacuum condition. Then the Fe
thin film was deposited on top of it with the temperature below 50 °C. The epitaxial
relationship of Fe thin film and GaAs substrate was confirmed by the RHEED patterns along
different crystal axis orientations. The magnetization exhibits a hard axis out-of-plane along
[001] crystal axis, and uniaxial in-plane anisotropy superimposed on a four-fold cubic
anisotropy [85-89]. The samples were prepared by Professor Xinhui Zhang and Professor
Jianhua Zhao’s groups at the State Key Laboratory for Superlattices and Microstructures,

Institute of Semiconductors, Chinese Academy of Sciences.

3.1.3 Electron-doped iron-arsenic superconductors

BaFel_oI\JiUllg?\s2

P (pQ m)

0 50 100 150 200 250 300
Temperature (K)

Fig. 3.3 In-plane resistivity of BFNA (empty boxes). The superconducting transition is
clearly identified at 20 K. The inset shows the conventional cell structure of BaFe;As.
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In order to investigate the pairing mechanisms of quasiparticles in the recent
discovered iron arsenide superconductors, single crystalline electron-doped superconductors
BaFe; oNig1As, (sizes ~ 3 X2 x (.3 mm’ ) and BaFe; g5Coq 15As, (sizes ~6 x 5 x 0.3 mm3)
were grown by self-flux method [90] in Prof. Zhuan Xu’s lab at the Physics Department of
the Zhejiang University. The actual Ni and Co concentrations were confirmed to be 0.1 and
0.15 separately by Energy Dispersive X-ray microanalysis. The ab-plane resistivity was
measured using a standard four-probe method (the result is shown in Fig. 3.3.) The
superconducting transition of BaFe; 9Nig As, single crystal, which takes place at 20 K in the
sample, is very sharp with a transition region of < 0.7 K, indicating the excellent quality of
the single crystal. The superconductivity in the iron based compound [91] is intriguing
because iron and magnetic impurities generally damage the formation of superconductivity.
The structure of parent material BaFe,As; is shown in the inset of Fig. 3.3. The magnetic
phase transition temperature of the parent compound appears at 7y ~ 140 K. It remains
metallic below the transition temperature [92], which is different from the conventional
cuprates superconductors. The superconductivity can be achieved by doping Ni and Co into
the parent compound. The close relation between the magnetic order and superconductivity in
these compounds [93] suggests that there may be a different origin of the quasiparticle
pairing mechanism existing in this kind of materials. In our study, the quasiparticle
relaxations in the time domain are investigated as a function of temperature, which helps us
to understand the quasiparticle excitation and relaxation mechanism in the BaFe; 9NigAs;

and BaFe; gsCog 15As; compound.
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3.2 Ferromagnetic resonance technique

RF source

Microwave diode

/_/

Directional coupler
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™ &

Modulation coils
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Fig. 3.4 Schematic of the conventional cavity-based FMR. The FMR measures absorption of
microwave by magnetic materials under scanning magnetic field. The strong absorption peak
is observed when the magnetization precession frequency matches with the applied
microwave frequency.

In our experiments, we applied the FMR technique to study spin wave modes,
magnetic interlayer coupling and magnetic damping in the FeCoB/Cr/FeCoB multilayer thin
films. FMR is an effect based on exciting the uniform magnetization precession in the
microwave frequency range in a resonant way, where the absorption of external microwave
energy maintains steady precessional amplitude of the magnetization vector. FMR technique
was developed in 1940s by Griffiths [94] and Kittel [95]. A static external bias field, Hp, is
applied to define the initial direction of the magnetization. The magnetization equilibrium
state is then changed by applying a weak, radio-frequency (RF) alternating magnetic field H,,
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(t) = Hy € perpendicular to the direction of Hp, where |H,s |<|Hp|. The magnetization
precesses in the effective magnetic field and the resonant absorption takes place when the
microwave frequency o equals the magnetization precession frequency w,,.

Ordinary cavity-based FMR spectrometer is a device measuring the absorbed RF
power by a magnetic sample in a microwave cavity. Fig. 3.4 shows the diagram of the
cavity-based FMR setup. For 9.7 GHz cavity operation, a RF' power is coupled into the cavity
through a small hole in the upper end wall of the cavity, which is located about halfway
between the cavity axis and the cavity wall. Microwave is absorbed by the sample and the
cavity wall. The reflected RF power is directed by a 10 dB microwave directional coupler to a
negative-type diode crystal detector for FMR signal detection. The external DC applied field
is supplied by a pair of electromagnets, where the field strength is measured by a Gauss probe.
In order to emphasize the small variations of the diode voltage due to the sample absorption,
the applied field is modulated at a frequency of 100 kHz by a pair of Helmholtz coils attached
to the pole pieces of the electromagnets. A lock-in amplifier is used to detect and amplify the
corresponding AC component of the diode voltage.

In our experiments, a Bruker EMX 200U EPR was used to measure the FMR
spectrum, which equipped with an ER4102ST universal X-band resonator, rectangular TE102
cavity. The operating frequency is at 9.74 GHz. A digital Hall field controller was
incorporated to sweep the magnetic field with a resolution of 1 mG (0.1 ¢T). The field was
produced by a water-cooled magnet with a pole diameter of 10 inches, 64 mm air gap and a
2.7 kW power supply. In the cavity-based FMR setup, a ferromagnetic sample was located in

a strong magnetic field. The applied magnetic field and the magnetic anisotropy field in the
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sample were combined as an effective field which determines the Eigenfrequencies of
magnetization precessions. If the magnetization precession frequency matches with the
applied RF frequency, the microwave will be strongly absorbed which leads to an absorption
peak in the spectrum. By varying the sample orientation in the resonant cavity which
provides in-plane angular dependent FMR spectrum, the magnetic anisotropy constants of the

sample can be extracted.

3.3 Time-resolved pump-probe optical spectroscopy

Besides microwave FMR technique, we have also used time-resolved pump- probe
optical spectroscopy to investigate magnetic anisotropies, ultrafast magnetization excitation
and quasiparticle relaxations in the magnetic single layer structure and the iron-based

superconductors.

3.3.1 Femtosecond laser systems

Fig. 3.5 532 nm CW-Nd: vanadate Laser (Millennia Pro, Spectra Physics, left) and
Ti:sapphire ooscillator system (Tsunami, Spectra Physcis, right). The broad band tunable
Ti:sapphire oscillator is pumped by the 532 nm CW-Nd: vanadate laser . The system delivers
100 fs, 800 nm laser pulses with a repetition rate 82 MHz.

The femtosecond pulsed laser system in our experiments is incorporated by the

Diode-Pumped Frequency-Doubled CW-Nd:vanadate Laser (Millennia Pro, Spectra-Physics)
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and a Broadband Tunable Ti:sapphire Oscillator (Tsunami, Spectra-Physics). The Ti:
Sapphire oscillator, based on Kerr mode locking, produces 100 fs pulses with the wavelength
centered at 800 nm. The repetition rate of the laser pulse is 82MHz. The energy per pulse is

around 1nlJ.

3.3.2 Mode-locked Ti: sapphire oscillator

The schematic diagram of the mode-locked Ti:sapphire oscillator is shown in Fig. 3.6
[96]. The focusing mirror P, directs the continuous wave from CW-Nd:vanadate Laser
through the cavity focus mirror M3 and focuses the pump beam into the Ti:sapphire rod. The
output beam is then collimated and expanded to normal size. The residual pump beam is
dumped through the second cavity focus mirror as shown in Fig. 3.6. M4 and Ms which are
cavity mirrors fold the beam and allow for a compact laser. M4 directs the cavity beam to Ms,
and then Ms directs it to Pry. Pry and Pry4 prisms together with Pr; and Pr; are adjustable
prism pairs for overall cavity dispersion balance and shortest output pulses. Mg through My
prism mirrors direct the cavity beam from M5 through the prisms and into the acoustic optical
modulator (AOM) which is driven by the electronics module to insure proper pulsing at
start-up. My is output coupler (OC), one of two cavity end mirrors. Whereas the high
reflector redirects all light back into the cavity, the output coupler allows a small percentage

to pass through as the output beam.
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Fig. 3.6 Schematic of the optics and beam path in the Tsunami oscillator.

The alignment of the laser beam is crucial to the pulsed laser generation from the
oscillator. By understanding the function of all the components in the oscillator, we optimize
the output beam quality from the oscillator in our experiments. In detail, first we tune the
dispersion prisms until the bandwidth is increased to the maximum. Then we adjust the
mirror system form M; to M to optimize the output power.

The principle to generate the 100-fs laser pulses is based on the so-called mode
locking. To understand the mode locking, it is necessary to discuss the conventional
continuous wave (CW). In a laser cavity, the oscillating wavelengths must satisfy a standing
wave condition. Some frequencies that satisfy this condition are the longitudinal modes of the
laser. The longitudinal modes operate independently. Cavity perturbations cause some modes
to stop oscillating and restart oscillating with different phases. Therefore, the laser output
contains various randomly phased modes. The electrical field which contains N in-phase

modes with equal intensity is expressed as:

iNAowt

Y 1
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where the Aw = 2mc/2L, L is the optical length of the laser cavity. The intensity of the
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combined laser mode is written as:
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Fig. 3.7 Example of mode locking principle. The laser pulse train is generated by
accumulating as many as laser modes with same phase in the cavity. The more in-phase
modes are accumulated, the shorter pulse width and higher pulse intensity can be achieved.

Fig. 3.7 shows the simple simulation base on Eq. 3.2. As the in-phase modes adding
up, the laser starts pulsing. The intensity of the pulse is proportional to N* while the pulse
width is proportional to 2/N A ®. In a mode locking laser, active mode locking is a common
approach used to obtain short optical pulses from solid state or gas lasers. A loss modulation
is applied to the laser cavity at the same frequency as the pulse reprate. It is similar to put an
optical shutter into the laser cavity: only light that arrives at the shutter at precisely the
correct time passes through and is amplified in the gain media. Thus, the longitudinal modes
with same phase will accumulate to generate the pulsed laser.

Based on the principle of generating the ultra-short laser pulses, we realized that the

adjustment of laser bandwidth are critical to the power and the pulse width of the output
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ultrafast laser pulses, which is the reason to characterize both the pulse width and the laser

bandwidth.

3.3.3 Autocorrelations of laser pulses

A A
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Fig. 3.8 Intensity autocorrelation by second-harmonic generation. The delay stage controls
the time delay between two isogenous pulses. The second harmonic generation signal can be
detected when the two isogenous pulse reach the second harmonic crystal at the same time.

We characterized the pulse width of the generated laser pulses by the intensity
autocorrelation method. The principle of the autocorrelation is to use pulses to measure its
pulse spectrum. In our setup (Fig. 3.8), we split an 800 nm laser beam into two by a beam
splitter. One of them is input to the retro-reflector on the delay stage for inducing a time delay
between two split pulses. We redirected the two split beams by the mirrors to overlap them on
a BBO crystal (special cut: 8 = 28°, ¢ = 0°). We detected a strong 400 nm SHG signal as
shown in Fig. 3.8 when two split 800 nm laser pulses overlap in time and space on the
crystal.

In SHG process, the BBO crystal absorbs two photons and generates a new photon

with the frequency twice as the absorbed one. The generated SHG electric field is written as:
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We see the SHG signal arises in between two 800 beams as shown in Fig. 3.8.
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Fig. 3.9 Intensity autocorrelation obtained in our experiment by measuring the second
harmonic generation signal as a function of time delay between the two isogenous laser
pulses. The pulse width is around 100 femtoseconds.

In addition, the intensity profile of the autocorrelation takes the form:
A(r)= f:I(t)l(t—r)dz (3.2)
where the 7 stands for the time delay between two pulses which is controlled by the delay
stage as shown in Fig 3.8. The intensity autocorrelation result in our experiments is shown in

Fig. 3.9. The pulse width is around 100 fs.

41



Intensity [a.u.]

1

1 1
780 790 800 810 820

Wavelength (nm)

Fig. 3.10 Spectrum distribution of the pulsed laser from an optical spectrum analyzer
(Newport OSM-100-VIS/NIR). In our experiments, we tune the wavelength of both the pump
an the probe beam to 800 nm and the bandwidth of laser beams were identified to be 15 nm.

In our experiments, we measured the wavelength and bandwidth of the laser pulses by
using a NEWPORT OSM-100-VIS/NIR optical spectrum analyzer (OSA) with a resolution
of 0.1 nm and a sensitivity of ~100 pW over the range 0.6 — 1.6 um. We used an optical fiber
cable to couple the laser signal into the spectrometer. The spectrum analyzer displays a power
spectrum over preset frequency scan range and monitors the change of the laser spectrum in
real time. The measured results are shown in Fig. 3.10 in which the wave length is centered at

800 nm while the bandwidth is around 15 nm.
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3.3.4 Time-resolved pump-probe optical spectroscopy setups

Probe beam

eam splitter

Fig. 3.11 Schematic diagram for the time-resolved pump-probe optical spectroscopy setups.
The reflectivity change of the probe beam is measured as a function of time delay between
pump pulse and probe pulse.

In our studies, we employed the time-resolved pump-probe optical spectroscopy to
study the quasiparticle relaxations in the iron based superconductor. The whole setup is
basically measuring the transient change of the optical reflectivity of the probe beam
reflected from the sample surface. As shown in Fig. 3.11, the time-resolved pump-probe
optical reflectivity measurements are performed with the laser operating at 800 nm. A beam
splitter splits the 800 nm pulsed laser from Ti: sapphire oscillator into a stronger pump beam
and a weaker probe beam. A mechanical chopper is applied to mark the pump beam with a
frequency at 2 KHz in order to make lock-in amplifier recognize the signal in the reflected
probe beam generated by the pump beam in the sample. The Retro-reflector provides the

variable time delay between the pump and probe pulses. Two lenses (focus length: 25cm) are
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utilized to collimate the pump and probe pulses into an overlapping region of the sample with
spot diameter ~ 0.5 mm. The sample is mounted in a cryostat for temperature dependent
measurements (down to 7 K). The typical pump beam power for our experiments is less than
20 mW, and the probe beam power is less than 4 mW.

For the detection, the probe beam reflected from the sample is sent into the ‘signal’
channel of the balance detector. In the meanwhile, another reference probe beam separated by
the second beam splitter as shown in Fig. 3.11 is input in the ‘reference’ channel of the

balance detector. The output of balance detector is intensity difference between two channels:

Isignal _Ireference-

3.3.5 Time-resolved pump-probe MOKE spectroscopy

Probe beam

cam splitter

I
' PEM

Fig. 3.12 Schematic diagram for the time-resolved pump-probe MOKE spectroscopy setups.
The polarization change of the probe beam is measured as a function of time delay between
pump pulse and probe pulse.

In our studies, we employed the time-resolved pump-probe MOKE spectroscopy to
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study the transient spin dynamics in the iron thin film. The whole setup of time-resolved
pump-probe MOKE spectroscopy is basically measuring the transient polarization change of
the probe beam reflected from the sample surface. The experimental layout of the
time-resolved pump-probe MOKE spectroscopy setup in our lab is shown in Fig. 3.11. It
differs from the time-resolved pump-probe optical spectroscopy setup in that the sample is
mounted in between two poles of the electromagnet for magnetic field dependent
measurements. The electromagnet is controlled by the computer and provides a variable
magnetic field up to 0.5 Tesla. The balance detector determines the intensity difference
between s- and p-polarization components of the reflected probe beam. By this means, we are
able to monitor the transient polarization change of the probe beam induced by the pump

beam in the iron thin film.
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Chapter 4 Magnetization dynamics in
magnetic single layer and trilayer structures

Magnetic thin films have been actively explored for applications in microwave,
spintronics and high-density magnetic recording devices [2, 4, 97]. It is extremely important
to understand and control the magnetic dynamical properties of magnetic thin films that
directly affect their performance in technological applications. In this chapter, the
magnetization dynamics in both single layer iron thin films and trilayer FeCoB/Cr/FeCoB
structures were investigated based on results from the time-resolved MOKE spectroscopy and
FMR techniques. In section 4.1, the magnetic anisotropies and control of magnetic damping
are studied in the single layer iron thin films. In section 4.2, the control of magnetic
dynamical properties by magnetic interlayer coupling in the trilayer FeCoB/Cr/FeCoB

structures is discussed according to the theory described in Chapter 2.

4.1 Magnetization dynamics in iron thin film
4.1.1 Brief theoretical description

After femtosecond laser pulse excitation, the magnetization of the film exhibits
precessional motion and then relaxes back toward equilibrium orientation. This precession is
described by the Eq. (2.11) in chapter 2, where the effective, H.y 1is derived by

differentiating the magnetic free energy [98]:

KM KWMi+M) kM K, (MM, +1/2M] +M}) ]
M’ 2M; 2M; M: '

N

E=-H,-M+27xM’ +

(4.1)

46



where K, is the uniaxial easy-plane anisotropy constant, K, is the in-plane uniaxial anisotropy
constant, K1 is the perpendicular anisotropy constant, and K, is the in-plane biaxial
anisotropy constant. The first term in Eq. (4.1) represents the Zeeman energy while the others
denote the anisotropy energies. The formula shows that the precession dynamics are heavily
dependent of the magnetic anisotropies and also rely on the applied magnetic field.

To understand the response of the magnetization precession under different magnetic
fields, the Landau-Lifshitz-Gilbert equation [99] is employed as described in Chapter 2: Hy
exerts a torque on a magnetic moment and the magnetic moment is driven into precessional
motion around the direction of the effective field. The precession is damped by exchanging
energy and angular momentum with the environment until the magnetization aligns parallel

to H,.5. We derive the dispersion relation of the magnetization Eigenfrequencies as:

H
2

o =y’ {HO cos(0 —@)+4zM ; +—* (1+sin2¢p)+ H, (sin* ¢+ cos’ (/))]

[H,cos(6—@)+H, sin2¢p+ H,, cos(49)] 4.2)

where 6 and ¢ represent the angles of the in-plane applied magnetic field and equilibrium
magnetization compared to the in-plane easy axis, 47M,y 1s the effective demagnetization
field, and H, and H), are the in-plane uniaxial and cubic anisotropic fields. When the applied
magnetic field is not aligned with the magnetization vector, the equilibrium magnetization
vector angle, ¢, has to be calculated by minimizing the free energy of the magnetization

system[98]:
E=-HM_-cos(d—o)

+H, M, [cos4 @+sin* (o] /4—H M, [cosgpsingp+l/2(cos2 @+sin’ (p)] /2. “3)

The equilibrium position of magnetization is always in-plane and given by [98]:
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H, sin(d — @) —%sin 4o + I;“ cos2¢p =0. (4.4)

In our studies, the time-resolved pump-probe MOKE approach was applied to study
the spin dynamics in the single layer iron thin film. By using the Eq. (4.1)-(4.4), we
successfully describe distinct behaviors of the spin wave frequency under different
magnetization orientations and obtained the magnetic dynamical parameters in the single

layer iron thin film.

4.1.2 Magnetization precession spectrum with applied field along [100] axis
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Fig. 4.1 (a) Time-resolved pump-probe MOKE spectra for the Fe/GaAs thin film measured
with a magnetic field applied along [100] easy axis. (b) Precessional time-resolved
pump-probe MOKE data for various applied fields (solid lines) and simulated time-resolved
pump-probe MOKE (surface) according to the Eq. (4.2).
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First, we performed time-resolved pump-probe MOKE measurements with the
magnetic field applied along [100] crystal axis (easy axis). Fig. 4.1 (a) shows the
time-resolved pump-probe MOKE spectra with an applied magnetic field in the
sub-nanosecond time scale. The observed oscillations are assigned to the precession of the
magnetization around its equilibrium position. We observed that the oscillation frequency
increases monotonically as the magnetic field is enhanced. Fig. 4.1 (b) exhibits the 3-D
simulation (surface) of the magnetic field dependent time-resolved pump-probe MOKE
spectra. Under the laser excitation, the change of magnetic anisotropy induced by the laser
pulse alters the total effective field. The magnetization starts to align with the altered
effective magnetic field. After the laser pulse, the total effective field recovers to the original
value and direction within hundreds femtoseconds. However, the magnetization followed
the effective field is still out of equilibrium and starts to relax by precessing around the
effective field. The effective field, including the applied magnetic field and all effective
anisotropic fields, determines the frequency of the magnetization precession. To investigate
the effective anisotropic fields, the time-resolved pump-probe MOKE spectra are recorded

under various in-plane magnetic fields.
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Fig. 4.2 Measured magnetic-field dependence of the precession frequencies and fit. The
precession frequency increases monotonically as a function of the applied magnetic field. The
results are fit by Eq. (4.2).

Fig. 4.2 shows magnetization precession frequencies as a function of an applied
magnetic field. The solid line shows the fit by Eq. (4.2). We obtain the g-factor as of ~ 2.1,
the effective in-plane uniaxial anisotropy field H, as of around 0.003 T, the effective in-plane
cubic anisotropy field H as of ~ 0.04 T, and the effective demagnetization, 4zM.; as of ~ 2.1

T.
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4.1.3 Magnetization precession spectra with applied field along [1-10] axis
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Fig. 4.3 (a) Time-resolved pump-probe MOKE spectra for the Fe/GaAs thin film measured as
magnetic field applied along [1-10] hard axis direction and their fit. (b) 3-D simulation
(surface) of time-resolved pump-probe MOKE spectra as a function of magnetic field
calculated according to Eq. (4.2).

Next, we performed time-resolved pump-probe MOKE measurements with the
magnetic field applied along [1-10] crystal axis (hard axis). Fig. 4.3 (a) shows magnetic field
dependent time-resolved pump-probe MOKE spectra under the magnetic field along [1-10]
crystal axis. Clear oscillations are observed in the spectra. However, compared to the case
when the magnetic field is applied in [100] crystal axis, the oscillation frequency does not
increase monotonically as a function of magnetic field. The 3-D Simulation of the

time-resolved pump-probe MOKE spectra is plot in Fig. 4.3 (b) which gives a continuous

51



evolution of the spectra as a function of field.
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Fig. 4.4 Measured precession frequencies as a function of applied magnetic field. The solid

line shows the fit based on Eq. (4.2) by considering the magnetic field dependent equilibrium
magnetization angle.

Fig. 4.4 shows the precession frequency as a function of the applied magnetic field.
Apparently, the behavior of the field dependent precession frequency is quite different when
the magnetic field is applied along the [100] easy axis. To understand this phenomenon, the
relative angle of the equilibrium magnetization, ¢, has to be considered in Eq. (4.2).

In the case the magnetic field is applied along [100] easy axis, both the magnetic field
angle, 0, and magnetization angle, ¢, equal to zero. In Eq. 4.2, the precession frequency
increases monotonically when the magnetic field is enhanced as shown in Fig 4.2. In the case
the magnetic field is applied along the [1-10] hard axis, the equilibrium magnetization vector
which initially aligns with [100] axis starts to rotate towards [1-10] axis as the magnetic field

is increasing.

52



B
(34}
T

Yokok ook ke k ko k ok ok ko

W
o
!

-
(2]
J

J

6 ‘ 160 ' 260 . 300
Applied magnetic field (mT)

Equilibrium M angle ¢ [degree]
»*

o
T

Fig. 4.5 Calculated ¢ as a function of applied magnetic field. In the case applied magnetic
field is applied 45 degree compared to the magnetization vector, the magnetization vector
rotates towards the magnetic field orientation as the magnetic field is increasing.

Fig. 4.5 shows the calculated equilibrium magnetization vector angle, ¢, as a function
of applied magnetic field from Eq. (4.4). By considering the equilibrium magnetization
vector angle variation as a function of applied magnetic field in Eq. (4.2), the behavior of the

magnetic field dependent precession frequency is described and fit in Fig. 4.4 (solid red line).

4.1.4 Magnetization precession spectra under various applied field orientation
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Fig. 4.6 Time-resolved pump-probe MOKE spectra for the Fe/GaAs thin film measured
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under various in-plane magnetic field angles (from 0 to 170 degree). The signal evolves
periodically as a function of the applied magnetic field orientation.

Further, we performed the time-resolved MOKE measurements by varying the
magnetic field orientation to map out the magnetic anisotropy distribution in the sample plane.

The applied magnetic field strength was kept at 0.14 T.
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Fig. 4.7 Time-resolved pump-probe MOKE spectra for the Fe/GaAs thin film measured
under various in-plane magnetic field angles (from 180 to 350 degree).

Fig. 4.6 and Fig. 4.7 show the time-resolved pump-probe MOKE spectra measured at
various in-plane magnetic field orientations relative to the [100] easy axis. The field

orientation dependent magnetization precession frequency is plotted in Fig. 4.8.
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Fig. 4.8 Magnetization precession frequency as a function of in-plane magnetic field
orientation, the red solid line is the fit. The four-fold distribution of the magnetization
frequency indicates that the in-plane cubic anisotropy is dominative. The results are fit by Eq.
(4.2).

The magnetization precession clearly shows four fold rotational symmetry in
frequency. The result indicates that the in-plane cubic anisotropic field H, dominates the total
magnetic anisotropy in the sample plane. By using Eq. (4.2) and considering the angle of
magnetization under various magnetic field orientations, the field orientation dependent
precession frequency result is fit and plot with red solid line in Fig. 4.8. The fitting gives the
in-plane uniaxial anisotropic field H, = 0.0029 T, the in-plane cubic anisotropic field H, =
0.0473 T and 47xM.;= 2.0656 T. The 10 nm epitaxially grown iron thin film is bcc structure,
the magnetic crystalline anisotropy is biaxial symmetric for bce crystal structure. Therefore,
we conclude that the in-plane cubic anisotropy arises from the magnetic crystalline
anisotropy in the iron thin film. Moreover, the magnetic crystalline anisotropy is dominative
in the sample plane. The in-plane uniaxial anisotropy component may results from the
magnetic shape anisotropy.

In addition, the damping constant o is calculated based on the time-resolved
55



pump-probe MOKE spectra as a function of in-plane magnetic field orientation.
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Fig. 4.9 Damping constant a as a function of in-plane magnetic field orientation. The
distribution of the damping constant shows uniaxial dependence on the applied magnetic field
orientation. The result is attributed to the uniaxial anisotropy in the sample plane.

Figure 4.9 shows the calculated damping constant a as a function of in-plane magnetic
field orientation [100]. The angular distribution of damping constant o exhibits two sharp
peaks as the in-plane field is applied close to 90 and 270 degrees, which is attributed to the
in-plane uniaxial anisotropy. The results show the feasibility to tune the damping constant o

by in-plane magnetic field orientation in the soft magnetic thin film.

In summary, coherent magnetization precessions were generated in iron thin film. By
considering the magnetic field dependent equilibrium magnetization rotation, we successfully
demonstrated the magnetization precession frequency spectra under various magnetic field
strengths and orientations in iron thin film. Our results unveil that the in-plane cubic
anisotropy comes from the magnetic crystalline anisotropy of the bcc iron thin film. The
in-plane cubic anisotropy is dominated compared to the in-plane uniaxial anisotropy. In
addition, the damping constant o shows as a uniaxial dependence on the in-plane magnetic

field orientation which is attributed to the in-plane uniaxial magnetic anisotropy.
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4.2 Magnetization dynamics in FeCoB/Cr/FeCoB trilayer Structures

Compared with the single layer structures, the magnetic multilayer structures attract
some attentions most recently because of their interesting interlayer interactions. The
interlayer interactions between FM layers and FM/AFM (anti-ferromagnetic) layers can be
utilized to control the magnetic properties in multilayer structures. In our study, FMR
technique is employed to study magnetic dynamical properties induced by the interlayer

coupling between FM layers in the magnetic FeCoB/Cr/FeCoB trilayer structures.

4.2.1 Acoustic and Optical spin wave modes
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Fig. 4.10 FMR resonance spectra as a function of magnetic field orientations in the sample
with the 20-A Cr layers measured under (a) in-plane configuration, (b) out-of-plane
configuration.

Fig. 4.10 a) and b) show the FMR spectra of the sample with the 20-A Cr layers under
the in-plane and out-of-plane configuration. For the in-plane geometry, the resonant field
increases when the applied magnetic field rotates away from the easy axis (¢ = 0°). This
corresponds to the uniaxial anisotropic field induced by the magnetic field annealing. In

contrast, for the out-of-plane configuration, we observe the shift of the resonance to higher
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fields as the direction of the magnetic field approaches normal to the sample surface and a
significant broadening of FMR linewidth (as a result, its amplitude decreases). The line shift
is induced by the demagnetizing field. For a thin film sample, a macroscopic magnetization
could produce a field of 4zM, which usually points along the perpendicular direction of the
sample plane. When the sample is rotated with respect to the applied magnetic field, the
equilibrium angle of the magnetization vector depends strongly on the external field value.
Therefore, a shift of FMR field and an increase in linewidth at an intermediate angle is
expected. Moreover, for both configurations, the FMR lines show strong asymmetric
behaviors with respect to the base line. The asymmetric behavior of the absorption curve is
due to the interlayer coupling of the FM layers. The feature is attributed to the overlap of the
in-phase precession and out-of-phase precession resonant modes of the neighboring FM
magnetizations, which refers to the acoustic and optical spin wave resonance modes,

respectively.

Optical Mode
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Magnetic Field (Oe)
Fig. 4.11 FMR spectrum in the sample with the 20-A Cr layers. The red dashed lines show
the deconvolution of the spectrum indicating an acoustic mode and an optical mode. The
inset of the figure shows the schematic of these two modes. The in-phase precession refers to
the acoustic spin wave resonance; the out-of-phase precession is attributed to the optical spin
wave resonance.

Fig. 4.11 shows such a typical FMR spectrum: the broad feature at high magnetic

field side of the acoustic spin wave resonance mode can be deconvoluted to yield a weak
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absorption line that is attributed to an optical mode. The acoustic mode and the optical mode
exist together in the spectrum for the multilayer system [8, 101], as they are close enough, the
FMR lines will partially overlap and form asymmetric absorption peaks. The optical mode
disturbs the main resonance line and introduces an additional contribution of the FMR
linewidth and an asymmetric line shape. The acoustic and optical spin wave modes describe
the interlayer coupled precession of magnetization vectors, as illustrated in the inset of Fig.
4.11. The nature of the interlayer interactions is studied by estimating the differences in

resonance fields between acoustic and optical modes.
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Fig. 4.12 Angular dependencies of resonance fields of the FMR spectrum in both (a) the
in-plane and (b) the out-of-plane configurations for the sample with the 20 A Cr layers. The
solid lines show the fitting using Eq. (2.18) and (2.19) in chapter 2. The resonant field at 0y =
0 and 180° is a singularity and cannot be reached in our measurements. The two-fold result
indicates the uniaxial anisotropic symmetry for the in-plane and the out of plane
configurations as the applied field is rotated away from the easy axis.

Eq. (2.18) and (2.19) in chapter 2 is employed to fit the in-plane data and obtain the
effective in-plane uniaxial magnetic anisotropy, 2K|/M as of ~ 20 Oe and the
demagnetization field, 4zM-2K1/M as of ~ 2.0 T, for the 20-A Cr layer sample as shown in

Fig. 4.12 (a). Next, we use the obtained parameters to describe our out-of-plane FMR data.
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Fig. 4.12 (b) reveals the measured and calculated resonant fields in the out-of-plane
configuration. It is realized that as the applied field moves away from the in-plane orientation,

the magnetization does not change at an identical rate to the applied field.
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Fig. 4.13 Equilibrium angle of the magnetization, 6, as a function of the angle of the applied
field Oy in the out-of-plane configuration (¢ = 0°). In the out-of-plane configuration, the
magnetization can only be tilted to a small angle out of the sample plane by the applied
magnetic field.

The equilibrium angle of magnetization is calculated by minimizing the free energy.
The result is shown in Fig. 4.13. The magnetization, M, immediately begins to seek the easy
orientation as the magnetic field is tilted away from the direction normal to the sample
surface (the resonant field at 8y = 0 °is a “singularity” and cannot be reached). In contrast to
the out-of-plane configuration, the resonant magnetic fields are sufficiently high enough to
turn the magnetization vector, M, parallel to the applied magnetic field, H, in the in-plane

orientations.
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Fig. 4.14 Angular dependence of resonance fields of the acoustic mode and optical mode in
both (a) the in-plane and (b) the out-of-plane configurations for the sample with 20 A Cr
layers. The solid lines of the optical mode represent the fitting results using Eq. (2.20) and
(2.21) in chapter 2.

Fig. 4.14 shows the angular dependences of resonance fields including the acoustic
mode and the optical mode in both (a) the in-plane and (b) the out-of-plane configurations for
the sample with 20 A Cr layers. Similar to the acoustic mode, the optical mode also shows
the two-fold geometry due to the uniaxial anisotropy contribution. Furthermore, the
difference in resonant fields of the acoustic mode and optical mode (AH = H’- H") shows
different behaviors in the in-plane and the out-of-plane configurations.

In the FMR measurement, since @' = «’, the relation between H; and H¢ can be

calculated by combining Eq. (2.18), (2.19) (2.20) and (2.21) in chapter 2 which takes the

form:
J
Ho = Ha 'i‘;ﬁr
COS(QH - 9) , (out-of-plane)
H°=H"+ Jeﬁ‘ ‘ (in-plane)
(4.8)

The magnetic interlayer coupling is determined by the Ji.: the adjacent two FM
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layers in the sample are ferromagnetically coupled with a positive Ji, but are
antiferromagnetically coupled with a negative Jiye[95]. In turn, a positive J,4 represents the
antiferromagnetic coupled FM layers, while a negative J.; represents the ferromagnetic
coupled layers (since the J, is defined as -2Jiye/dM). From the data shown in Fig. 4.14, an
interlayer coupling constant, J.; as ~179.8 Oe is extracted by fitting the optical branch data
using Eq. (2.20) and (2.21) in chapter 2.

Furthermore, in order to understand how the interlayer spacing affects the interactions
between FM layers, the J 4 is calculated according to the FMR spectra in a series of
FeCoB/Cr/FeCoB multilayers with different thicknesses of the Cr layers; the values are
shown in Table 4.1. The adjacent two FM layers are found to be all antiferromagnetically
coupled in our sample since the values for J,; are all positive. This is consistent with our
original assumption: ¢,= - @;. Moreover, the interlayer coupling constant, J.; does not
increase monotonically with the Cr layer thickness, but shows an oscillatory behavior. The
result can be explained by the quantum interference between adjacent FM layers [102]. Due
to the reflection of Bloch waves on interfaces of FM/AFM layers, multiple interferences
could occur in Cr spaces and a phase shift is expected for the itinerant electron wave function.
The phase shift varies with different interlayer Cr thicknesses and therefore changes the
density of itinerant electron states. Since the density of the itinerant electron states determines
the interlayer coupling strength, an oscillatory change of J,; is observed with increasing the

thickness of the spacing Cr layer.
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Table 4.1 Interlayer coupling constant: Jeff and the effective in-plane uniaxial magnetic
anisotropy: 2K /M for samples with different Cr layer thicknesses.

Cr layer Jogr (Oe) 2K /M (Oe)
thickness (A)

4 120.1+4.9 13.9+1.3

10 160.3+£2.2 14.3+0.4

20 179.84+6.8 14.7+0.2

30 280.4+4.3 16.6+1.1

40 220.2+2.9 36.0+3.2

It is important to note that the magnetic parameters are also affected in response to the
change of the interlayer coupling between neighboring FM layers. Table 4.1 shows the
in-plane uniaxial magnetic anisotropy constant for samples with different Cr layer
thicknesses from our FMR measurements. The in-plane uniaxial magnetic anisotropy
increases monotonically as the Cr layer thickness is changed from 4 A to 40 A. This is
attributed to the redistribution of the magnetic moments in the FM layers by the interlayer
interactions. Moreover, the out-of-plane uniaxial anisotropy, 2K1/M is directly related to the

change of the interlayer coupling strength.
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Fig. 4.15 Cr layer thickness dependent out-of-plane effective anisotropy 2Ki/M. The
oscillatory behavior indicates the influence from the interlayer coupling. The dashed line is
only meant to guide the eyes.

As shown in Fig. 4.15, an oscillatory change of the out-of-plane uniaxial anisotropy,
2K1/M can be clearly observed with increasing the thickness of the Cr spacing layer in the
FeCoB/Cr/FeCoB multilayers. This could result from the effective modification of surface
and interface anisotropic energy as a function of the spacing layer thickness. An effective
magnetic anisotropy in the perpendicular direction is introduced into the free magnetic energy
density due to the interface and surface contributions, which is directly related to the
interlayer interactions and therefore shows an oscillatory change as a result of increasing the
thickness of the spacing layers. It is important to mention that the interlayer coupling between
the FM layers can be used as an additional means to optimize the magnetic anisotropic
parameters in multilayer magnetic structures (simply by tuning the thickness of the spacing

AFM layer.)

64



4.2.2 FMR linewidth and spin wave relaxation

Magnetic relaxation dynamics (damping) are of paramount importance for
rf/microwave applications such as microwave band stop filters and more. Large FMR
linewidth leads to a reduced quality factor and increased insertion loss, which are among the
major problems associated with microwave band stop filters. So far, significant progress has
been made regarding the understanding of the FMR behavior of exchange-coupled FM/AFM
bilayers and the physical contribution to the FMR linewidth. However, a relatively small
amount of work has been done on the exchange coupled FM/AFM/FM trilayers, and their
microwave performances are not well understood. FMR linewidth in our spectra is measured,
peak to peak field separation, 4H,,, as a function of in-plane applied field angle. The intrinsic

FMR linewidth can be derived from the free energy density, F' by the relation [103]:

2 2
21 ay(aF 1 aFJ_ @.5)

. [P + .
M\ 06> sin’@ o¢’

AH =—
in \/g ‘ aa)

aHres

where a is a Gilbert damping parameter which determines how fast the energy of the

magnetization precession is dissipated from the system.
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Fig. 4.16 FMR linewidth as a function of the in-plane applied field angle, ¢, for the sample
with 20 A Cr layers. The solid red line shows the fitting result using Eq. (4.9)

Fig. 4.16 illustrates the FMR linewidth as a function of the in-plane angle, ¢, between
the applied field and the easy axis in the sample with 20-A Cr layers. The solid line shows a
fit by using Eq. (4.5). The Gilbert damping parameter a is calculated according to the above

equation which yields o = 0.0101 + 0.0005.
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Fig. 4.17 FMR linewidth and magnetization damping constant o as a function of the
thickness of Cr layers. Both of them show the oscillatory change, which is consistent with the
variation of interlayer constant J.; This suggests that the interlayer coupling plays an
important role in determining the magnetization relaxation dynamics in multilayer materials.
The dashed line is only meant to guide the eyes.
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Fig. 4.17 shows the FMR linewidth and a as a function of Cr layer thickness for the
FeCoB/Cr/FeCoB multilayer samples. The magnetic field is applied along their in-plane easy
axis direction. As illustrated in Fig. 4.17, there is an oscillation for both the damping constant
a as well as FMR linewidth which is consistent with the variation of interlayer constant J.
The result suggests that the interlayer coupling plays an important role in determining the
magnetization relaxation dynamics in multilayer materials. The itinerant electrons introduce
an extra exchange interaction. An extra relaxation torque will be added into the system and
contributes to the FMR linewidth in the multilayer structures [104]. An oscillatory change of
the FMR linewidth is expect with increasing the thickness of the spacing layer, since the
exchange interaction is determined by the density of itinerant electron states. Thus, compared
with single and bilayer structures, multilayer structures show an additional degree of freedom
to control the magnetic anisotropic and relaxation properties (simply by varying the interlayer
coupling between the neighboring FM layers) in addition to a higher effective magnetization.

In summary, the FMR measurements were carried out for multilayer
FeCoB/Cr/FeCoB films with the Cr layer thicknesses varying from 4 to 40 A. the magnetic
dynamical properties were investigated including magnetic anisotropies, spin wave modes,
interlayer coupling and magnetization damping. Our results reveal that the interlayer coupling
between the FM layers in the magnetic multilayer structure can be used as an additional
means to optimize the magnetic anisotropy and magnetic relaxation properties in multilayer

magnetic structures.
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Chapter 5 Non-thermal excitation and
control of magnetization in Fe/GaAs thin
film by femtosecond laser pulses

A challenging issue in the modern field of magnetic materials is the study of
dynamical magnetism under ultra-short external excitation, which has the potential to impact
both fundamental science and technological applications [27, 29, 30, 105-107]. The use of
femtosecond laser light in the time-resolved pump-probe MOKE spectroscopy is very
desirable for investigating ultrafast magnetism on the picosecond and sub-picosecond time
scale [34, 38, 108-110]. The thermal excitation of the magnetization by laser pulses has been
well studied [32, 111-114], however, laser induced non-thermal magnetization excitation is
still not completely understood.

In this chapter, we present our study on magnetism within the time scale of a few
picoseconds. We investigated the non-thermal excitation and manipulation of magnetization
in Fe/GaAs thin film by time-resolved pump-probe MOKE spectroscopy. Our results reveal a
coherent control of the magnetization reorientation by the femtosecond laser pulse. The

samples and experiment setup are described in chapter 3.
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5.1 Pump polarization dependent time-resolved pump-probe MOKE

spectra

Polarization change [x10'3]

0 100 200 300 400 500
Delay time (ps)

Fig. 5.1 Time-resolved pump-probe MOKE spectrum at various pump polarization angle. The
rapid jump in the first few picosecond of the time-resolved MOKE signal periodically
appears as a function of the pump polarization.

The time-resolved MOKE technique was first applied to the Fe/GaAs thin film. Fig.
5.1 shows the evolution of the time-resolved MOKE spectrum measured at various pump
polarization angles respect to the [010] easy axis. The oscillations in the spectra show  phase
shift periodically as the pump polarization is tuned from 0 degree to 340 degree. In addition,
we are more interested in the initial signal on a few picoseconds scale after time-zero (t = 0).
Within this time domain, the signal shows a sharp jump-up when the pump polarization is
oriented in between 0 and 80 degree (also between 180 and 260 degree). In the meanwhile, a
rapid jump-down in the signal is monitored when the pump polarization is oriented in between
100 and 160 degree (also between 280 and 340 degree). A four-fold switch in time-resolved

MOKE signal is clearly observed.
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Fig. 5.2 (a) Schematic diagram of the signal collection system. The output signal represents
the rotation of reflected probe beam induced by the interaction between the sample and pump
beam. (b) Definition of positive and negative excitation amplitude in the time-resolved
pump-probe MOKE spectra. The positive excitation stands for the clockwise rotation of the
reflective probe polarization, while the negative excitation is because of the
counter-clockwise rotation of the reflected probe beam after pump pulse hits the sample.

The sharp jump-up and jump-down in the signal are due to the rotation of the reflected
probe polarization induced by the pump in the sample. As shown in Fig. 5.2 (a), the reflected
probe beam is input in a polarized cube. The polarized cube divides reflected probe beam into
two beams with the electrical fields along P and S directions. The electrical field relations are
described as Ep = Eppope * SiNO, Es = Eprope * c0SO where Eppp. is the electrical field of
reflected probe beam. The output signal from the balanced detector is lyyipyr = Iy — Is =
Eprobe2 - sin%6 — Epmbe2 - cos?0. Therefore, if the polarization of reflected probe rotates
clockwise, the output signal will increase; while the output signal will decrease if the
polarization of reflected probe rotates counter-clockwise. As shown in Fig. 5.2 (b), the initial
single represents the [yy1py,: before the pump pulse interacts with the sample. After the pump
pulse hits the sample, the signal in blue spectrum shows a sharp increase which means the
polarization of probe beam rotating clockwise. The signal in red spectrum shows a sharp

decrease which means the polarization of probe beam rotating counter-clockwise.
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The sharp increasing or decreasing in the time-resolved pump-probe MOKE signal
right after time zero reaches the maximum at 3 picoseconds. We define the excitation
amplitude as the subtraction between the signal at t = 3 ps and t = -3 ps as shown in Fig. 5.2
(b). Therefore, the excitation amplitude is positive for the blue spectrum but negative for the
red spectrum. In addition, it is noticed that there is a m oscillation phase shit between the
positive and negative excitation spectra. The variation of MOKE signal indicates the change
of magnetization projection in the incident plane of probe beam. Therefore, the positive and
negative excitations represent the variation of the magnetization vector in the sample plane.
As discussed in chapter 4, the oscillation in the MOKE signal is because of the precession of
the magnetization vector. Thus, the 7 oscillation phase shift in our results indicates that the
magnetization vector precesses in the opposite direction after the positive or negative

magnetization excitation.
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Fig. 5.3 (a) Excitation amplitudes plot as a function of pump beam polarization angle. The
excitation amplitudes show four-fold distribution as a function of the pump polarization. The
reversal of the excitation from positive to negative appears close to the crystal axis. (b)
Evolution of time-resolved MOKE spectra around the [-100] axis. The excitation gradually
evolves from positive to negative as the pump polarization is rotated from the 262.70 to
263.02

The magnetization excitation amplitudes are plotted as a function of pump polarization
angle in Fig. 5.3 (a). A clear four-fold distribution of the excitation amplitude is observed as
pump polarization is rotated in the sample plane. The positive and negative excitation
amplitude periodically appears as a function of pump polarization angle. Moreover, the switch
of the magnetization excitation amplitude only appears when the pump polarization is placed

close to the crystal axis. To unveil the evolution of the spectrum within this small angle, a fine
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scan is carried out as shown in Fig. 5.3(b). When the pump polarization sweeps across the
[-100] axis, the magnetization excitation amplitude gradually varies from positive to negative.
The results reveal that the reversal of the magnetization excitation amplitude is a continuous
process. It turns out that the direction of the magnetization excitation and reorientation is
closely related to the polarization of pump pulse which indicates a non-thermal origin of

magnetization dynamics in Fe thin films.
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Fig. 5.4 Magnetization excitation and reorientation mechanism. Under pump laser different
polarization, the magnetization vector is excited and reoriented to the different direction
followed by the precession and relaxation.

We propose a model to explain the dramatic change of the time-resolved pump-probe

MOKE signal as shown in Fig. 5.4. The dashed line represents the equilibrium position of the
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magnetization, the red arrow stands for the magnetization vector, and the solid orange line is
the trajectory of the magnetization excitation. The solid black spiral represents the
precessional trajectory of the magnetization. When pump pulses are applied along the in-plane
hard axis direction, the vector of magnetization rotates away from its equilibrium position.
The magnetization vector relaxes back to its original position by precessional motion after the
pump pulse disturbance. It is noticed that the precessional traces have m phase difference
between each other which is due to the opposite magnetization excitation. This phenomenon
is also observed in the ultrafast study of garnet films [110, 115]. The magnetization excitation
is significantly weaker and becomes difficult to observe if the external field is applied close to

the easy axes along which the magnetization is pinned as indicated in Fig. 5.3 (b).
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Fig. 5.5 Excitation amplitude vs. pump polarization angle from -0.4° to 0.5° compared to the
[-100] axis. The hysteresis loop like result indicates that the magnetization is driven by an
effective field induced by the femtosecond laser pulse in the sample. Inset shows the
measurement configurations.

Moreover, the fine scan of time-resolved pump-probe MOKE spectra is carried out by
sweeping the pump polarization angle from -0.4° to 0.5° back and forth, relative to the [100]

axis as shown in the inset of Fig. 5.5. The excitation amplitudes (blue dots) are plotted as a
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function of the pump beam polarization angle. We observe a hysteresis-like loop curve. The
results are explained as follows: the sample is magnetized and demagnetized along the [010]
or [0-10] axis by the effective pulsed magnetic field induced by the polarization of the pump
laser pulses. The hysteresis-like loop is not saturated since the effective field is not strong

enough to fully magnetize the sample.

5.2 Double Pump pulses induced magnetization excitation
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Fig. 5.6 (a) Time-resolved pump-probe MOKE spectra under the applied single pump
polarization angle at -30° (pink) and -60° (red). The solid blue curve is the result when two
pump beams were applied simultaneously. (b) Time-resolved pump-probe MOKE spectra
under the applied single pump polarization angle at -30° (pink) and +30° (red). The solid blue
curve is the result when two pump pulses were applied simultaneously. The three curves are
offset for a better view. The polarizations of the double pump excitations are displayed in the
inset.

Next, we employed double pump beams to investigate the magnetization excitation
amplitude. Fig. 5.6 shows the results while the pump polarizations are shown in the inset
figure. In Fig. 5.6 (a), under the pump polarization angle at -30° and -60°, the time-resolved
pump-probe MOKE spectrum both show upward excitation which is consistent with the
former results. If the orientation of two pulsed magnetic fields induced by the two pump
beams are at the same side of the equilibrium magnetization, as shown in the inset of Fig. 5.6

(a), both an enhanced magnetization rotation and therefore an enhanced upward excitation are
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expected when the two pump polarizations applied to the sample simultaneously. The blue
curve in Fig. 5.6 (a) is the experimental result when double pumps are applied simultaneously.
This enhancement satisfies our expectation. What if the double pump beams are applied in
the opposite orientation, as shown in the inset of Fig. 5.6 (b), the polarization angles are at
-30° and +30° compared to equilibrium magnetization direction? Individually, the two pump
pulses create the upward (pink) and downward (red) excitation. When the orientations of the
two ultrafast magnetic fields induced by the two pump beams are opposite to the equilibrium
magnetization as shown in the inset of Fig. 5.6 (b), there is no rotation of magnetization
correspondingly. Therefore no magnetization excitation should be observed in the
time-resolved pump-probe MOKE signal. The experimental result is shown in Fig. 5.6 (b) by
the blue curve. Although the excitation amplitude doesn't completely disappear, the greatly
dampened magnetization excitation result agrees with our anticipation. The tiny excitation
amplitude may result from the slight misalignment of the laser polarizations.

The origin of this laser polarization dependent magnetization excitation may lie in the
metal/semiconductor junction of our sample. Recent studies showed that the laser induced
spin-orbit interaction is capable to manipulate the electron spin [116, 117]. Especially in the
metal/semiconductor junction structure, spin-orbit coupling appears as a effectively magnetic
field acting on the electron spin [118]. In our experiments, the ultrafast laser pulses strongly
enhanced the spin-orbital coupling [75] leading to a pulsed anisotropic field in the
metal/semiconductor junction which excited the magnetization in the iron layer.

In summary, time-resolved pump-probe MOKE spectroscopy was used to study

ultrafast magnetization dynamics in the 10 nm epitaxially grown Fe/GaAs thin film. The
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magnetization excitation and reorientation exhibit strong dependence on the polarization of
the pump beam. The result suggests a non-thermal origin of magnetization dynamics in the
Fe/GaAs thin film in which there is a pulsed magnetic field induced by pump pulses. Our
results show the feasibilities of non-thermal ultrafast optical control of magnetization

responses in soft magnetic thin films.
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Chapter 6 Ultrafast demagnetization in
Fe/GaAs thin films

The femtosecond laser pulses induced ultrafast demagnetization emerges to be a hot
topic because of its direct application in the magnetic recording devices. Such effect was first
reported in the Ni sample by Beaurepaire ef al. [119], where they observed a sharp signal loss
in the time-resolved pump-probe MOKE spectra within one picosecond after the pump pulses
were absorbed. Although many investigations [32, 111-114] have been carried out to
understand the underlying mechanism of this intriguing phenomenon. However, the
understanding of femtosecond laser induced ultrafast demagnetization is still debating.

In this chapter, we present our studies combining the time-resolved pump-probe
MOKE technique with transient magnetic hysteresis loops to investigate the ultrafast
demagnetization in the 10 nm Fe thin film samples. The demagnetization time is found to be
shorter than the electron-phonon thermalization time. We discuss the ultrafast
demagnetization mechanism according to the electron-thermalization and spin-orbital

Interactions.

78



6.1 Time-resolved pump-probe MOKE results

| —e— Time-resolved MOKE
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Fig. 6.1 Time-resolved MOKE trace from -400 to 400 femtoseconds (blue dots). The
autocorrelation is shown in red solid line. The inset shows the sample structure and the
experimental geometry. The rapid decrease of the MOKE signal represents the ultrafast
demagnetization process.

Our interest is within the hundreds femtoseconds scale as the laser pulse is starting to
interact with the sample. The time-resolved MOKE spectroscopy is utilized to unveil the
magnetization dynamics on this time scale. The sample and measurement set up are the same
as described in chapter 3. As shown in Fig. 6.1, the time interval for the scan is 10
femtoseconds, a huge vibration of the time-resolved MOKE signal close to time-zero is
observed. The time-zero is defined as the moment (t = 0) when pump and probe pulse

completely overlap with each other as shown by the autocorrelation in Fig. 6.1.

6.2 Femtosecond demagnetization

As described by Eq. (2.37) in chapter 2, time-resolved MOKE signal provides

79



information on the magnetic state of a material. The magnitude of the Kerr rotation is directly
proportional to the magnetization of the sample. Therefore, the magnetization change can be
monitored by measuring MOKE signal as a function of external magnetic.

In addition, the time-resolved MOKE hysteresis loops measurements are employed to
investigate the magnetization dynamics as a function of time. The measurement is performed
by recording full hysteresis loops in longitudinal configuration at every time delay. By this
means, the shape of the hysteresis loop can be used as a monitor of the magnetization
excitation and relaxation [120]. The time-resolved hysteresis loop measurements are applied
within 300 femtoseconds around the time-zero position to monitor the ultrafast variation of

the magnetization.
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Fig. 6.2 (a) Time-resolved MOKE signal with step size 3.3 fs. The inset figures (b), (¢), (d),
(e), (f) show the time-resolved hysteresis loops at various time delays. The evolution of the
time resolved hysteresis loops show an ultrafast demagnetization happens with in hundreds
femtoseconds time scale.

First, close to the time-zero, the ultrafine scan with the step size 3.3 femtoseconds and
50 times average is carried out as shown in Fig. 6.2 (a). The purpose is to map out the clear
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profile of the time-resolved pump-probe MOKE response and then choose different time
locations to record the hysteresis loops.

The vibrating time-resolved MOKE signal starts around -200 fs which indicates the
laser pulse starts to deposit the energy into the magnetic system. As the time is approaching
the time-zero, the maximum laser pulse energy is input into the sample which causes the most
furious vibration of the MOKE signal. We use the time resolved magnetic hysteresis loops at
different time delays as shown in Fig. 6.2 (b)-(f) to further identify the magnetic origin of the
time resolved MOKE signal [121, 122]. We observed that, At t = -197 fs, the magnetic
hysteresis loop is still the square shape similar to that from the vibrating sample
magnetometer, which indicates the magnetic moments have not yet been disturbed by the
pump laser pulse. At ¢t = -139 fs, a significant change in the shape of the hysteresis loop is
observed. Both the coercivity and saturate-to-saturate magnetization of the hysteresis loop are
being quenched even before time zero. Because the energy has already started to be deposited,
the sample has absorbed small amount of photons and starts to be demagnetized as described
in Si and Zhang’s work [123]. Between ¢ = -129 and 129 fs, the absorption of the pump
energy reaches the maximum which causes the maximum quenching of the magnetization.
This leads to hysteresis loop shown in Fig. 6.2 (d). The hysteresis loop trends to recover to its
original square shape at # = 139 fs. This indicates that the magnetic moments start to restore
their ordered distribution after laser excitation. At ¢ = 179 fs, the hysteresis loop recoveries its
original square shape as shown in Fig. 6.2 (f).

In the demagnetization process, the longitudinal MOKE signal is proportional to the

magnetization in the in-plane field direction[124]. In the meantime, the intensity of the
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hysteresis loop is the direct indictor of the magnetization which participates in the reversal
process under an applied in-plane magnetic field. The intensity of the hysteresis is defined as

the signal difference of hysteresis loop as the magnetic field is swept from -400 Gauss to +

400 Gauss.
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Fig. 6.3 Intensity of the magnetic hysteresis loops as a function of time. Red solid line is the
fitting to the intensity curve with exponential decay function. Inset shows the schematic
diagram of the Elliot—Yafet type of spin scattering.

Fig. 6.3 shows the intensity of the time-resolved hysteresis loops plot as a function of
time in demagnetizing section. Apparently the hysteresis loop intensity remains the same
value before the laser pulses hit the sample. Around - 229 fs when the laser pulse begins to
interact with the sample, the hysteresis loop intensity starts to decrease until -129 fs. The
hysteresis loop intensity between -229 to -139 fs is fit with the exponential decay function.
The demagnetization time 7, ~ 70 fs is obtained. We explain the observed results based on the
Koopmans’ model [125] which considers the probability that an electron flips its spin on

emission or absorption of a phonon (inset of Fig. 6.3). The model predicted the possibility to
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obtain a demagnetization time shorter than the electron—phonon equilibration time. The

demagnetization time 7y, is directly related to the Gilbert damping constant a [70]:
TM=COF(T)#-izCOE-% . (6.2)
where the function F(7) ~ 1 at room temperature and the last approximation is valid for T
well below T¢. The coefficientcy) = 1/4 for 7)s >> 15, , while ¢y = 1/8 for 1)y << g, where g is
the electron-phonon equilibrium time.
All our measurements are carried out under room temperature. The T¢ for Fe is 1043
K, therefore the approximation is satisfied. By using the damping constant a ~ 0.012, ¢y = 1/8,
the estimated 7y = 76 fs matches with our experimental result which is 70 fs. The result

indicates that the demagnetization completes before electron-phonon equilibration is

achieved in our sample.

6.3 Laser power dependent time-resolved hysteresis loops
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Fig. 6.4 (a), (b), (c), (d) show the hysteresis loops at = 139 fs with various pump powers. The
variation of the time-resolved hysteresis loop profile indicates that the electron thermalization
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model cannot fully explain the ultrafast demagnetization in our sample.

Fig. 6.4 (b) and (d) show the hysteresis loops at -139 fs and +139 fs, respectively with
50 % pump power. Compared to the hysteresis loops at the same time delays with 100%
pump power which are shown in Fig. 6.4 (a), (c), the hysteresis loops measured by 50%
pump power hold more square-like shape which means they are quenched much less than
hysteresis loops with 100% pump power. This result is consistent with the Si and Zhang’s
work [123] which reveals that the demagnetization depends on the pump intensity. Moreover,
a clear evaluation in hysteresis loop shape is observed towards the quenching of the
magnetization. The result cannot be simply understood by the electron thermalization
mechanism. The evolution shows a strong dependence of the pump power and time delay

between pump and probe pulses.
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Fig. 6.5 Illustration of laser changing the magnetization under spin-orbital coupling
mechanism. The electric field of the laser pulse alters the orbital momentum of the electrons.
With the spin-orbital coupling, the spin momentum is changed corresponding to the orbital
momentum.

In addition to the laser induced electron thermalization mechanism, spin-orbital
coupling model described by G. P. Zhang et al, [73-75] explains the ultrafast demagnetization

by considering the interaction between the spin momentum and the orbital momentum. In
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which the spin-orbital coupling term is added into the Hamiltonian [126]:
pZ

H=_—+ A(LxSy + LySy + L,S,) + - E(0). (6.3)
where the first term is the kinetic energy of the electron, P is the electron momentum operator,
m is the effective mass of electrons. One single electron spin is considered. 4 is the
spin-orbital coupling constant. The second term is the spin-orbit coupling and S,,-) 1s the spin
operator. Ly, is the orbital momentum operator. r is the electron position and E(#) is the
laser field. Under the Heisenberg picture, the time evolution of the orbital momentum is

written as:

L, =-A(L,S,-LS,)-yE.(0),
L, =-A(L,S,—LS,)+xE(1), (6.4)
L, =-A(LS, -L,S).

Combining with Eq. (6.4), the spin-orbital coupling effect participates in the ultrafast
demagnetization process is shown in Fig. 6.5. (1) The magnetization quantization is along the
z axis (2) The light propagates along the y axis; (3) The light polarization is within the x-z
plane. There are two equivalent channels to change the spin momentum along the z-direction.
One is from the orbital momentum L, and the other is from the orbital momentum L,. Taking
L, as an example, when L, is excited under the pump laser, without the spin-orbital coupling,
Sy will remain zero. However, under the spin-orbital coupling effect, S, starts to change which
leads to the spin momentum change in z-direction. This explains the variation of the
hysteresis loop profiles in our time and pump power dependent experimental results.
Therefore, the spin-orbital coupling effect should be also included in addition to the electron
thermalization effect to explain our demagnetization results.

In summary, both the time-resolved pump-probe MOKE spectroscopy and
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time-resolved hysteresis loop measurements were employed to study the ultrafast
demagnetization in the 10 nm iron thin film. According to Koopmans’ model, our result show
that the demagnetization completes before electron-phonon equilibration is achieved in our
sample. Based on the variation of the time-resolved hysteresis loops, we concluded that the
spin-orbital coupling mechanism needs to be included in addition to the

electron-thermalization mechanism to explain our ultrafast demagnetization results.
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Chapter 7 Ultrafast quasiparticle relaxation

dynamics in electron-doped superconductor
BaFeLgNig.lASz and BaFel.85C00.15ASZ

Understanding the complex behavior of electron and phonon systems, especially in
high-temperature superconductors, is one of the most important challenges in condensed
matter physics. The recent discovery of iron pnictides superconductor [91] with T, = 26 K,
attracted a lot of attention from the research community. The transition temperature in this
class of superconductors has been increased over 50 K. The phase diagram of iron pnictides
suggests an unconventional pairing mechanism. Until now, a lot investigations have been
made to this class of compound [127-130] , however the detailed mechanism is not
completely clear.

In this chapter, the time-resolved pump-probe optical spectroscopy is employed to
study the relaxation dynamics in the electron-doped superconductor, BaFe; 9Niy ;As; (BFNA)
and BaFe; gsCo.15As; (BFCA). Distinct quasiparticle relaxations are observed in our transient
reflectivity spectra. The quasiparticle relaxation mechanisms are discussed based on

Kabanov’s theory described in chapter 2.

87



7.1 Temperature dependent transient reflectivity spectra in BFNA
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Fig. 7.1 Transient reflectivity spectra under different temperature. Inset shows the fitting
procedure. Two distinct quasiparticle relaxations and one long lived relaxation component are
identified in our measured transient reflectivity signal.

By applying the time-resolved pump-probe reflectivity measurement, the response of
the electron-phonon system is studied in the time domain. Fig. 7.1 shows typical temporal
traces of the transient reflectivity change at various temperatures in BFNA. The temporal

evolution of the transient reflectivity spectrum is fitted by two exponentials:

AR/R=A4,+4

exp(—t/t ﬁm) +A4

slow

exp(—-t/t,,, ). The inset of Fig. 7.1 (a) demonstrates

fast slow

the three components in the reflectivity signal. Below 7¢, The fast component, 74, is on the
order of 0.2 ps while the slow component, 7y,,, is on the order of 10 ps. In addition, a very
long-lived relaxation component is clearly observable. It has negative amplitude and a

sub-nanosecond relaxation time.
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7.2 Distinct quasiparticle relaxations in BFNA
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Fig. 7.2 (a) Temperature dependent relaxation time, 7y,,, and (b) Temperature dependent
relaxation amplitude, A4y ,,. The SC gap is extracted from the temperature dependent
relaxation time, 7y,,, according to Kabanov’s model. By using the extracted SC gap, the
temperature dependent relaxation amplitude , A, 1s well fitted.

The slow relaxation process is evidently related to superconducting phase transition
since its lifetime changes sharply and its amplitude remarkably decreases when the
temperature is approaching 7¢ from below. This component is attributed to the Cooper-pair
recombination after the photo-excitation. The relaxation time, zy,,, and photoinduced
reflectivity amplitude, Ay, are extracted as shown in Fig. 7.2 (a) and (b). According to the

Kabanov model [60], the temperature dependence of the relaxation time, 7y, is described as:

{1/ (ool
{ 2N (O)[AO)F } (7.1)
[AD)Y

slow

89



where £ is the incident energy density, N(0) is the density of the state at £, and A(T) is the
superconducting gap obeying the BCS temperature dependence. Fig. 7.2 (a) shows the fit of
Taow- Lhe superconducting gap, A(0), is obtained to be ~ 3.3 kg7.. The result is further
confirmed by the temperature dependence of Ay;,,. Based on the N(0) = 2 e\/'lcell'lspin'1
[131], the E; is estimated as of ~ 4.8 x 10° eV'cell'spin. The signal amplitude is
proportional to the photo-induced QP density by considering the bottleneck condition and the
energy conservation law. The density of the thermally excited QPs is defined by:
Ny o€ \/W -exp(—#). The slow relaxation below 7¢ is ascribed to the QP relaxation
across the superconductor gap. As a result, the significant drop of A, near T¢ can be
understood as the annihilation of the QPs as the temperature increases. The temperature

dependent relaxation amplitude takes the form:[60]

E, /[(AT)+k,T/2)
1+ v |2k T
NO0)RQ, \ 7A(T)

A

slow

(7.2)

-exp[-A(T)/ k,T] |

where (). is the photon frequency cut off and v is the effective number of phonon modes per
unit cell participating in the relaxation. By using A(0) ~ 3.3k3T, obtained from the fitting of
Tsow and (. = 60 meV, [131] a theoretical fit (red solid line) of 4, is obtained in Fig. 7.3 (b),

which gives the v=2.6 = 0.5.
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Fig. 7.3 (a) Temperature dependent relaxation time, 74y, and (b) Temperature dependent
relaxation amplitude, Ay, for the fast relaxation. The quasiparticle gap is extracted from the
fitting to Az The inset demonstrates that fast relaxation process is governed by a cascade
relaxation from the upper bound of Ag to that of the SC gap

Fig. 7.3 shows the photo-induced quasiparticle (a) relaxation time, 77y, and (b)
amplitude, Az, of the fast relaxation component in BFNA. The amplitude of the fast
relaxation component, Az, presents a clear 7-dependent behavior but the relaxation time 7y
has no obvious dependence on temperature. The fast relaxation component is ascribed to the
quasiparticle relaxation from a range of large gap states to the state above the
superconducting gap. The photo-induced reflectivity amplitude, which is related to the QP
density in the excited state under bottleneck condition, takes the form:

2v A
+————-exp(—
N(0)aQ, kT

N (7.3)

A_ﬁlst o [1

where Ag is the effective energy of the bandgap (the fit is shown in Fig. 7.3 (b)). By taking

the parameters estimated in the slow relaxation, Ag is obtained to be 9 + 1meV. Due to the
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fact that the relaxation time, 74, is much faster than that of SC gap, Ag is attributed to a
higher lying excited state. One possible explanation is that the relaxation process is governed
by a relaxation cascade from the upper bound of Ag to that of the SC gap shown in the inset
of Fig. 7.3 (b) and then relaxes to the ground state via the SC gap. However, it is hard to rule
out the possibility of the direct relaxation form Ag to the ground state. Therefore, it is possible
that the two relaxation channels coexisted in parallel in the relaxation process.

Moreover, the electron-phonon coupling constant, A, is estimated from the relaxation
dynamics of photo-excited QPs at room temperature by assuming that the electron-phonon
interaction dominates the relaxation process in BFNA. In our time-resolved experiments, the
electrons are driven to a state of inequilibrium when the pump pulse is absorbed by the
sample. Subsequently the electron temperature rises far above that of the lattice. As a result,
the electrons lose energy to the lattice through phonon emission. The electron temperature
equilibrates with a rate ruled by the strength of electron-phonon coupling. According to the
relation between the electron temperature, 7,, and lattice temperature 7; [132], a nonlinear

differential equation for 7, is written as:

o LT {dT " (t) dT.(t)

d<wr>| 1+ LT ~0. 74
ar a’t} Pt { G ()} dr 74

where C; is the lattice specific heat and y is a constant which can be obtained from the

electron specific heat C. = yT. The differential equation can be solved analytically by

3 <ot

T.(t) = de > + B where 4 and B are determined by 7,(0) and 7, (). 4R varies in

response to both AT, and AT, as AR=aAT, (¢t)+bAT)(t). However, the specific heat of the
lattice is much larger than that of electrons and thereby only the electron heating effect is

considered in 4R (the contribution of 7; variation in AR should be very weak and decay
92



much longer (>> 10 ps)). The relaxation rate is about 1 picosecond at room temperature. By
substituting the parameters: C; = 25.5 J/mol‘K, y = 23.8 mJ/mol-K? [133], A<w>> is estimated
to be ~ 84.8 meV>. Based on the mean phonon frequency <hAw> = 23 meV [134], the
electron-phonon coupling constant, A, is extract as of ~ 0.16. Here the approximation: <w”>
~<w>is used.

Within the strong-coupling theory, the McMillan formula for the SC transition

temperature in a s-wave superconductor is [135]:

Tcze_DeXp 1) | 75
1.45 A— 1 (1+0.62)

where the renormalization factor, (I + A) arises from the s-wave channel of the
electron-phonon coupling. The value ¢p ~140 K from a recent thermal conductivity
measurement [136] was used in the calculation. Thus, the Coulomb pseudopotential, x*, is
estimated to be ~ — 0.4. The negative p* implies that the electron-phonon interaction alone is
not strong enough to induce a SC transition in BFNA. It is possible that both the
electron-phonon interactions and non-phonon dominating interactions, such as spin mediated

pairing mechanisms, should be included for describing the SC transition in BFNA.
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Fig. 7.4 Amplitude of long-lived relaxation component vs temperature. The long-lived
relaxation component is attributed to the relaxation of heat via diffusion.

Fig. 7.4 shows the amplitude of the long-lived component, 4;,,,, plotted as a function
of temperature. The A4;,,, reaches the maximum at low temperatures and drops quickly to the
minimum at high temperature, which is roughly inverse to the behavior of overall specific

heat. Therefore, the slow decay process is attributed to the relaxation of heat via diffusion.

7.4 Distinct quasiparticle relaxations in BFCA

We also performed the transient optical reflectivity measurements to the BFCA
sample with 7. ~25 K. Similarly, two distinct relaxations and one long lived component were
observed in the spectra which yields two quasiparticle gaps A;(0) = 3.5 £ 0.4 meV and A,(0)
= 74 = 1.2 meV. The results support the multi-gap characteristic in iron based
superconductor as observed in BFNA sample. In addition, the estimate of the electron-phonon
coupling constant from quasiparticle relaxation rate in time domain gives a value of ~ 0.17
that is much too small to give a T¢ of 25 K. The result agrees with the conclusion that the
electron-phonon interaction is not strong enough to induce the SC transition in the iron-based

superconductor as discussed in BFNA sample.
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Fig. 7.5 Experimental R,/R,, ratio at three temperatures together with BCS single gap and
two-gap fits at 5 K. 7= 27 K data is used for R, .The inset shows the temperature dependent
F ¥(w), the inverted electron boson spectral function in BaFe; 3sCog 15As;.

The conclusion is further verified by frequency domain measurements at Prof. Jiufeng
Tu’s group. We obtained the electron boson spectral function, referred to generically as
Fy(w), by inverting the frequency dependent optical scattering rate based on Eliashberg
theory [137]. The result for the normal state is shown in the inset of Fig. 7.5. 12)((60) has two
peaks located at ~ 18.5 and ~ 53 meV at 27 K (just above 7¢). It is important to point out that
the deduced electron-boson spectral function, sz(w), is strongly temperature dependent and
contains significant contribution beyond the highest of phonon frequencies [138], and thereby
it rules out electron phonon interaction as the dominant pairing mechanism in BFCA. In
particular, the 18.5 meV peak in ]2)((60) matches the spin resonance peak (12.5 — 17.5 meV)
observed in Bag¢Ko4Fe,As; [139] and the 53 meV peak coincides with a spin wave peak in

CaFe,As; in inelastic neutron scattering [140], which indicates a spin origin for P x(®). In fact,
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recent spin relaxation measurements on a number of iron pnictides show an antiferromagnetic
energy scale of ~ 50 meV which is also theoretically predicted. Therefore, electron coupling
to AF spin fluctuations provides a natural explanation for our experimental observations.

In summary, we investigated the QP relaxation dynamics in BFNA and BFCA by
optical spectroscopy in both time and frequency domains. We reveal that the electron-doped
BFNA and BFCA are multi-gap superconductors. Moreover, we show that electron pairing in
BFNA and BFCA is unconventional and not dominated by electron phonon interaction based
on our experimental results. From the frequency domain results, a spin mediated pairing
mechanism is necessary to include for describing the SC phase transition in iron based

superconductor.
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Chapter 8 Summary

We used ferromagnetic resonance and time-resolved pump-probe optical techniques to
study the spin and quasiparticle dynamics in the epitaxially grown iron thin films, multilayer
FeCoB/Cr/FeCoB thin films, and iron based superconductors.

First, the FMR measurements were carried out to study the spin dynamics both in
frequency and time domains in single layer iron thin film and FeCoB/Cr/FeCoB multilayer
samples. In the single layer iron thin films, we employed magnetization precessions to
characterize the magnetic crystalline anisotropies and magnetization damping. We reveal that
the magnetic crystalline anisotropy is dominative and the magnetic damping shows a strong
dependence of the in-plane magnetic field orientation. In the FeCoB/Cr/FeCoB multilayer
thin films, we identified both the acoustic and optical spin wave modes and reveal that the
adjacent magnetic layers in the trilayer structures are antiferromagnetic coupled with an
effective interlayer coupling constant J.; Our investigations show that the magnetic
anisotropy parameters and magnetic damping can be accurately tuned and controlled by the
interlayer coupling constant J,.

Next, we utilized the time-resolved pump-probe magneto-optical MOKE spectroscopy
to study the spin dynamics in the iron thin film at the picosecond time scale. We combined
the time resolved MOKE results with static magnetic hysteresis loops at various time delays
to understand the ultrafast demagnetization dynamics. The demagnetization relaxation time
was estimated to be of ~ 70 fs. The demagnetization process is completed before
electron-phonon equilibration is achieved and therefore the dynamics cannot be solely

explained by the electron thermalization model. The spin-orbital coupling was included to
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explain our results. Moreover, we showed that the ultrafast magnetization reorientation can
be coherently controlled by the pump polarizations. The magnetization excitation and
reorientation is attributed to the laser pulse induced effective field in the sample.

Finally, the quasiparticle relaxation dynamics were studied in the BaFe; 9Nig ;As; and
BaFe, 35Cog.15As, superconductor using time-resolved pump-probe optical spectroscopy. Two
distinct relaxation components and one sub-nanosecond long-lived component are observed
in our transient reflectivity spectra. The picosecond scale relaxation component is attributed
to the recombination of quasiparticles in the superconducting state. The sub picoseconds
scale relaxation component is ascribed to the quasiparticle relaxation from a range of large
gap states to the state above the superconducting gap. Our results support the multi-gap
characteristics of the iron based superconductors. Furthermore, the electron-phonon coupling
constant and the Coulomb pseudopotential are estimated from the quasiparticle relaxation
lifetime. The negative Coulomb pseudopotential suggests that the electron-phonon interaction
is not the dominative contribution of the SC transition in iron based superconductor. By
combining the frequency domain measurement results, we conclude that it is necessary to
combine the electron-phonon interaction and a spin mediated pairing mechanism to

understand the SC phase transition in iron based superconductor.
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