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Abstract

Epitaxial ultrathin Fe(001) film structures are grown by Molecular Beam Epitaxy
(MBE) on GaAs(001) substrates. The magneto-dynamic properties are investigated
using Ferromagnetic Resonance (FMR) and time-resolved magneto-optic Kerr mi-
croscopy (TRMOKE) over a wide range of microwave frequencies using Au/Fe/-
GaAs(001) and Au/Fe/Au/Fe/GaAs(001) structures. A new long-range dynamic
exchange interaction between ferromagnetic films separated by normal metal (NM)
spacers is reported. This interaction is communicated by non-equilibrium spin cur-
rents. It is measured using FMR and explained by an adiabatic spin-pumping theory.
At ferromagnetic resonance the spin-pump/spin-sink mechanism of two spatially sep-
arated magnetic layers leads to an appreciable increase in the resonant linewidth
(damping) when the resonance fields of the two layers are well apart, and results in a
linewidth narrowing when the resonant fields approach each other. The spin-pumping
effect is also studied in magnetic single layers with thick NM cap layers. A significant
spin-sink effect is observed only for NM=Pd.

In multilayer samples involving a sufficiently thick layer of Pd the formation of a
self-assembled nanoscale network of misfit dislocations affects the spin dynamics and
causes extrinsic magnetic damping. The misfit dislocations are detected during the
film growth by fan-out diffraction features in reflection high electron energy diffraction
(RHEED). Out-of-plane measurements of the FMR linewidth reveal that the extrinsic
damping is caused by two-magnon scattering. The in-plane FMR linewidth is strongly
anisotropic and follows the rectangular symmetry of the glide planes of the misfit
dislocation network. The anisotropy is interpreted using the Fourier components of
the magnetic defects. Following this model the frequency dependent variation of
the in-plane angular dependence of the FMR linewidth is explained by an effective

channelling of scattered spin waves parallel to the magnetic defects.
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Chapter 1
Introduction

Spintronics is a new variant of electronics in which the electron’s spin rather than the
electron’s charge is used. This emerging field has the potential to revolutionize and
to some extent replace conventional semiconductor electronics [1, 2, 3]. Spintronics
has already led to the development of magnetic tunnelling junctions (MTJ) and gi-
ant magneto-resistive (GMR) spin valves (SV). These devices are based on ultrathin
magnetic multilayers. MTJs have been used for prototypes of non-volatile magnetic
random access memories (MRAM). GMR SV systems are already used in computer
hard drive read heads and have revolutionized high density magnetic recording in
recent years.

As the device operation approaches the GHz range of frequencies the magnetic
relaxation starts to be an important aspect of the device performance. Magnetic
relaxation, however, is the least developed and understood area in the study of mag-
netic ultrathin film properties. The understanding of magnetic damping in metallic
multilayers remains a controversial topic largely due to the presence of unintended
sample defects. Most spin dynamics experiments to date have been carried out us-
ing polycrystalline samples grown by sputtering where a poor crystalline quality and
rough interfaces can obscure the intrinsic properties. It is therefore essential to study
magneto-dynamics in nearly perfect single crystalline samples to understand the in-
trinsic relaxation mechanisms. Such understanding will allow to engineer the high
speed performance of multilayer based spintronic devices.

This thesis examines the magnetic relaxation mechanisms in ultrathin epitaxial
multilayer film structures. High quality single crystalline multilayer samples were

prepared by molecular beam epitaxy (MBE) in ultra high vacuum (UHV). In spin-
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tronics applications the multilayer films are grown on semiconductor and insulator
substrates. One of the best semiconductor/ferromagnet systems is Fe(001) deposited
on GaAs(001). GaAs(001) is fairly well lattice matched to Fe(001); its lattice constant
is only 1.4% smaller than twice the lattice spacing of Fe, and the growth of Fe is not
affected by alloying with the substrate. Fe is also advantageous compared to other
3d transition metallic films because of its low intrinsic damping and large magnetic
moment.

Two complementary magneto-dynamic techniques were used: (i) Ferromagnetic
resonance (FMR) where the rf precession of the magnetic moment is excited by a con-
tinuous microwave magnetic field. The resonance linewidth is related to the magnetic
damping and was investigated as a function of microwave frequency and the angle
between the static magnetization and the crystallographic axes. (ii) In time-resolved
magneto-optic Kerr effect experiments (TRMOKE) the time evolution of the mag-
netic moment in response to an ultrashort magnetic field pulse was measured on a
picosecond time scale. The rf magnetic field amplitude ranged from 0.5 Oe in FMR
to 10-30 Oe in TRMOKE.

The Fe layers grown on GaAs(001) and covered by Au(001) exhibited only Gilbert
damping. These samples provided an ideal starting point for the exploration of mag-
netic relaxation in multilayer structures.

In the first part of this thesis the spin dynamics are studied in magnetic dou-
ble layers (two ferromagnetic layers separated by a non-magnetic spacer layer). It is
shown that the exchange of angular momentum between the two ferromagnetic lay-
ers leads to non-local spin torques. This means that even in the absence of static
interlayer exchange coupling the two magnetic layers are coupled through the normal
metal spacer via non-equilibrium spin currents. This is an entirely new concept and
essential to the understanding of magnetic dynamics of ultrathin magnetic multilayer
structures.

The second part of the thesis deals with an extrinsic relaxation mechanism that
is caused by a self assembled network of misfit dislocations in Pd/Fe/GaAs samples.
This extrinsic relaxation is well described by a two-magnon scattering model. Two
other systems affected by two-magnon scattering were studied: Cr/Fe/GaAs(001) and
half metallic NiMnSb films grown on InP(001).

The thesis is organized as follows: chapter 2 covers theoretical aspects important

to the interpretation of the results using FMR and TRMOKE measurements. chapter
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3 describes the experimental systems used in this work. This chapter is split into
three sections: (i) Sample preparation, (ii) FMR, and (iii) magneto-optical Kerr effect
techniques. Chapter 4 consists of three parts. The first part discusses the intrinsic
magnetic properties of Au/Fe single magnetic layers. The second part provides the
experimental evidence for dynamic exchange coupling in Fe/Au/Fe magnetic double
layers. This coupling is due to the spin-pump and spin-sink contributions. Finally,
the third part presents and discusses the spin-pump and spin-sink effects due to the
normal metal (NM) cap layers in contact with Fe films (NM=Au, Ag, Cu, and Pd).
Chapter 5 covers the extrinsic damping observed in self-assembled networks of misfit
dislocations in Pd/Fe structures. The results will be compared with the two-magnon
scattering theory. Chapter 6 presents the time-resolved magneto-optic measurements
on films having (i) intrinsic Gilbert damping, (ii) strong two-magnon scattering, and
(iii) a spin-pumping contribution to the damping. In chapter 7 the important results
and conclusions are summarized.

Additional work and information is presented in the appendices. In appendix A
the results of large angle magnetization dynamics in Au/Fe/GaAs(001) films are pre-
sented. This work was carried out in the group of Prof. Hans Siegmann at the Stanford
Linear Accelerator Center (SLAC). Appendix B discusses the magnetic properties of
Fe/Pd superlattices grown on GaAs(001). In appendix C the adiabatic spin-pumping
theory is derived using a time dependent scattering matrix and spin projection oper-

ators.



Chapter 2
Theoretical Considerations

The purpose of this chapter is to introduce the established concepts required to un-
derstand the experimental results presented later. Emphases are put on ferromagnetic
resonance, magnetic relaxations, and magneto-optics. New theoretical concepts which
are used for the interpretation of the experimental results will be described in chapters
4 and 5.

2.1 Energetics of Very Thin Ferromagnetic Films

In ferromagnets, the exchange energy favors parallel alignment of the magnetic mo-
ments (spins). The length scale across which the exchange interaction is dominant

over the demagnetizing energy is often called the exchange length, and is given by

lex = (27;243)1/2 [4]. A is the exchange constant and Mg is the saturation magneti-
zation. For Fe, A = 2.1 x 1079 erg/cm and Mg = 1700 emu/cm?. This results in
[¥® = 3.3 nm which corresponds to a thickness of 23 monolayers (ML). Magnetic films
whose thickness is comparable to or less than [, are referred to as ultrathin; their
moments are locked together by the exchange interaction across the film thickness

and can usually be treated as a macrospin.

2.1.1 Demagnetizing energy

In a thin uniform magnetic film the in-plane dimensions (lx and ly) are much larger
than the thickness tp (I = tr). When the magnetization lies uniformly in the

plane the magnetic charges are avoided altogether and this corresponds to the lowest
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Z[001
A[ ]

X [100]

Figure 2.1: The laboratory coordinate system X,Y, Z is parallel to the principal crystal-
lographic axes. M and H are magnetization and applied magnetic field, respectively. The
(z,y,z) coordinates are rotated with respect the (X,Y,Z) system such that x || M and
y || XY-plane.

magneto-static energy configuration. The magnetic charges on the outer edges in the
lx and ly directions can be neglected and the demagnetizing factors are Nx = Ny =0
and Nz = 1. If the magnetization is tilted out of the plane by an external magnetic
field, a magnetic surface charge density is created on the film surfaces resulting in a

demagnetization (restoring) energy density
Edem = 27 DMZ sin Oy* = 27M7 (2.1)

where D is the effective demagnetizing factor obtained by averaging over the discrete
sum of dipolar magnetic fields acting on the individual lattice planes [5]. D is very
close to 1 for films thicker than a few monolayers (ML). M, is the magnetization
component perpendicular to the film surface and 6, is the angle of the magnetization

with respect to the film normal, as illustrated in Fig. 2.1.
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2.1.2 Crystalline anisotropy

The magnetization in ferromagnets has energetically preferred directions, dictated
by the symmetry and the structure of the crystal. The dependence of magnetic
energy on the orientation of the magnetization with respect to the crystallographic
directions is called magneto-crystalline anisotropy. This anisotropy is caused by spin-
orbit coupling; the electron orbital motion given by the lattice potential couples to
the net spin moment. The Fe films discussed in this thesis are cubic and their bulk
properties satisfy cubic symmetry. The GaAs(001) substrates upon which these films
are grown, however, exhibit uniaxial symmetry, and therefore the magnetic films can
also exhibit uniaxial in-plane anisotropy. It is convenient to split the anisotropy energy
density functional into respective in-plane and perpendicular uniaxial and four-fold
components:

Kl ., 4 K, (i - M)?

5ani:__(Oéx‘i‘ay)_TOéZ—KéOéQZ—K[HJT, (22)
S

2

where the ayy z represent the direction cosines of the magnetization vector along
the [100], [010], and [001] crystallographic directions, respectively. K{‘, K, K[”J, K#
are constants describing the strength of the in-plane and perpendicular parts of four-
fold and uniaxial anisotropies. 0 is a unit vector along the in-plane uniaxial axis.
The reduced symmetry at the interfaces can strongly enhance the role of spin-orbit
interaction and hence contribute to the crystalline anisotropies. For ultrathin films
the interface anisotropy is shared by all atomic layers due to the exchange interaction
and can be separated from the bulk contribution by its inverse dependence on the
film thickness. For a film with two interfaces A and B one can write
K4 KPB

K:Kblﬂk—i-g—i—g, (23)

where K stands symbolically for K|, Ki, Kg, and Kg. KPPk and K4P are the
bulk and interface contributions, respectively. Usually K é AB g by far the strongest

interface anisotropy.

2.1.3 Zeeman energy

The presence of an external magnetic field vector Hy introduces the Zeeman energy
density term
gzee - _H() . M (24)
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2.2 Motion of the Magnetization Vector

The time evolution of the magnetization in a magnetic medium in response to a non-
equilibrium magnetic field was first addressed by Landau and Lifshitz in 1935 [6].
They introduced the Landau-Lifshitz equation (LL)

dM M\ M

M X Hug + A |Heg — (Heg - o | 2.

% YM x He + [ i ( i ”S>MS] (2.5)
where 7 is the absolute value of the gyromagnetic ratio defined as v = |3%=[. The

first term on the right hand side represents the well known precessional torque. The
energies discussed in the previous section enter the equation of motion via an effective

field and are evaluated from the energy density functional [4, 7]:

agtot
oM’

where Eot = Eqem + Eani + Ese- The second term on the right hand side of Eq. 2.5

leads to relaxation of magnetization and can be rewritten in a more convenient form

Hep = — (2.6)

TH = )\ {Hﬁ — (Hff : %) %} — —M%M x [M x Heg] . (2.7)
This implies that the relaxation is driven by the effective field component that is
perpendicular to M. A = 1/7 is a phenomenological damping constant and equal to
the inverse relaxation time. In 1955 Gilbert introduced a slightly different damping
torque [8], justified by the particle like lagrangian treatment of domain wall motion by
Doéring [9]. Déring found that a moving domain wall acquires an effective mass. Based
on this result, he treated the time dependent motion of a domain wall in an oscillating
field like a harmonic oscillator, and introduced a phenomenological damping term
linear in dm/dt, where m = M /Mg. Gilbert generalized this treatment to describe
the motion of the magnetization vector itself and introduced the damping torque
510 G dM dM
Q@
= M—@M o T EM X
G = 1/7 is the Gilbert damping constant. It is now more popular to use the dimen-

sionless damping parameter o = MLM In the limit of small damping (a < 1) Gilbert

and Landau-Lifshitz damping torques are equivalent. Eq. 2.5 with the Gilbert damp-

T¢ (2.8)

ing torque 2.8 is usually referred to as the Landau-Lifshitz-Gilbert equation (LLG).
The time evolution of the magnetization described by LL and LLG preserves the
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length of M. Physically magnetic damping leads to a loss of angular momentum from
the spin system. The rate of this loss is given by %x%’ where x| = Mg/H.q is the
transverse susceptibility.

Different microscopic damping mechanisms can be operative in metallic ferromag-

nets, and are discussed in section 2.4.

2.3 Ferromagnetic Resonance

In ferromagnetic resonance (FMR) experiments a small microwave field excites the
magnetization at a fixed frequency f. At the same time a magnetic dc field is applied
allowing one to change the precessional frequency. When the precessional frequency
coincides with the microwave frequency, the sample undergoes FMR which is accom-
panied by increased microwave losses. The important parameters of an FMR spectrum

are line position (related to the anisotropies) and linewidth (related to the damping).

2.3.1 The resonance conditions

In this section the FMR condition (resonance field) will be derived. The effective fields
corresponding to the magneto-crystalline and demagnetizing energies are evaluated
in a cartesian coordinate system where the magnetization is oriented along the x
direction, as illustrated in Fig. 2.1. The direction cosines of the magnetization which
enter Eq. 2.2 can be parameterized in terms of the in-plane angle ¢, between the
magnetization and the [100] direction, and the out-of-plane angle ), between the

magnetization and the [001] direction

. ) M, . M,
axy = e cos @y sin Oy — Mz S QPpr — Ms cos par €os Oy (2.9)
ay = M sin @z sin Oy + ﬁz COSPm — My sin s cos Oy (2.10)
M, M., .
oy = s cos Oy + —Ms sin 6. (2.11)

In-plane configuration

In the parallel configuration, the magnetization and the applied magnetic dc field lie
in the plane of the magnetic film 0,; = 65 = 90°. With aid of Eqgs. 2.2, 2.6, 2.9, 2.10,
and 2.11 the effective field components due to anisotropies in the x,y, z cartesian
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coordinates of the magnetization are

. K] . .
H = le;% [M(cosdpns + 3) — BMJ M, sin 4oy + MM (3 — 3cosdpny) + M, sindepyy |
K|
+ Mlé [M, (14 cos2(¢nr — o)) — My, sin2(on — v )] (2.12)
i _Kﬂ 3 2 2 ; 3
= M [M2 sindpn — M2ZMy(3 — 3cosdpn) — M, M (3 + 3sindpn) — M,/ (cosdpns + 3)]
K|
- ﬁg (M sin2(pam — pu) — My(1 — cos2(pnm — ¢u)] (2.13)
S
. K# 2K
H™ = —AxDM, + —L M, + = M3, (2.14)
Mg Mg

where ¢p is the angle between the in-plane uniaxial direction and the [100] axis. In
addition to the anisotropy fields there is an externally applied magnetic dc field H

and a rf driving field h. The cartesian components of the external dc field are

Hy = Ho[cos (onm — pr)X —sin (py — on)y] - (2.15)

The effective magnetic field entering the torque equation 2.5 is given by the sum of
all fields:

H.s = H™ + H, + hy, (2.16)

where the rf h-field is applied in the y direction. In the small angle approximation
(M, > M,, M.,) one can calculate the resonance condition with trial solutions of the
f iwt

form my’ oc €', where w = 27 f is the microwave angular frequency. One can write

M = Mg%k +m})§ + miz (2.17)

and insert this and the effective fields into the LLG equation. The equation of motion
becomes a system of two coupled equations for me and m*. Because the rf compo-

nents are very small compared to Mg, the equations are linearized by keeping only

terms that are linear in mzf, m™ and h:
W LW
0 = imf 4 (Bas +ia” )m! (2.18)
Y v
W LW
hMs = —ilmt (ﬁeﬁ n m—>m;f, (2.19)
Y y
where
= H _ drDMe — 2—U 4 "1 s 4 Un 9 _
Beg ocos(pn — o) +4m 5 M + e [3 + cosdpn] + M [1+ cos2(prr — vu)]
I I
2K 2K
et = Hocos(ony —om) + Fl cosdpy + MU cos2(pnm — @u)- (2.20)
s s
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Her and Vg can be viewed as effective magnetic field and effective magnetic induc-

L
tion. Since the demagnetizing (4w DMg) and perpendicular uniaxial anisotropy (2]{;—5)
contributions enter the equations of motion additively it is convenient to define an

effective demagnetizing field

2K+
4 Meg = 4rDMg — =Y. (2.21)
My
For a given microwave angular frequency w one can calculate the rf susceptibility as
a function of the applied field H,
m S eff
Xy = Xy TiXy = > = . . (2.22)

" (B ios) (s i02) - (5)

This expression assumes that A is uniform in the film, i.e. the film thickness is much

smaller than the skin depth (tp < §). The microwave absorption is maximum when
the imaginary part of the susceptibility has a maximum. Ignoring the damping in

Eq. 2.22, this occurs when the denominator is zero. The resonance condition in this

2
(g> = %effﬁeff
Y

In general, the sample is not in a fully saturated state i.e. vy # gy due to the

case 18

(2.23)

Hpmr

anisotropies and if one wants to interpret e.g. Hpyg as a function of ¢y, one has to
calculate ¢y, for given ¢y and Hj from the static equilibrium. The static equilibrium
can be obtained from the condition that the static torque on the magnetization is
zero after inserting effective fields (Eqgs. 2.14 and 2.15) into 2.5 and setting M, = Mg,
M, =0, and M, = 0. The z-component is the only nonzero torque component, and

setting it to zero defines the static equilibrium:
. . 1 .
HoMgsin(oy — on) + Kg sin2(oy — @) — 5[({' sindpy = 0. (2.24)

One can show that in the saturated case (¢p = @p) the imaginary part of the
microwave susceptibility 2.22 as a function of the applied field is given by an almost

perfect Lorentzian function [11]

Bog AH
Bt + Nesr " AH? + (Hy — Hpyr)?
R

FM

Im[x,] = xy = Ms (2.25)

where AH = oz% is the half width at half maximum (HWHM) linewidth and Hpyg

is the line position.
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Perpendicular configuration

This is a special case of the out-of-plane configuration where the magnetization and
applied magnetic field are oriented perpendicular to the sample (6 = 0y = 0°). This
simplifies the calculation of the resonance condition significantly because the four-fold
in-plane anisotropy can be neglected. If one neglects the in-plane uniaxial anisotropy,
both rf-magnetization components have identical amplitudes and can be converted
into left and right handed circularly polarized components: m = mif + z'm?rf. Since
the LLG equation has a handedness FMR only occurs for the right handed component

and the linearized equation of motion is given by [4]

2KL
B M = (HO — ArM.g + M; _ % + @a%) m't, (2.26)

this leads to the resonance condition

e
Mg

w
; = HFMR — 47TMeff +

(2.27)

Out-of-plane configuration

In the general case of arbitrary out-of-plane angles fy for the applied field the mag-
netization is dragging behind the applied field and one has to calculate 6, for given
Oy and Hy from the equilibrium condition. The strongest contribution arises from the
effective demagnetizing field; neglecting uniaxial in-plane and four-fold anisotropies

one can write for the equilibrium condition [12]

47TMeﬂ‘

0

sin(@H — QM) = — sin 29]\/[ (228)

The data analysis for the out-of-plane configuration is correctly treated (with all

anisotropy contributions) by numeric solutions using a computer program.



CHAPTER 2. THEORETICAL CONSIDERATIONS 12

2.4 Physical Origin of Intrinsic Spin Damping

There are three major mechanisms which can cause intrinsic damping in metallic
ferromagnets. These are (i) eddy currents, (ii) magnon-phonon coupling, and (iii)
itinerant electron relaxation. In the following subsections all three mechanisms will

be examined with respect to their relevance to ultrathin metallic ferromagnets.

2.4.1 Eddy current mechanism

The precession of the magnetization induces eddy currents, and the dissipation of
them is proportional to the conductivity of the sample. For samples that are thinner
than the skin depth, the contribution of eddy currents to the equation of motion can
be evaluated by integrating Maxwell’s equations across the film thickness ¢tr. The
resulting effective field has a Gilbert like form with an effective Gilbert damping
constant [13]

1 A\ 9
Qeddy — _MS’Y - O'tF. (229)
6 c
where o is the electrical conductivity. This contribution becomes comparable to the
intrinsic damping for samples thicker than 50 nm. The skin depth for Fe at a frequency
of 24 GHz is 6 ~ 100 nm. The thickest sample considered in this thesis was only 5
nm thick, hence the eddy current damping can contribute only ~ 1% of the total

damping.

2.4.2 Phonon drag mechanism

Direct magnon-phonon scattering is another possible relaxation mechanism. Suhl re-
cently presented calculations for magnon relaxation by phonon drag [14]. His explicit
results are applicable to small geometries where magnetization and lattice strain are
homogeneous. Using the LLG and lattice strain equations of motion one can asymp-

totically describe the Gilbert phonon damping aphonen by [14]

My [ Bo(1+1)\°
Qphonon — ]\ZZ< 2(E >> ) (230)

where 7 is the phonon viscosity, Bs is the magneto-elastic shear constant, E/ the Young
modulus, and v is the Poisson ratio. All parameters can be readily obtained except

for the phonon viscosity n. Fortunately, the phonon viscosity parameter n for Ni
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in the microwave range of frequencies was experimentally determined in microwave
transmission experiments by Heinrich et al. [15]. In these studies at 9.5 GHz, a fast
transverse elastic shear wave was generated by magneto-elastic coupling inside the skin
depth of a thick Ni(001) crystal slab. This transverse elastic shear wave propagated
across the slab, and then reradiated microwave power at the other side of the Ni
slab. The effect was called ‘phonon assisted microwave transmission’. By fitting the
experimental data to the LLG and elastic wave equations of motion including the
magneto-elastic coupling, the elastic wave relaxation time was found to be 7,, =
6.6 x 1071 s at 9.5 GHz. The phonon viscosity, as introduced in [14], is given by
n = ca/(Tpnw?), where cyy is the elastic modulus. For Ni n = 3.4 (in CGS units).
Using Eq. 2.30 results in a phonon Gilbert damping of aphonon ~ 1 x 107 which
is ~ 30 times smaller than the intrinsic Gilbert damping parameter of Ni. Since
magnetostrictive effects are stronger in Ni than in Fe, Co, or Py, it is expected that

the phonon drag mechanism will be even weaker in Fe, Co, and Py.

2.4.3 Itinerant electron mechanisms

The most important damping mechanism in ultrathin metallic ferromagnets is based
on itinerant electrons. The original model proposed by Heinrich et al. [16, 17] was

based on the interaction of s-p like electrons with localized d spins.

s-d interaction: spin-flip scattering

The s-d exchange interaction was calculated by integrating the s-d exchange energy
density [18]. The particle representation of the s-d exchange interaction Hamiltonian

for the rf-components of the magnetization is given by three particle collision terms

|25 t
Ha =\ ; J(q)ax,al, o bg + hc, (2.31)

where S is the spin, N is the number of atomic sites, a’ and a respectively create and
annihilate electrons, and bf and b create and annihilate magnons. The total angular
momentum and wave vector are conserved in the 3 particle collisions. T, | stand for
majority and minority electrons, respectively. Itinerant electrons and magnons are
coherently scattered by the s-d exchange interaction resulting in the creation and
annihilation (h.c. term in Eq. 2.31) of electron-hole pairs as illustrated in Fig. 2.2.

Due to conservation of the angular momentum, the itinerant electron has to flip its
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!
g
€k+q

Figure 2.2: A spin wave with energy fwg and momentum q collides with an electron in

state €}, changing its spin and momentum state to eﬁ;q.

spin when it is scattered by a magnon. This coherent scattering on its own leads only
to a renormalized g-factor [16]. In order to cause relaxation, the electron-hole pair
needs to be incoherently scattered by thermally excited phonons or magnons. Such
incoherent scattering can be accounted for by introducing a finite life time 7.4 for the

electron-hole pair excitation [16]

h
06 = efyq — €k + i (2.32)
€

Teff 18 given by the spin-flip time of the electron-hole pair 7. 74 is longer than the
momentum relaxation time 7, which determines the conductivity. For simple metals
Elliott [19] showed that this enhancement is related to the deviation of the g-factor

from the free electron value due to spin-orbit interaction

Tef 1

. = m (2.33)
More reliable estimates for 7¢ can be obtained from measurements of the spin diffusion
length lq. Giant magneto-resistance (GMR) experiments with the current flowing
perpendicular to the plane (CPP) allow one to estimate lgq by measurement of GMR
as a function of the magnetic layer thickness [20]. 7y and [y are directly related by
20, 21]:

612, A\ + |

Tef = ) 2.34
sf VF )\T>\ ! ( )
where vp is the Fermi velocity and A\ and A| are the electron momentum mean free
paths for spin up and spin down electrons. A\, = 2 )\’\T:\il = VUpTy IS the average

electron momentum mean free path of the ferromagnet. A, can be determined from

the resistivity [20]
_ Mmup Ap
0= 2k (2.35)
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H FM ‘ lsa[nm] ‘ Ié; ‘ o[1€2em)] ‘ Tst [DS] ‘ G[10"Hz] ‘ a[1073] ‘ Ms[&55] H
Fe 22] 9.7 [23] 5.8 [24] 2 [ 1710 [25]
Co 22] | 59 [26] | 036 | 6.2 (23] | 3.8 [20] | 30 [27] 11| 1425 [25]
Ni 21 28] 6.8 [23] 25 [28] 19 | 485 [25]
Py | 2.4 [29] | 4.3 [20] | 0.73 [20] | 12.3 [20] | 0.03]20] 9 6 | 860[25]
MuNiSb | 2.03 [30] 1 31[30] | 28 | 580 [30]

Table 2.1: Table showing the spin relaxation times and other relevant quantities for several

ferromagnetic materials (FM).

where 3 is the bulk spin asymmetry coefficient, m is the electron mass, and n is
the total conduction electron density of the ferromagnet. In Permalloy (NiggFeyq, Py)
opy = 12.3 Y, Bpy = 0.73, vp =1.5x10% cm/s, and n = 6.3x 10*? cm ™ corresponding
to one conduction electron per atom [20]. The spin diffusion length in Py is LY = 4.3
nm [20] which with the aid of Eqs. 2.34 and 2.35 leads to 7 = 3 x 107" s. A
short spin diffusion length implies that the spin scattering enhancement factor 74 /7y,
is only ~ 19 for Py In Co similar GMR measurements [20] lead to IS = 59 nm at
77 K and require 75° = 3.8 x 107!2 5. In this case the corresponding spin scattering
enhancement factor is ~ 300. By simply applying Eq. 2.33, one obtains 7 /7, ~ 21
and ~ 35 for Py and Co respectively. This means that Elliott’s formula predicts
the spin scattering enhancement factor correctly for Py but is wrong by an order of
magnitude for Co.

The rf susceptibility can be calculated using the Kubo Green’s function formalism
in the Random Phase Approximation (RPA) [31]. The imaginary part (damping) of
the denominator of the circularly polarized rf susceptibility is usually expressed as an

effective damping field [16]

NQMBZU

where the summation is carried out over all available states on the Fermi surface and
(S) is the reduced spin (S) = S(Mg(T)/Mg(0)). The factor gup = vh was used to

convert the relaxation energy into an effective relaxation field and ¢ is Dirac’s delta

Qg d__

(nk+q - nk> S(hwg+ew —ebry),  (2.36)

function. The incoherent scattering of electron-hole pair excitations broadens the

delta function in Eq. 2.36 into a Lorentzian [16]
h/TSf
(mq + ng( - 8ll(—i-q)2

5(7wq+511— L

€k+q) ~

. 2.37
+ (7/7)? 240
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o _
k+q

ep is the Fermi energy. The delta function keeps the relaxation processes limited to

The difference in occupation numbers is An = n ny. = 0(ex — ep)hiwg, Where
electrons at the Fermi level. The energy hwq = Iw of a resonant magnon is the energy
that is involved in the scattering process. One should view the Lorentzian function in
Eq. 2.37 not as a smeared energy conservation, but rather as probability distribution to
achieve a certain scattering event. FMR experiments are usually sensitive to the nearly
homogeneous mode, q ~ 0 and the change in the energy for the spin-flip electron-hole
pair excitations is dominated by the exchange energy, Eli I 511 = —2(S) J(0). Using
N (S) gup=M(T) one obtains a damping field proportional to the frequency w and
inversely proportional to the saturation magnetization Mg. These are exactly the
features of Gilbert damping (see Eq. 2.8). After integration over the Fermi surface
one can extract the Gilbert damping parameter

_ X b
MSVTsf 7

(2.38)

Qs—dq

where x,, is the Pauli susceptibility for itinerant electrons. Y, can be calculated from

the following expression

v = (Z—Z)Q / K2dko(ex — ) = 14N (er) | (2.39)

where N(ep) is the density of states at the Fermi level. y, for 3d transition metals
is in the range of 3 —9 x 107% [32]. An uncertain point, however, is the relationship
between 7 obtained from GMR measurements, see Eq. 2.34, and the 7 applicable
to magnetic relaxation rate (see Eq. 2.38). In GMR one measures the longitudinal
spin accumulation, while in FMR the transverse motion is relevant. The transverse
and longitudinal spin relaxation times must be closely related, but could differ by a
factor of 2. In ESR often the longitudinal relaxation is assumed to be 2 times slower

than the transverse relaxation time [33]

1 1 1
- = 2.40
Tsf Tl 2T2 ( )

In order to obtain the Gilbert damping constant from Eq. 2.38, in the experimentally
observed range of a ~ 5 x 1073 one needs to have 7 in the range of 5x107* s. This
is satisfied for Py, see Tab. 2.1. Ignoring the presence of collisions with thermally
excited magnons, the s-d relaxation is indirectly proportional to 7, and consequently

scales with resistivity. In fact, recently Ingvarsson et al. [34] showed that the Gilbert
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damping parameter in Py films can scale with the sample resistivity in agreement
with Eq. 2.38. Py, however, is a special case in that respect; in pure materials like
Co, Fe, and Ni the spin-flip relaxation time is too long and the s-d interaction hardly
contributes to Gilbert damping.

The above calculations were carried out for circularly polarized magnons. It was
shown that the ellipticity of magnons (in the parallel configuration) [35] does not
change the intrinsic Gilbert damping which is based on scattering processes, as shown
in Fig. 2.2. This result is not surprising considering that the FMR linewidth AH for

circularly polarized magnons showed the explicit feature of Gilbert damping, AH ~

1w
Ms ~v*

Spin orbit Hamiltonian: scattering without spin-flip

Kambersky [36] has shown that the intrinsic damping in metallic ferromagnets can be
treated more generally by using a spin-orbit interaction Hamiltonian. The spin-orbit
Hamiltonian for transverse spin and angular momentum components can be expressed

in a three particle interaction Hamiltonian

o 1 /28
H® = y/ﬁZ > (LT )e] jqoCukabe +hc., (2.41)

k w0

where ¢ is the coefficient of spin-orbit interaction, L* = L, £ 4L, are the right and
left handed components of the atomic site transverse angular momentum L. ¢,k

and ¢'

v ktqo annihilate and create electrons in the appropriate Bloch states with spin

o, and by annihilates a spin wave with the wave-vector q. The indices 1, v represent
the projected local orbitals of Bloch states, and are used to identify the individual
electron bands. For simplicity the dependence of the matrix elements (v|L™|u) on
the wave-vectors is neglected. The rf susceptibility can again be calculated using the
Kubo Green’s function formalism in RPA. The imaginary part of the denominator
of the circularly polarized rf susceptibility for a spin wave with the wave vector q
and energy hw can be expressed in a manner similar to that for the s-d exchange

interaction. The effective damping field is then given by

- e () [ G i)

o0

w

g0 —

Y
h)Tm

(hw + epko — Evirae)? + (B/Tm)*

X 5({5”71{’0 — €F)hw (242)
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Since no spin-flip occurs during the scattering event, the relaxation time 7 in Eq. 2.37
is replaced by the momentum relaxation time 7,,, which enters the conductivity of the

ferromagnet.

Intraband transitions (u = v)

For small wave vector spin waves (¢ < kp) the electron energy balance fuw + €, x » —
Euktqo = hw — (R?/2m) (2kq + ¢*) in the denominator of Eq. 2.42 is significantly
smaller than i/7,,. In good crystalline structures this limit is satisfied above cryogenic
temperatures. After integration over the Fermi surface, the Gilbert damping can be

approximated by

QA % (%) (; X (L 1) <u|L|,u>> Tm (2:43)

where the x4 corresponds to the Pauli susceptibility of the given Fermi sheet. The
Gilbert damping in this limit is proportional to the electron momentum relaxation

time 7, and consequently scales with the conductivity.

Interband transitions (u # v)

The energy gaps Ae, ,, correspond to interband transitions and the electron-hole pair
energy can be dominated by these gaps. For energy gaps larger than the momentum
relaxation frequency h/7, the Gilbert damping constant can be approximated by

Oéinter ~ <S>2 Z n (A )2 i (2 44)
so - MSV Xp ga T ) .

p m
were Ag, = 48 )5 (u|Lo|v) (V| La|p) /As,,, determines the contribution of the spin
orbit interaction to the g-factor [37]. If the spin-flip relaxation time 74 is obtained from
Eq. 2.33 the spin-orbit interaction results in a Gilbert damping coefficient similar to
that found for the s-d exchange interaction, as can be seen in Eq. 2.38. x% only includes
those electron states for which the change in energy during the interband transition is
much bigger than A/my,, i.e. Ae > h/7,. In this approximation the Gilbert damping
constant is proportional to 1/7,, and consequently scales with the resistivity. In
reality, the distribution of energy gaps determines the overall temperature dependence
of the Gilbert damping constant. Interband damping is expected to scale with the

resistivity only at low temperatures. With increasing temperature the relaxation rate



CHAPTER 2. THEORETICAL CONSIDERATIONS 19

/T becomes comparable to the energy gaps, Ae,, ., resulting in a gradual saturation
of afnter [36].

SO

Classical picture

Kambersky’s model was motivated by the observation that the Fermi surface changes
slightly when the magnetization is rotated [38]. This corresponds to intraband tran-
sitions and can be described by a classical picture. As the precession of the mag-
netization evolves in time and space, the Fermi surface distorts periodically in time
and space. This is often referred to as a breathing Fermi surface. The effort of the
electrons to appropriately repopulate the changing Fermi surface is delayed by their
momentum relaxation time 7, and results in a phase lag between the Fermi surface
distortions and the precessing magnetization. On the other hand, the interband tran-
sitions lead to a dynamic orbital polarization, i.e. changes of the orbital electron wave
functions in addition to changes of the itinerant electron energies.

The s-d exchange interaction can be viewed as two precessing magnetic moments
corresponding to the localized d and itinerant s electrons, which are mutually cou-
pled by the s-d exchange field. In the absence of damping the low energy excitation
(acoustic mode) corresponds to a parallel alignment of the magnetic moments pre-
cessing together and in phase. Due to the finite spin mean free path of the itinerant
electrons, their equation of motion has to include the spin relaxation towards the

direction of the instantaneous effective field,

— vprheg) | 2.45
— (m b (245)

where heg also includes the exchange field between the localized and itinerant elec-
trons. This leads to a phase lag between the two precessing magnetic moments (s
and d) [39], and consequently to magnetic damping. The magnetic damping obtained
by means of this classical approach is equivalent to that obtained using the Kubo
formalism, as described above.

The phase lag for the breathing Fermi surface and the s-d exchange interaction
is proportional to the microwave angular frequency w. Clearly, in both cases one has

‘friction’ like damping, which is described by Gilbert relaxation terms.
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Experimental evidence

In Ni the Gilbert damping increases significantly as the temperature is lowered from
room temperature (RT) and saturates for temperatures less than 50° K [40]. The
Gilbert damping parameter o was found to be 2.8 x 1072 at RT, and 16 x 102
at 4° K [40]. Korenman and Prange [41] explained the saturation of a using an
equation similar to Eq. 2.42. For intraband electron-hole pair excitations one has:
ek — exiq = (krq/m + ¢*/2m)h?. With increasing 7, the energy balance in the
denominator of Eq. 2.42 eventually becomes comparable to //7,. Both, momentum
and energy conservation now play an important role in the sum over the Fermi surface
in Eq. 2.42, and one finds

o ~ A (VR Tm) (2.46)

qur

where ¢ is the wave number of a resonant magnon. For vg7,, > 1/¢ this expres-
sion saturates and depends inversely on ¢. This behavior has also been observed in
connection with the anomalous skin depth, where only electrons moving within the
skin depth contribute to the effective conductivity, and is usually referred to as the
concept of ineffective electrons [42]. The importance of ineffective electrons to the
Gilbert damping measured at low temperatures shows explicitly that the magnetic
damping in metallic ferromagnets is caused by itinerant electrons. This is further
supported by the results of Ferromagnetic Antiresonance (FMAR) experiments. By
using microwave transmission at FMAR (¢ — 0) one can avoid problems related to
the ineffective electrons [43] and obtain precise values of the intrinsic damping. Hein-
rich et al. found that in high purity single crystal slabs of Ni the Gilbert damping
below RT was well described by two terms, one of which was proportional to the con-
ductivity, the other proportional to the resistivity [43]. At RT these two terms were
approximately equal in strength and compensated each other resulting in a nearly
temperature independent Gilbert damping parameter [28]. This is in agreement with
the above predictions. The saturation of the damping parameter above RT is quite
well accounted for in quantitative calculations by Kambersky [44] and is explained by

the interband contributions which saturate above RT.

Summary

FMR measurements in high quality crystalline Ni samples convincingly showed that

the intrinsic damping in metals is mostly caused by the itinerant nature of the elec-
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trons and the spin-orbit interaction. Quantitative calculations [16, 36, 44, 45, 46|

identified the spin-orbit interaction as the leading intrinsic damping mechanism in

ferromagnetic metals.
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2.5 Extrinsic Damping: Two-Magnon Scattering

It was shown in section 2.4.3 that intrinsic damping results in a resonance linewidth
which is linearly proportional to the microwave frequency. Experimentally, however,
the linewidth is often found to have a linear frequency dependence with an extrapo-
lated non-zero linewidth for zero frequency (AH(0)) [47]. Consequently, the measured
linewidth versus frequency is often interpreted using the simple relationship

AH(w) = AH(0) + a%, (2.47)

where the linear term is assumed to be a measure of the intrinsic damping and the
magnitude of AH(0) depends on the film quality and approaches zero for the best
samples. This implies that AH(0) is extrinsic and is caused by defects. In the
model of extrinsic damping by two-magnon scattering a uniform precession magnon,
q ~ 0 (FMR mode), scatters into q # 0 magnons. Energy conservation requires
that the resonant mode (q ~ 0) can only scatter into spin waves oscillating at the
same frequency i.e. w(0) = w(q). q is determined by the magnon dispersion relation.
Momentum conservation is not required due to the loss of translational invariance.
This mechanism was envisioned four decades ago to explain the extrinsic FMR line
broadening in YIG spheres [48]. Since then magnon scattering has been extensively
used to describe extrinsic damping in ferrites [49, 50, 51, 52, 53|. Patton and co-
workers pioneered this concept in metallic films [54].

The two-magnon scattering matrix is proportional to components of the Fourier
transform of the magnetic inhomogeneities A(q) = [drAU(r)e ", where U(r)
stands symbolically for a local anisotropy energy. In ultrathin films the magnon
q vectors are confined to the film plane (i.e. q = qy).

Recently, Arias and Mills [12] introduced a theory of two-magnon scattering that
applies to ultrathin films. For arbitrary azimuthal angles and neglecting magneto-

crystalline anisotropies the spin wave dispersion relation has the form [12]

— =2 27ngq||tF{[sin2 0y — cos? 0, cos? Yy|[Ho cos(0p — Our)
— Ar Mg sin® 0] — sin® ¢, [Hy cos(0y — 0pr) — 47 Mg cos 20}
+ Dqﬁ [2Hq cos(0g — Oar) + 47 Meg (1 — 3 cos® Oy)], (2.48)

where D = 2A /Mg is the spin wave stiffness constant and 1), is the angle between the
in-plane projection of the static magnetization and the propagation direction of the
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spin wave with wave vector q) in the sample plane. wyom is the resonance frequency
of the homogeneous precession of the magnetization and is given by

2
w’};% = [Hycos(Ay — Onr) — A Meg sin® 0] [Ho cos(0r — Oar) + 4 Meg cos 205, (2.49)

In the parallel FMR configuration the second term on the right hand side of Eq. 2.48
is negative and proportional to ¢, and therefore it lowers the resonance frequency
for magnons with q; > 0 (see Fig. 2.3a). For bigger q vectors, the third term
in Eq. 2.48 increases the magnon energy again due to the exchange field, and the
magnon dispersion curve crosses the the energy of the homogeneous precession of the
magnetization at a magnon wave vector qﬁ(@bq). This means that the homogenous
FMR mode is degenerate with the qﬁ(wq) mode (see Fig. 2.3a) and can be involved
in two-magnon scattering. By inspection of Eq. 2.48 one can also see that when
the magnetization is tipped out of the plane at angles smaller than 6, = 7/4, no
degenerate magnons are available (in this case the second term in Eq. 2.48 becomes
positive and the spin wave energy can never be lower than or equal to the energy of
the homogeneous mode).

The value of qﬁ(@/)q) decreases with increasing angle 1, between q and M, as

shown in Fig. 2.3b. No degenerate modes are available for an angle v, larger than
[12]

: (2.50)

1
Hpyvr 2
H+ 47 Mg

Wmax = arcsin <

where Hyyg is the field at FMR.
Arias and Mills developed a detailed theory for the case that the magnetization
and applied field are parallel to each other and confined to the film plane [12]. Their
quantum mechanical theory was based on a response (Green’s) function formalism

and a continuum approach [55]. The response functions were defined as

a5 =1 im0, m ety 01, 251

where the mq g(q),t) are operators for the transverse magnetization components. A

magnon-magnon scattering potential was introduced in the most general way

V= Z Cl|| e (d), q)ma(q))  + m(qH)V;y(q’H,qH)my(qh) (2.52)

q” g

1 /
+ émz(q’u )Vyy(q/\\, q))my,(qy).
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Figure 2.3: (a) Calculated spin wave dispersion spectra for a 30 ML thick Fe film at a
frequency of 24 GHz. Here 1), = 0, where 1), is the in-plane angle between the magnetization
and wave vector qj. The various curves correspond to a magnetic field inclined by 1° steps
from the in-plane configuration (lowest spectrum, g = 63 = 90°) to the perpendicular
configuration (highest spectrum, 6y = 6, = 0°). The qﬁ wave vectors for degenerate
magnons are given by the intersection with the dashed line. (b) Shows the dependence of
qﬁ(d}q) on fg. Note that the degenerate magnons are lost for g < 15° which corresponds
to Oy < m/4.

For the case relevant to the FMR mode (q) = 0) one can show that the susceptibility
is given by [12]

(HO + 471'Meff)MS

(2m)" = (2)7 — i [Men + 2000] = o

Spa = (2.53)

were R, is the additional relaxation parameter due to two-magnon scattering and
defined as

Ty M3

2(-‘)hom

Rom, (47 Mo+ Ho) Ve (0, 1) + HoViy (0, ) (2.54)

+ i[Ho(4m Mg + Ho)2[Vay(0,qy) — Vay(0,q))] 25[w(qu) — Whom|-

The imaginary part of Rsy, is responsible for the two-magnon relaxation and provides
additional damping of the FMR mode, while the real part of Ry, shifts the resonance
field slightly. In order to calculate the strength and frequency dependence of two-

magnon scattering, Arias and Mills [12] evaluated the matrix elements V,5 by using
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3 different sources of perturbation: (i) spatially inhomogeneous Zeeman energy, (ii)
spatially inhomogeneous dipolar energy, and (iii) spatial variation of the perpendicular
uniaxial anisotropy axis [12]. Only (iii) was found to produce a sizable two-magnon
effect. The inhomogeneities were assumed to have a rectangular shape with lateral
dimensions a and ¢ and a random size distribution between 1 and N,, N.. After a
series of complicated algebraical steps it was shown that the two-magnon contribution
to the FMR linewidth can be written as [12, 56]

32(KF)**p . Hy a
AR = 20 " Zgin [ —) — 1} 2.55
TM2V/3D "\ 2H, + ar M <c> ’ (2:55)

where p is the fraction of the surface area covered by defects, and b is the average
defect height. This calculation allows one to refine the empirical formula Eq. 2.47 by
the replacement of AH(0) by AH*™ from Eq. 2.55.
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2.6 Magneto-Optic Kerr Effect

Magneto-optic effects change the polarization of light by interaction with magnetized
matter. This effect was dicovered by John Kerr in 1877 [57, 58] and is called the Kerr
effect. The plane of polarization of incoming linearly polarized light rotates slightly by
an angle ¢, and becomes elliptically polarized upon reflection from a magnetic sample.
The origin of the Kerr effect is briefly discussed below in terms of the Lorentz model.

In the macroscopic theory the magneto-optic properties of a material can be de-
scribed by the dielectric permittivity tensor “€". For magnetic media this tensor has
off-diagonal elements, the magnitude of which is proportional to the magnetization.

The permittivity tensor for an isotropic magnetic medium can be written as

1 _inOéZ inOéY
T =c | iQuay 1 —iQuax |, (2.56)
_inaY inaX 1

where ¢ is the dielectric constant, @, is the Voigt coefficient (proportional to Mg),
and axyy are direction cosines of the magnetization. The Maxwell equation relating
the vectors of the electric displacement density D and the electric field strength E

can be written as
D = FE = ¢(E +iQ,h x E). (2.57)

where m is a unit vector aligned with the magnetization. The polarization vector of
the light therefore rotates around the magnetization.

There are three principal configurations for Kerr effect measurements, as shown
in Fig. 2.4. These configurations differ in their relative orientation of the light po-
larization, magnetization, and film plane. They are: (i) Polar configuration, the
magnetization points normal to the sample plane and the light polarization lies in
the sample plane; (ii) Longitudinal configuration, the magnetization is in-plane and
parallel to the plane of incidence; and (iii) Transverse configuration, the magnetiza-
tion is in the sample plane and oriented perpendicular to the plane of incidence. To
understand the origin of the Kerr effect classically one can consider the equation of
motion for electrons in an harmonic (crystal) potential driven by the electric field of
the incident light

m¥X + mwix = eEge™’ + e(x x B), (2.58)
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A e A0

polar longitudinal ~ transverse

Figure 2.4: Polar, longitudinal, and transverse configurations for Kerr effect measurements.
The arrows inside the circles represent the direction of the electric vector E of linearly
polarized light. The rotation of the polarization and the intensity change due to the Kerr
effect is illustrated by the darker arrow on the reflected light side. v indicates the direction of

the Lorentz force exerted on the moving electrons inside the magnetic medium (v | M x E).

Sample
—- V]

Figure 2.5: Longitudinal configuration illustrating the meaning of the Kerr angles 05 and
ex. The reflected light can be split into a linearly polarized in-phase component (¢ = 0)
with rotation angle 65 and an elliptically polarized out-of-phase component (¢ = 7/2) with

ellipticity angle €.

where x is the electron displacement and wy is the angular frequency of the incoming
light. It is assumed that the light polarization Ey is in the film plane and Eq || x. The
Lorentz force on the right hand side of Eq. 2.58 is in the plane of the surface if B is
perpendicular to the surface (B || z). This corresponds to the polar configuration, see
Fig. 2.4a. Therefore the polarization of the reradiated (reflected) light will be rotated.
Similar arguments apply to the other Kerr configurations.

The true microscopic origin of the magneto-optic effect lies in exchange and spin-
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orbit coupling which gives rise to a large effective field in the direction of M. This
field leads to a Lorentz force and rotates the polarization. The light reflected from
the metallic sample only interacts with a thin surface layer whose thickness is given
by the skin depth. For metals the skin depth is of the order of 100 A in the visible
light spectrum. Hence the Kerr rotation of the polarization is very small and usually
only of the order of 1073 degrees.

Since the permittivity tensor is complex the Kerr signal is measured by two quan-
tities: rotation angle 0, and ellipticity angle €;. Their definition is shown in Fig. 2.5.
In the polar Kerr configuration 6, and ¢, are roughly 10 times bigger than in the
longitudinal configuration. This is due to the large refractive index (sum of real and
imaginary parts) of metals which causes the effective angle of incidence to be small
(typically 5-8°). In this case the light propagates mostly perpendicular to the magne-
tization and the component of the Lorentz force which is perpendicular to the electric
field is small.



Chapter 3
Experimental Methods

In this chapter the ultra-high vacuum (UHV) system that was used for sample prepa-
ration and the techniques that were employed in the magneto-dynamic studies are
discussed. The chapter starts with a detailed description of the UHV system and
associated techniques used for film growth and characterization. The second part
of this chapter will address the Ferromagnetic resonance (FMR) and magneto optic
Kerr effect (MOKE) technique which were employed in static and dynamic magnetic

measurements.

3.1 The Ultra-High Vacuum System

Epitaxial metallic films were prepared in UHV by means of molecular beam epitaxy
(MBE). The UHV system is composed of 4 interconnected chambers, as illustrated in
Fig. 3.1. (a) The intro chamber was used for outgassing and hydrogen cleaning after
the samples were introduced into UHV from the load lock. (b) The analysis chamber
houses an apparatus for Auger electron spectroscopy (AES), X-ray photo emission
spectroscopy (XPS), and ultraviolet photoemission spectroscopy (UPS). These tools
permit atomic and chemical characterization of the sample surface. In addition an
Ar™ ion gun in the analysis chamber allows one to remove surface contaminants and
to conduct depth profile analysis. (¢) The growth chamber has 8 thermal evaporation
furnaces embedded in a cryo-shroud. The atomic surface topography and growth
rate were monitored using reflection high energy electron diffraction (RHEED) and
a quartz crystal micro balance. (d) The SPM chamber accommodates an Omicron

large area scanning probe microscope (SPM) which includes a scanning tunnelling

29
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microscope (STM) and an atomic force microscope (AFM). The sample holder is
mounted on a linear transfer arm, and includes goniometers for adjustment of the
azimuthal and polar angles of the sample. The transfer arm has 130 cm of travel,
allowing one to move the sample between the various chambers. The sample can
therefore be oriented at arbitrary azimuthal and polar angles in all chambers. The

temperature of the sample substrate can be varied between —200 °C and +700 °C.

3.1.1 Swubstrate preparation

All samples were grown on single crystalline GaAs(001) wafers. Commercial epi-ready
GaAs substrates (manufactured by American Xtal Technology) are always covered by
a several nm of natural oxide. This oxide layer was removed under UHV conditions
using two techniques: (i) Art ion bombardment and (ii) atomic hydrogen etching.

Both techniques have advantages and shortcomings, and are described below.

Ar' sputtering

Samples are introduced into the intro UHV chamber via the small independently
pumped load lock chamber. This allows the pressure in the intro chamber to be held
at less then 1 x 1078 torr during loading of a GaAs sample holder onto the UHV
goniometer. Subsequently, the GaAs substrates are outgassed at 400 °C for several
hours until the base pressure in the intro chamber fell below 5 x 1071% torr. The wafer
is then cooled down to RT and bombarded by 600 eV Ar™ ions at a grazing angle
(65° with respect to the surface normal) to remove surface contaminants. During
sputtering the sample is rotated around its normal and the ion beam was rastered
over the sample. The ion beam bombardment is imaged as a function of the beam x-y
deflection voltages. An image of the sample is acquired by measuring the ion current
flowing into one of the tungsten clips which are used to hold the wafer. During
ion bombardment the surface of an otherwise semi-insulating GaAs wafer becomes
conducting (probably due to the atomic disorder and site exchange doping As=Ga)
allowing one to follow the position of the ion beam by monitoring the absorbed ion
current, as shown in Fig. 3.2. In this way it is possible to maximize the ion flux
over the sample by optimizing the ion-gun optics, sample position, and raster size.
In our differential ion gun, the Ar gas was bled directly into the ionization chamber

allowing one to maintain an Ar back-pressure of 3x10~7 torr during sputtering. While
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Figure 3.1: Sketch of the UHV MBE system. The MBE system consists of four chambers:
(a) intro chamber (bottom right), (b) analysis chamber (top right), (c¢) growth chamber (top
left), (d) and SPM chamber (bottom left).

sputtering, the chamber was pumped by two 500 [/s turbo pumps. A clean surface

was obtained after 5 — 7 hours of sputtering depending on the thickness of the oxide

layer.
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Figure 3.2: UHV sample holder with a 10x10 mm GaAs wafer held by two tungsten clips.
The inset on the left side shows an image of the GaAs wafer acquired by monitoring the

absorbed ion current during Ar™ sputtering, as discussed in the text.

H: cleaning

Atomic hydrogen provides a faster and easier way to remove surface contaminants.
During the cleaning procedure the sample temperature was held at 400 °C. A hydrogen
doser (Oxford Scientific) thermally cracks hydrogen molecules into neutral atoms by
passing Hy gas through a narrow 2000 °C hot tungsten tube; the tungsten tube is
heated by electron bombardment. Hy molecules are dissociated into atomic hydrogen
(H-) during collisions with the hot wall of the tube. This provides an atomic hydrogen
beam with about 15 degrees divergence and a cracking ratio H/Hy of up to ~ 95%
[59]. Without atomic hydrogen the thermal desorption temperatures for Arsenic and
Gallium oxides on GaAs are 450 °C and 580 °C, respectively [60]. Atomic hydrogen
removes both oxides at 400 °C.

The chemistry of the hydrogen surface cleaning process may be summarized as
follows [61, 62]: Arsenic oxides can be removed from the surface (1) by H- cleaning in

the following reaction:
ASQOX + 2xH- — XHQO T +ASQ T, (31)
were x= 1, 3, or 5 stands for the various oxides of arsenic. GayQO3 is decomposed as

Ga203 + 4H- — GaQO T +2H20 T . (32)
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Figure 3.3: Schematic view of the hydrogen doser.

GasO becomes volatile at temperatures greater than 200 °C. If permitted to remain
on the surface Ga,O would act as an etch stop, or lead to a Ga-rich surface as a result

of the subsequent reaction
G&QO + 2H- — 2Ga + HQO T, (33)

which is undesirable. Therefore, the temperature should not be chosen to be less than
350 °C; greater than 400 °C is preferable, allowing for rapid GasO desorption. It
has been shown that hydrocarbons and CO contaminants can also be removed using
atomic hydrogen [62]. Thus one can prepare a clean and stoichiometric GaAs surface
61].

During cleaning the hydrogen back pressure is 5 x 10~7 torr. The ion pump in the
intro chamber was not used during cleaning because the hydrogen exposure leads to
the release of water from the ion pump electrodes. A liquid nitrogen cooled titanium
sublimator pump (TSP), however, inside the ion pump allows very efficient pumping
of hydrogen. The TSP housing in the intro chamber has an inner diameter of 10 cm
and is about 16 cm tall giving an internal area of about 500 cm?. At 77 °K TSP has a
pumping speed for hydrogen of about 10 Is~tem™2 [63]. The effective pumping speed
depends on the length and diameter of the pipe connecting the intro chamber to the
TSP. The conductance of this pipe in (Is™') is given by [63]:

T D3 [
Cpipe = 3.81 x M <m> g, (34.)
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were T is the temperature (300 °K), M is the molecular mass (for hydrogen), and
D(16 ¢cm) and L(40 cm) are the pipe diameter and length, respectively. This yields a
pipe conductance of 2400 [/s. Therefore the effective TSP hydrogen pumping speed
is approximately 1600 [/s.

Using this pumping speed one can estimate the hydrogen pressure in the tungsten
tube and find the molecular hydrogen dissociation rate [59]. The tungsten capillary
has a diameter of D = 0.5 mm and a length of L = 5 cm, resulting in Cyype = 0.04 [ /s;
the hydrogen dissociation takes place in the last 5 mm of tube [59]. During cleaning
the hydrogen pressure is pingo = 5% 1077 torr in the intro chamber and combined with
1600 [/s pumping speed requires a pressure of pype ~ 2 x 1072 torr in the hot tube
(steady state solution: piupeCiube = Pintro 1600 [/s ). At this pressure the dissociation
rate of Hy is expected to be 90 %, assuming a tube temperature of 2000 °K [59]. The
gas throughput @) is given by

l 5p
Q = C(Prave = Petamver) = 0.04 = (2 10) torr = 1.1 x 10—4mS 2 (35)
Using the ideal gas equation one can write
av dN dN 1.1 x 107* m3Pa atoms
= p— = kpT— — = =38 x10"——. (3.6
A T kT s . s 39

From the molar volume at RT and atmospheric pressure the corresponding amount
of hydrogen in cc is:

dV 300K cc

“dt |1atm " hour’

(3.7)

A time interval of 30 min was required for cleaning. This means that a volume of
0.25 cc of hydrogen (at atmospheric pressure) was used during cleaning. One can
estimate the number density of impinging hydrogen atoms on the sample surface and
their reaction probability. The nozzle of the tungsten capillary was at a distance
of 4 cm from the sample during cleaning and hence the hydrogen beam covered an

area of ~ 4 cm?

. Therefore only a quarter of the H- flux impinged on the 10 x 10
mm sample. Using Eq. 3.7 the number of hydrogen atoms hitting the GaAs wafer
in 30 min was NjP™" = 1.7 x 10'® atoms. This number can be used to estimate the
reaction probability. Assuming 50 monolayers of oxide one gets ~ 50 x 10 oxide
sites resulting in a reaction probability of ~ 3 %. This is only a crude estimate, but
the number seems very reasonable. In a more accurate calculation the ineffectiveness

of cleaning for a sub monolayer oxide coverage should be considered.
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3.1.2 Electron spectroscopy

Auger electron spectroscopy (AES) and x-ray photoemission spectroscopy (XPS) allow
one to measure the elemental and chemical composition at the surface of a sample. In
these techniques an incident electron beam (AES) or an incident x-ray beam (XPS)
results in the emission of electrons from the sample surface. The kinetic energy
spectrum of the emitted electrons exhibits peaks that are element specific since the
energy of these electrons depends on the binding energy of the excited electron (XPS)
or on the energy difference between the specific atomic energy levels (AES) [64, 65].
Both techniques are surface sensitive because the electron mean free path is less than
2 nm in the relevant energy range (100 eV-2 keV) [66]. Hence only a 2 nm thick
surface layer of the sample can contribute to the signal. Using the UHV goniometer,
the angle of the analyzer with respect to the sample surface can be changed, which
further allows one to separate the bulk and surface contributions to the signal. XPS
is based on the analysis of the kinetic energy of electrons emitted from a surface in
response to a monochromatic x-ray beam (in our case Al-K,, hv = 1486.6 eV or
Mg-K,, hv = 1253.6 eV). The energy spectrum of emitted electrons was measured
by means of a hemispherical capacitive analyzer (SCA). The analysis chamber is
equipped with a Physical Electronics digital analyzer system (PHI 5400). The electron
energy spectrum is analyzed by sweeping the potential V4 (see Fig. 3.4), thus shifting
the analyzer Fermi level relative to the sample Fermi level. Electrons are not used
as a primary beam in XPS because electron-electron scattering processes in solids
would result in a broad primary energy unsuitable for the analysis of the narrow XPS
peaks. In x-ray spectroscopy the primary energy is transferred to the photo electron,
and electron-electron scattering only plays a role when the photo electron leaves the
crystal. Energy conservation determines the kinetic energy (KE) of the photo emitted

electron,

KExps = hv — BE — ¢4, (3.8)

where BE is the core hole binding energy measured relative to the Fermi energy, as
illustrated in Fig. 3.4. In addition, the resulting core hole is eventually filled with an
electron originating from an outer shell. At the same time an Auger electron from
another shell is emitted, carrying away the excess energy. The AES kinetic energy

(KEags) is given by

KEXgs = EBk — EBLy — EBL3 — ¢, (3.9)
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Figure 3.4: Energy level diagram for XPS and AES. KE and BE are the electron kinetic
energy and binding energy, respectively. ¢5 4 are the sample and spectrometer work func-
tions. E%, E}é are the sample and analyzer Fermi levels, respectively. hv is the incident
photon energy. The energy levels of the sample are indicated in the left part. On the right,
the potential of the electron analyzer is shown relative to the sample potential on the left.
In electron spectroscopies the binding energy is measured with respect to the Fermi level.
Note that for the retarding potential V4 = 0, the Fermi levels of the sample and the analyzer

are equal.

where the EB’s correspond to the appropriate electron level binding energies (see
Fig. 3.4). AES utilizes the element specificity of the binding energies. In AES the ini-
tial core hole is usually generated by high energy electrons originating from a primary
electron beam with a fixed energy (3keV in our system). Auger electrons, however,
are also present in XPS (see Fig. 3.4). The sensitivity of electron spectrometers allows
one to detect a surface coverage of ~ 0.01 monolayer (ML).

During relaxation of the core hole the generation of Auger electrons and x-ray
fluorescence are competing processes for carrying away the excess energy. For light
elements the probability of generating Auger electrons is almost unity but with in-
creasing atomic number this probability drops dramatically. For atomic numbers

larger than 30, the x-ray fluorescence signal becomes larger than the Auger electron
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Figure 3.5: Cross section of a MBE source.

signal. Therefore AES is a less sensitive technique for elements with large atomic

numbers when compared to XPS.

3.1.3 Metallic film growth

Metallic films were grown by means of molecular beam epitaxy (MBE) directly on
GaAs(001) templates. The molecular beam sources were based on thermal evaporation
in UHV and the growth rate was usually ~ 2 ML/min. In all samples the first metallic
layer grown on GaAs(001) was Iron. Fe grows well on GaAs(001) [67] and has a lattice
spacing that is closely matched to the size of half a unit cell of GaAs(001). The
lattice mismatch of Fe to GaAs is only —1.4%. A crystalline epitaxial seed layer of
Fe(001) served as a template for the epitaxial growth of other metallic layers: Au(001),
Ag(001), Cu(001), Pd(001), and Cr(001).

Metal Sources

Fig. 3.5 shows the basic design of the evaporation sources used for the samples in this
thesis. A crucible filled with the desired metal was placed inside a multilayer tantalum
radiation shield and resistively heated by means of a tantalum filament having an
impedance of ~ 0.5 Q at a current of ~ 40 — 60 A. All metal sources Ag(830 °C),
Cu(1030 °C), Fe(1180 °C), Cr(1160 °C), and Pd(1190 °C) had an Alumina (Al,O3)
crucible except for Au(1130 °C), which had a pyrolytic boron nitride (PBN) crucible.

PBN cannot be used for transition metals because they tend to react with PBN to



CHAPTER 3. EXPERIMENTAL METHODS 38

form N, and nitrides when hot. The numbers in brackets listed with each of the
elements represent the temperature required to achieve a vapor pressure which is
sufficient for evaporation (~ 1072 torr). A Ta liner inside the alumina crucible was
used for the Ag and Cu furnaces in order to prevent stress induced cracking of the
crucible. All furnaces were surrounded by a liquid nitrogen cooled cyro shroud and
the copper power feed-throughs (2.5”) were water cooled. The cryo-shroud served to

absorb unwanted gas species originating from the hot furnaces during film growth.

Reflection high energy electron diffraction

Reflection High Energy Electron Diffraction (RHEED) is a powerful analytical tech-
nique which was used during the sample growth. It is a non-invasive tool that can
provide real-time information about surface morphology and symmetry. At the same
time it allows one to measure the thickness of the growing film with sub monolayer
accuracy. In this technique a 10 keV electron beam impinges on the sample surface
at a grazing angle of ~ 1° (see Fig. 3.6). Due to the shallow angle of incidence,
very little momentum perpendicular to the surface is available and hence the elec-
tron beam interacts with only one or two atomic layers at the surface. On an ideal
surface this would result in diffraction from a two dimensional periodic mesh. The
three dimensional reciprocal lattice is replaced by rods due to the lack of scatterers
perpendicular to the surface. The diffracted beams are given by the intersection of
the Ewald sphere with the reciprocal rods [68] (see Fig 3.6). The electron energy is
chosen such that the Ewald sphere is large enough to intercept several reciprocal rods
having a spacing of 27 /a, where a is the in-plane atomic spacing. Hence RHEED
is sensitive to the periodicity of the surface lattice. The first order diffraction spots,
specularly reflected electrons, and the through beam lie on one circle, as illustrated in
Fig. 3.6. The diffracted and reflected electrons illuminate the phosphorescent screen,
and a digital charge coupled device (CCD) camera is used to monitor the diffraction

pattern and its time evolution during the sample growth.

Surface reconstruction of GaAs(001)

GaAs is an ionic crystal having zinc blende structure and a lattice constant of a =
5.654 A. The zinc blende structure corresponds to two interpenetrating fcc lattices
of Ga and As atoms shifted mutually along the [111] direction by 1/4 of the body

diagonal [69]. The bonding between atoms is ionic and covalent in character. An ideal
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Figure 3.6: The geometry of RHEED. The Ewald sphere represents the k-space of electrons
having the same energy as the incident beam. The intersection of the reciprocal rods with
the Ewald sphere determines the diffraction beams. Low index diffraction beams intersect
the phosphorescent screen and provide information about the film surface symmetry and

roughness.

GaAs(001) surface would be either As or Ga terminated. The surface atoms, however,
do not have neighbors in the [001] direction and thus the GaAs{001} plane would be
charged. In order to avoid a surface charge density, the equilibrium positions of the
surface atoms have to differ from the bulk. Which reconstruction occurs depends
upon temperature and surface stoichiometry. On the GaAs(001) surface the [110]
and [110] directions are not equivalent and the convention adopted is that in-plane
components of the Ga bonds are parallel to the [110] direction, and the in-plane
components of the As bonds are parallel to the [110] direction [70]. This uniaxial
property results in a magnetic uniaxial interface anisotropy for Fe films grown on
GaAs(001). Energy level calculations for GaAs(001) [71] predict that the As dangling
bond energy lies in the valence band (i.e. filled) and the dangling bond energy of Ga
lies above the conduction band (i.e. empty). This means that in order to minimize
the total energy, the surface electrons have to go from Ga to As [72]. This is achieved
by the formation of dimers at the surface and results in surface reconstructions which

can be identified by 2 numbers AxB, where A is the size of the unit cell (in units of
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a b

Figure 3.7: RHEED patterns of a hydrogen cleaned GaAs sample after annealing at 600 °C.
Image (a) was recorded with the primary electron beam oriented along the [110] direction
and shows 5 satellite spots between the main diffraction spots characteristic of the 1 x 6
reconstruction. In (b) the primary electron beam was oriented along the [110] direction.

The 3 satellites between the primary spots correspond to the 2 x 4 reconstruction.

atomic spacings) in the [110] direction, and B is the size of the unit cell in the [110]
direction. With increasing temperature As is preferentially lost from the surface due
to its higher vapor pressure compared to Ga and the surface becomes Ga rich. The
following reconstructions sequenced from As-rich to Ga-rich are commonly found on
GaAs(001): (4 x4), (2x4), (1x6),(2x4),and (8 x 2).

After the GaAs wafers were cleaned the surface was annealed while monitoring
the RHEED pattern. The wafer temperature was gradually raised to 600 °C within
30 minutes. Under these conditions the atoms at the surface become mobile and form
domains of 4x2 and 6x1 surface reconstructions [67, 73, 74]. These reconstructions
represent additional periodicities of the surface and can be observed in RHEED.
Fig. 3.7 shows the diffraction patterns of a GaAs(001) wafer after annealing. The

surface consists of (1 x 6), and (2 x 4) reconstructed domains [73].

RHEED oscillations

When the angle of the incident electron beam 6; is set up to correspond to the anti
Bragg condition, the measured intensity of the specular spot can oscillate during film
growth. Simple layer by layer growth can be described in a kinematic approximation

as proposed by van Hove et al. [75]. This model assumes that the electrons are
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Figure 3.8: RHEED oscillations calculated from Eq. 3.11 with 6; corresponding to the anti

Bragg condition.

scattered only from the topmost surface atomic layers 1 and 2. In perfect layer by
layer growth, the lower layer is always completely filled while the top layer coverage ©
increases periodically from 0 to 1 during the film deposition. The diffracted electrons
scattered from atoms at level 1 and 2 have a relative phase shift A¢. Using Bragg’s

law

A¢ = 2|k;|a sinb;, (3.10)

where k; is the incident electron k-vector and a is the lattice spacing perpendicular
to the surface. The intensity of the specular spot is determined by the interference of
the scattered electron wave functions. The electron wave scattered from the top layer
will be proportional to the coverage i1 ~ © and the wave from the bottom layer will
be proportional to 1, ~ (1 — ©)e!A?. This implies that the intensity of the specular

spot is proportional to
Isp ~ |11 + o> ~ ©% + (1 — ©)* +20(1 — O) cos(A¢). (3.11)

As the polar angle of incidence 6; is changed, the electron waves from layers 1 and
2 can interfere constructively or destructively depending on their phase difference A¢.
The extrema occur when the phase shift is A¢ = nw. 6; for even n are called Bragg
angles and the interference is constructive. In this case Isp does not depend on ©
and no RHEED oscillations are present. 6; for odd n are called anti-Bragg angles and

the ©-dependence of Igp(O) reaches a maximum because electrons scattered from



CHAPTER 3. EXPERIMENTAL METHODS 42

[001]
A

L fan out streak

Figure 3.9: The k-space sheets represent the reciprocal space of a network of atomic surface
steps oriented along the (110) directions. The intersection of k-space sheets with the Ewald
sphere illustrates the origin of fan-out streaks when the electron beam is directed in the
[100] direction [76].

layers 1 and 2 interfere destructively (i.e. for © = % — Igp = 0). Fig. 3.8 shows an
example of the RHEED oscillations predicted by Eq. 3.11. In practice, the cusps are
rarely observed because a new layer usually begins to grow before the bottom layer
is finished. When the total number of unfinished layers increases with increasing
film thickness, the surface becomes rougher leading to an exponentially decreasing
amplitude of the RHEED oscillations. Good oscillations are visible as long as the
number of unfinished layers is limited to the top 3 atomic layers across the coherence
length of the electron beam (typically 1000 A). This type of growth is referred to as
‘quasi layer by layer’ growth.

Surface corrugations

RHEED can also detect surface imperfections such as corrugations or island formation
arising from a surface reconstruction or a network of misfit dislocations. The gliding
of misfit dislocation half loops from the surface can cause a rectangular network of
surface steps during the growth. In this case the reciprocal rods broaden into two

interpenetrated sheets due to partial loss of well defined translational invariance, as
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illustrated in Fig. 3.9. It was shown by Pukite [76, 77] that when the rectangular
network of surface steps is oriented along the (110) directions while the electron beam
is parallel to the [100] direction the RHEED streaks are split showing a typical fan-out
diffraction pattern. This effect is caused by the intersection of the Ewald sphere with
k-space sheets (generated by the defect lines) [76, 77|, as illustrated in Fig. 3.9. The
fan-out effect is entirely absent when the electron beam is oriented along the [110]
direction, and only simple straight streaks are produced.

This phenomenon can also be understood in terms of kinematic scattering. The
intensity of diffracted beams is determined by components of the Fourier transform,
S(ky, ky), of the distribution of surface atoms [78], where k, and k, are the in-plane
k-vectors. Pukite’s analysis was based on evaluating the surface reciprocal lattice
structure in the presence of randomly distributed rectangular surface mesas. The
mesa cells were generated by a geometric distribution of lines along the z and y in-
plane coordinates parallel to the atomic steps of the mesas. The scattering intensities

in this case are given by the product of two Lorentzian functions [76]

s B
K2+ 3% k24627

I(ky, ky) =SS ~ (3.12)
where (3 is given by the average size of atomic terraces; § = 2/ (L). The reciprocal sur-
face scattering rods are replaced by reciprocal space sheets oriented along the surface
atomic steps [76]. Their intensities are described by Eq. 3.12, and the electron diffrac-
tion in RHEED is given by the intersection of the Ewald sphere with the reciprocal
sheets. This leads to simple diffraction streaks when the electron beam is oriented
along the atomic edges (line defects), and results in fan-out streaks for the electron
beam oriented 45° with respect to the atomic steps (see details in [76]). Atomic mesas
are one possible surface arrangement leading to reciprocal sheets. Other systems with
rectangular defect distribution can lead to a similar reciprocal space. Parallel disloca-
tion bundles in Fe on W(001) also resulted in well defined reciprocal sheets oriented
along (100)f., as shown by Wulfhekel et al. [79].

3.1.4 In-situ STM, AFM

The reciprocal space images obtained using RHEED and LEED are helpful, but it can
be very difficult to interpret their meaning in real space. Scanning probe microscopy

(SPM) provides real space information. The Omicron in-situ SPM system allows
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Figure 3.10: In-situ AFM image of a GaAs(001) wafer (a) after hydrogen cleaning and
(b) after hydogen cleaning and annealing at 600°C. The hight scale is 6 Ain both images.
By annealing, the terrace size is increased from 5 nm in (a) to 20 nm in (b), while the

rms-roughness decreased from 2.5 A to 2.0 A.

one to carry out scanning tunnelling microscopy (STM) and atomic force microscopy
(AFM).

In Fig. 3.10 in-situ AFM images of a hydrogen cleaned GaAs(001) wafer are shown
before and after annealing. The hydrogen treatment produces a surface that is very
flat (2.5 A rms-roughness), but causes nanoscale roughness with an average terrace
width of only 5 nm. Annealing at 600 °C increases the terrace width and decreases
rms-roughness (see Fig. 3.10). The atomic terraces of hydrogen cleaned surfaces are
only half as wide compared to those prepared by a sputtering/annealing cycle. The

rms-roughness, however, is equal for both preparation techniques.

3.2 Ferromagnetic Resonance

Ferromagnetic resonance (FMR) occurs in the microwave range of frequencies in mag-
netic samples and has been extensively employed to study magnetic properties in this
thesis. The FMR absorption signal was measured by monitoring the microwave losses

in a magnetic film as a function of an external dc magnetic field.
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Figure 3.11: Block diagram of the microwave spectrometer used for FMR measurements.
The microwave radiation is generated by a klystron and reflected from the sample cavity lo-
cated between the pole pieces of an electro magnet. The amplitude of the reflected radiation

as a function of the external field is monitored by means of a microwave diode detector.

3.2.1 Microwave spectrometer

Fig. 3.11 shows a typical setup of an FMR spectrometer. The microwave radiation
is generated by a reflex klystron operating at a fixed frequency. The operation of
a reflex klystron tube is based on high frequency electron bunching. This concept
was invented by the Varian brothers in 1939 [80]. Interestingly, the klystrons used in
our FMR spectrometers (9 — 73 GHz) were all manufactured by the Varian company
which was founded by these inventors. Unfortunately Varian has since discontinued
the production of low power klystrons. Reflex klystrons contain a reflector plate,
called a repeller. An electron beam is modulated (bunched) by passing it through the
grids of an oscillating resonant cavity. The unique feature of a reflex klystron is that
the feedback required to maintain oscillation within the cavity is obtained by reversing

the electron beam and sending it back through the grids of the cavity. The electrons
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Figure 3.12: Cross-section of a cylindrical microwave cavity operating in the TEq;; (dough-
nut) mode. The distribution of the rf h-field for this mode is indicated by the dashed lines
(in the drawing plane) and the distribution of the rf e-field is indicated by dots/crosses
pointing out of the drawing plane. The sample is mounted in positions where the h-field
has a maximum. The position on the top of the cavity is used for measurements with the
applied H field parallel to the sample plane, and the other position in which the sample is
mounted on a quartz rod is used for the out-of-plane measurements in which the applied

field H is directed out of the sample plane.

in the beam therefore undergo velocity-modulation. The phase of this modulation can
be chosen in such a way that, when the beam passes through the cavity the second
time, it gives up the energy required to maintain the rf oscillation. The electron beam
is turned around by the negative repeller (negative with respect to the cathode). The
anode is at the same potential as the cavity, and the repeller plate is located behind
the cavity grids. The output frequency is primarily determined by the geometry of
the cavity inside the vacuum tube and to a lesser extent (~ 100 MHz) by the repeller
voltage.

The magnetic sample of interest was mounted inside a microwave cavity which
was tuned to resonance with the microwave frequency of the source (klystron), as

illustrated in Fig. 3.12. The microwave absorption was measured by monitoring the
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power reflected from the microwave cavity using a diode detector (see Fig. 3.11).
When the magnetic sample undergoes ferromagnetic resonance the microwave losses
are increased, the effective Q)-factor of the cavity decreases, and the reflected power
changes slightly.

The microwave cavity was placed between the pole pieces of a large electromagnet
(Varian 3800). This magnet is capable of producing magnetic fields up to 29 kG in
a 2.5 cm gap. Most cavities were cylindrical and operated in the TEy;; mode as
shown in Fig. 3.12. The subscripts of the mode identify the standing wave pattern
and represent the number of nodes in the angular, radial, and longitudinal directions,
respectively [81, 82]. The h-field distribution of the TEgy;; mode, shown in Fig 3.12,
is torus shaped (doughnut mode). The cavity quality factor is defined as

Q=2 stored energy f
=27

—_ — -1
energy dissipated per cycle  Af’ (3.13)

where f and Af are the frequency and the half power frequency linewidth of the
cavity absorption. Usually the quality factor of the cavity was @) ~ 4000, its value is

given by internal and external losses:
1 . 1
Q Qint Qext ‘

Qine s limited by mode perturbation caused by the inserted sample, cavity imper-

(3.14)

fections, and microwave losses due the finite conductivity of the cavity walls which
were made out of brass. Qe is determined by the size of the cavity coupling hole

(see Fig. 3.12). The sample absorption contributes to the internal losses, and one can

write . . )
= + —. 3.15
Qint Qwall QS ( )
The coupling coefficient for microwaves incident on the cavity is given by
1 Plnt ex ex ex
o L o Q t . Q t + Q t (316)

Qs

where P& and P are the microwave power losses due to leakage through the cou-

E B PEXt B Qint B Qwall

pling hole and eddy currents in the walls of the cavity and sample absorption, respec-
tively. The ratio of the amplitudes of the reflected wave to the incident wave is given

by

€Rr ﬁ— 1

—_— == 3.17
€y ﬁ—i—l ( )
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where eg and e are reflected and incident amplitudes of the electric field. According

to Eqgs. 3.15 and 3.16 the coupling can be spit into a field independent part ﬁi = Qext

0 - Qwall
and a part that depends on the losses in the sample ﬂls = % The absorption due
to FMR of the magnetic sample decreases (s

1
— =rX"(H), (3.18)
Qs

where x”(H) is the imaginary part of the rf susceptibility and & is the cavity filling
factor of the sample, defined as ratio of the microwave energy stored in the sample
to that in the cavity. Assuming that the film is much thinner than the skin depth
(tp < 0) one can write

AStp(h?,.)

max

K= S%fmv<h(r)2>d37ﬂ, (3.19)

where AS and tp are sample area and thickness. (h(r)?) is the time average of the

h-field intensity inside the cavity and hpa.y is the maximum field. The integral is
carried out over the volume of the cavity. Typically & is very small (~ 107%) because
the sample volume is very small compared to the cavity volume. This allows one to

rewrite the coupling coefficient in Eq. 3.16 as

Bo

= , 3.20
T Qe (3:20)
The ratio i—’; for So@Qrx” < 1 can be approximated using a Taylor expansion
d -1 2 2 ox "
°F o f@)|  +w ACH BoQemtX” (3.21)

€ =0 dx lz=0 N ﬂ() +1 B (50 + 1)2

The first term of the reflected signal amplitude is a constant. The second term is
proportional to the imaginary part of the susceptibility of the sample. Note that in the
under-coupled case (fy < 1) FMR leads to an increase in the reflected power while for
over-coupling (B > 1) it leads to a decrease. The highest sensitivity is realized when
[ is close to 1, while at the same time maintaining a sufficient amplitude in the off-
resonance reflected microwave field (2—; — 0 for By — 1) to keep the detector response
in the linear regime. Linearity of the microwave diode detector is well satisfied for
detector output voltages Vi ~ 150 mV corresponding to ~ 5 mW incident microwave
power. Vy is directly proportional to eg.

It is worthwhile to compare the sensitivity obtained by using a cavity to the

sensitivity achieved if the sample is simply placed at the end of a shorted waveguide.
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The power absorbed by the sample is given by Pg = %wx’ﬂh]ZAStF, where w is the
microwave angular frequency [83]. For the change in the reflected amplitude due to

FMR one has
AGR . 4 ”t AS

F
e c S’

where S is the area of the waveguide. Using 8, = 0.9, sample area AS = 1 mm?,

(3.22)

Qext = 4000, w = 27 x 24 x 10° s7!, and the cavity and waveguide dimensions for
24 GHz radiation one arrives at the conclusion that the sensitivity using a cavity
should be roughly 40 times larger than the sensitivity using the shorted waveguide
configuration.

The klystron frequency was locked to the sample cavity frequency fiysron=1cavity -
In this case the reflected amplitude is linearly proportional to the imaginary part of
the transverse susceptibility x”. This condition is achieved using a high gain and
phase sensitive feedback loop operating at 60 kHz: The klystron output frequency
was externally modulated by means of a 60 kHz oscillator. The microwave power
that is reflected from the cavity has a minimum at fyysron=fcavity, and the signal
at the diode detector contains only the second harmonic (120 kHz) of the 60 kHz
frequency modulation for this condition. If fyjysron 7# feavity, however, the voltage at
the microwave diode contains a 60 kHz correction signal, which is monitored by a phase
sensitive detector (PAR lock-in) whose output is fed back to increase or to decrease
(depending on its phase) the klystron’s reflector voltage (see Fig. 3.11). This closes
the loop driving the klystron back into the condition fuysron = feavity. In addition,
magnetic field modulation (at ~ 80 Hz) and lock-in detection was used in order to
improve the signal to noise ratio of the signal due to specimen absorption.

Using 3.21 the signal measured by the lock-in amplifier is

25HVR/6(2)QEXT,K: 8XN
(Bo+1)2  OH’

where 0 H is the amplitude of the ac field modulation and Vg is the voltage measured

Signal = (3.23)

at the microwave diode. This signal is proportional to the field derivative of the
imaginary part of the sample rf susceptibility. A Hall probe was used to record the

magnetic dc field as the field was swept through the resonance condition.

3.2.2 Spectrometer calibration

The Hall probe reading was calibrated using the nuclear magnetic resonance (NMR)

of protons in H,O, and the microwave frequency of the klystron was measured using
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Figure 3.13: Typical FMR spectrum measured at 24 GHz using a 120Au/16Fe/GaAs
sample. The open circles show the data and the solid line is a fit to Eq. 3.25. The peak-to-
peak linewidth AHPY = 50 Oe and the resonance field Hpyr = 4.15 kOe are indicated on

the diagram.

a calibrated cavity frequency meter. The frequency calibration was independently
checked by means of the electron spin resonance (ESR) of the electron free radical
species in diphenylpicrylhydrazyl (DPPH) characterized by g = 2.0037 [84].

3.2.3 Typical spectra

An FMR spectrum contains two important pieces of information: line position and
linewidth. The line position is given by the internal fields, and their angular and fre-
quency dependence allows one to determine magnetic anisotropies, effective magneti-
zation, and g-factor. The linewidth is related to the magnetic damping (see Eq. 2.25)
and the angular and frequency dependence of the linewidth provides information
about the magnetic damping mechanism.

The line position and linewidth were usually extracted by fitting the FMR data to
the derivative of an asymmetric Lorentzian. Asymmetry has to be considered because

the coupling between the magnetic sample and microwave cavity can partly mix real
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and imaginary parts of the susceptibility. The asymmetric absorption function is

given by
AH cose+ (H — Hpygr) sin e

cos ey’ + siney’ ~ 3.24
and the function used to fit the FMR data is its derivative with respect to H
d[cosex” + sinex/] B 2(H — Hpmr)AH cose B [AHQ - (H - HFMR)Q] sin € (3.25)
dH [AH? + (H — Her)?2 [AH? + (H — Heun)?P2

where € denotes the mixing angle between dispersive and absorptive components and
AH is the half width at half maximum (HWHM) of the absorption line. It is possible
that the cavity absorption peak is a superposition of several modes operating at the
same frequency due to perturbations introduced by the sample. When the sample
undergoes FMR only the modes with large h field at the sample position are detuned
while the feedback mechanism is sensitive to the overall absorption of the cavity
and may lock to the spurious modes. This situation would lead to an admixture of
dispersion into the absorption and cause asymmetric line shapes. Another possible
reason for asymmetric lines is the skin effect, but the magnetic films studied in this
thesis are very thin compared to the skin depth. The asymmetry was usually found
to be weak (e =0 — 10°), as shown in Fig. 3.13.

For fairly symmetric lines the resonance field and linewidth are easy to determine.
The resonance field is given by the zero crossing, and the peak-to-peak line width
AHP? is equal to the separation between the inflection points, see Fig. 3.13. The
peak-to-peak linewidth is related to the HWHM AH by

V3

AH =22
2

AHPP. (3.26)
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3.3 Magneto-Optic Kerr Effect

The magneto-optic Kerr effect (MOKE) allows one to use light to determine the
direction of the magnetization. The polarization vector of the incoming light rotates

slightly upon reflection from a magnetic sample [57, 58], as described in section 2.6.

3.3.1 Static MOKE system

A high sensitivity MOKE system for longitudinal and transverse Kerr measurements
was built at SFU as part of this thesis. A schematic diagram of this setup is shown
in Fig. 3.14. The light source is an intensity stabilized laser diode (535 nm) with
an anamorphic prism pair that is used to transform the elliptical beam profile (from
the laser diode) into a nearly circular Gaussian beam. The magnetic sample is placed
between two Glan-Thompson polarizers (P1 and P2) and the light beam is p-polarized
(in the plane of incidence) and focussed onto the sample. The diameter of the focussed
beam spot on the sample is ~ 100 um. The optical direction of the analyzer is oriented
almost perpendicular to the plane of incidence. Behind the analyzer, P2, the light is
focussed onto a high-gain low-noise Si hybrid detector. An interference filter (IF) with
its center wavelength matched to the laser diode (535 nm) is placed in front of the
detector to suppress ambient light. The sample is mounted on a X-Y-0-¢ stage which
is installed on a motorized rotational drive. The translation allowed one to adjust
the sample position while the tilt is used to adjust the plane of the sample to be
perpendicular to the rotational axis. The sample is placed between the pole pieces of
a four quadrant electromagnet which permitted fields up to 2 kOe to be oriented in an
arbitrary direction in the film plane. It is therefore possible to measure both in-plane
components of the magnetization (in longitudinal and transverse Kerr configurations)
by switching the magnetic dc field from parallel to the optical plane of incidence
to perpendicular to the optical plane. This is achieved by rotating the sample and
field by 90°, but leaving the optical setup unchanged. The magnetic contrast (due to
rotation of the polarization) is optimal in this setup because no optical components

other than the sample are placed between polarizer and analyzer.

3.3.2 Time resolved MOKE microscopy

High resolution Kerr microscopes are less sensitive than the above system because

they require an objective lens to be placed between polarizer and analyzer. In order
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Figure 3.14: Experimental setup used for longitudinal and transverse MOKE measure-

ments.

to achieve time resolution in Kerr effect imaging, two additional ingredients (compared
to static microscopy) are necessary: (i) a pulsed light source and (ii) a synchronous
means of magnetic excitation of the sample. A good review of time-resolved Kerr
microscopy (TRMOKE) can be found in [85].

Spatial resolution requires scanning of either sample or laser beam. The magne-
tization of the sample is excited by a magnetic field pulse with a rise time of a few
ps generated by an optical pulse (the pump beam). Time resolution is achieved by a
stroboscopic technique using a pump and a probe beam. After the sample is excited
(pumped) the sample is interrogated (probed) at a delay time 7 using an ultrashort
light pulse to measure the time evolution of the perpendicular component of the mag-
netization (polar MOKE). The source of the ultrashort light pulses is a commercial
Titanium Sapphire (Ti:Sa) Laser system with ~ 100 fs pulse width, a repetition rate
of ~ 80 MHz, and a wavelength of 800 nm. A beam splitter (BS) is used to split the
light into pump (field pulse generation) and probe (Kerr effect measurement) beams,
as illustrated in Fig. 3.15. The optical path length of the pump beam is variable, so
that the probe pulses can be delayed with respect to the pump pulses (see Fig. 3.15).
Most of the 1/f noise and non-magnetic signals are suppressed by using a lock-in tech-
nique. The 80 MHz pulse train used to generate the magnetic field pulses (the pump
pulses) is modulated using an optical chopper operating at 1.5 kHz and the signal
coming from the photodiodes is fed into a lock-in amplifier sensitive to this frequencys;
see Fig. 3.16 for an illustration of the pump probe pulse sequence. In this way it is

possible to use low-bandwidth and low-noise photodiodes and amplifiers. The time
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Figure 3.15: (a) Optical layout of the TRMOKE setup used at the University of Regensburg.
A Coherent Ti:Sa laser system provides light pulses having 100 fs duration at a repetition rate
of 76 MHz. The pump beam has a wavelength of 800 nm and the probe beam is frequency
doubled (400 nm). Exciting field and external bias field are oriented in the sample plane.
(b) Optical layout of the TRMOKE setup used at the University of Alberta. A Spectra
Physics Ti:Sa laser system provides pulses having 100 fs duration at a repetition rate of
82 MHz. The pump and probe beams have a wavelength of 800 nm. The bias field is in
the sample plane and the magnetic field pulses are generated in a photo conductive switch
(PC) and are perpendicular to the plane of the sample. In both setups the delay line and
the chopper are part of the pump beam circuit. Kerr effect measurements are performed
using a Wollaston polarizer (P2) and two detectors operated in differential mode. Spatial

resolution is achieved by scanning the sample under the microscope objective lens (MO).
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Figure 3.16: Pulse sequence for pump and probe beams. The 12 ns interval between

individual pulses corresponds to the 80 MHz repetition rate of the laser. Pump and probe
are delayed with respect to each other by a delay time 7 and the pump pulses are chopped
at 1.5 kHz.

interval between subsequent laser pulses is 12 ns (1/80 MHz) and sufficiently long for
the magnetization to reach equilibrium after having been perturbed by a pump pulse.
Two different systems are used in this thesis for time resolved Kerr studies and

the different methods of exciting the magnetization will be discussed in the following.

Schottky barrier as field source (Regensburg)

In the TRMOKE setup at the University of Regensburg the Schottky barrier of the
Fe/GaAs interface is used to generate magnetic field pulses. When a biased Schottky
barrier between the n-doped GaAs substrate and ferromagnetic film is illuminated by
a light pulse, the resulting photo current gives rise to a circular magnetic field pulse in
the plane of the sample [86], as illustrated in Fig. 3.17a. The photons from the pump
beam (800 nm ~~ 1.54 eV) create electron-hole pairs in the semiconducting substrate
beneath the magnetic film. A photo current is generated when electrons and holes are
spatially separated by an electric field. In the absence of an externally applied bias
voltage the band curvature (built-in voltage) at the Fe/GaAs™ interface separates
electrons and holes, thereby generating a photo current directed perpendicular to
the interface. This photocurrent can be enhanced by a factor of 4 by applying a
voltage to reverse bias the Schottky diode, and hence sweep out the carriers from the
depletion region faster [87]. The macroscopically measured pump current is about
20 mA [86]. Assuming a Gaussian spatial distribution for the current (corresponding

to the pump beam intensity profile) and using the rise and fall times of the current
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pulse (determined from the time dependent reflectivity of the Schottky barrier) the
amplitude of the field pulse was estimated to be ~ 25 Oe [87]. The current pulse rises
to its full amplitude within a few ps and the fall time was estimated to be ~ 120 ps
without bias and less than 50 ps when applying a reverse bias voltage larger than 1
V [87].

A nt-doped GaAs(001)™" wafer (5 x 10 ¢cm™ carriers) was covered with a n-
doped GaAs buffer layer (5 x 107 cm ™2 carriers) deposited using metal organic vapor
deposition (MOCVD). The lower doping level in the buffer layer ensured a high Schot-
tky barrier at the Fe/GaAs interface. At the same time the n™-doping of the substrate
allowed easy formation of an ohmic contact to a gold wire on the other side of the
wafer using an InGa eutectic solder [88], as shown in Fig. 3.17a. The best Schottky
diodes are obtained when the GaAs wafers are not annealed after hydrogen cleaning.
Even then the Fe/GaAs Schottky barriers were found to be leaky with ideality fac-
tors around ~ 1.1 and barrier heights of ~ 0.6 eV. Similarly poor characteristics of
Fe/GaAs Schottky diodes have been reported by other groups (using different prepa-
ration techniques) [89, 90, 91]. Therefore, it appears likely that Fe/GaAs™ Schottky
barriers are intrinsically leaky.

In order to allow straightforward optical separation of the reflected pump and
probe beams, the probe beam is frequency doubled in a Barium Beta-Borate (BBO)
crystal and recombined with the pump beam using a dielectric mirror. Both, the
pump beam (800 nm) and the probe beam (400 nm) are then fed into a polarization
maintaining microscope (Zeiss Axiomat) and focussed by the same objective lens, as
illustrated in Fig. 3.17a. The polarization changes of the reflected probe beam are
detected using a Wollaston polarizer and diode detectors operated in a differential

mode.

Strip line as a field Source (Edmonton)

In the measurements carried out at the University of Alberta in the group of Profes-
sor Mark Freeman a microwave transmission line is used to generate the magnetic
pump field pulses. The wave guide (slot line) is connected to a reverse biased GaAs
photoconductive switch (PC). The pump beam illuminates the PC switch, and gen-
erates a current pulse which travels down the waveguide discharging the capacitance
of the biased slot line. The conductors of the waveguide are deposited on a thin glass

substrate and the gap between the conductors is tapered down to 10 pm in width in
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Figure 3.17: (a) Exciting field generated by the Fe/GaAs Schottky diode. The pulsed
magnetic field is circular and lies in the plane of the sample. (b) Waveguide used to generate
the magnetic pump field at the University of Alberta. A GaAs based photo conductive switch
(PC) is attached to the Au waveguide by short Indium wires and the gap of the waveguide
provides optical access to the sample. The orientation of the magnetic bias field, Hp, is

indicated in both configurations.

order to maximize the pump field intensity. The magnetic film side of the Fe/GaAs
sample is pressed directly onto the waveguide, and the time evolution of the mag-
netization is monitored through the (waveguide supporting) glass plate in the region
of the 10 pm wide gap of the slot line (see Fig. 3.17b). In this configuration the
pump field is mainly oriented perpendicular to the film plane. Due to the presence
of the waveguide supporting glass plate (0.5 mm thickness) between the microscope
objective lens and the magnetic film, the spatial resolution is limited to ~ 2 ym. This
setup delivers magnetic field pulses oriented perpendicular to the film plane with an

amplitude of ~ 20 Oe, and rise and fall times of 10 ps and 100 ps, respectively.



Chapter 4

Damping in Au/Fe/GaAs
Multilayers

In this chapter the static and dynamic properties of Au/Fe/GaAs magnetic single
layers and Au/Fe/Au/Fe/GaAs magnetic double layers will be presented. It will
be shown that the magnetic double layers are affected by an additional relaxation

mechanism that can be described by a spin-pump and spin-sink model.

4.1 Sample Growth

The preparation of the Au/Fe/GaAs(001) film structures was carried out by means of
Molecular Beam Epitaxy (MBE). Semi-insulating epi-ready GaAs(001) wafers were
used as templates for the growth of Fe. The GaAs substrates were mostly cleaned by
hydrogen cleaning (see section 3.1.1 for details) and subsequently annealed at 600 °C.
The annealing process was monitored by means of Reflection High Energy Electron
Diffraction (RHEED) until a well defined (4 x 6) reconstruction appeared [67].

All metallic films were deposited at RT from thermal sources at base pressures
less than 2 x 107'° torr and deposition rates of ~ 2 ML/min. The film thicknesses
were monitored by means of a quartz crystal microbalance and RHEED intensity
oscillations.

Fe(001) has a lattice constant that is only 1.4% smaller than the size of the
half unit cell of GaAs(001) and therefore the in-plane epitaxial relation is [100]g. ||
[100]Gaas. From the size of this mismatch one can anticipate that the critical thickness
for the formation of misfit dislocations is about 10 nm [92, 93]. RHEED oscillations

o8
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Figure 4.1: RHEED intensity oscillations of (a) 30 ML Fe on GaAs(001) and (b) 20 ML

Au on 15Fe/GaAs(001).
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Figure 4.2: RHEED pattern of (a) a 15Fe/GaAs(001) surface with the electron beam
oriented along the (110)p, direction and (b) a 20Au/15Fe/GaAs(001) surface with the
primary beam oriented along the (100)4, direction. Note that additional streaks appear
(indicated by arrows) between the zeroth and first order diffraction streaks due to the 2 x 2

reconstruction of As that behaves like a surfactant.

during the growth of Fe on GaAs(001) were visible for up to 50 ML indicating an
excellent quasi layer-by-layer growth (see Fig. 4.1a). During the initial stages of
growth the RHEED oscillations are weak, but after deposition of roughly 3 atomic
layers, a continuous film is formed [94] and the intensity of the specular spot as
well as the amplitude of the RHEED oscillations increase dramatically, as shown in
Fig. 4.1a. All of the Fe samples that were studied were thicker than 7 ML. This
avoided complexities that might be related to the initial phase of the growth. X-

ray Photoemission Spectroscopy (XPS) measurements indicated that during the Fe
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Figure 4.3: High resolution cross-sectional TEM image of a 20Au/40Fe/40Au/31Fe/GaAs
multilayer. The sample was tilted by 1° to enhance the contrast between the Au and Fe

layers.

deposition on GaAs, approximately 0.6 ML of As segregated on top of the Fe film [67].
After deposition of additional metallic layers the same amount of As was found on the
surface. This implies that the As atoms are floating and act as a surfactant; i.e. no
As stays inside the metallic layers or interfaces. The RHEED intensity oscillations for
Au on Fe/GaAs were visible for up to 20 atomic layers, as shown in Fig. 4.1b. Due to
the presence of As atoms at the surface the RHEED diffraction patterns of Au(001)
always showed a 2 X 2 reconstruction instead of the usual 5 x 1 reconstruction, as
illustrated in Fig. 4.2b. The lattice mismatch between Fe(001) and Au(001) is only
0.5% with (110)a, || (100)g.. The presence of RHEED intensity oscillations for all
layers suggests that the roughness is confined to 3 atomic layers across distances of the
order of 100 nm. This was confirmed using high resolution cross-sectional transmission
electron microscopy (XTEM). Fig. 4.3 shows an atomic resolution XTEM image of
a Au/Fe multilayer grown on GaAs(001). The thicknesses obtained by counting the

individual atomic layers from the TEM image agrees perfectly with the thicknesses
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Figure 4.4: (a) Typical FMR spectra measured at 23.9 GHz with the applied field oriented
along the [110]pe, [100]pe, and [110]g. directions on a 20Au/10Fe/GaAs(001) sample. The
low peak intensity along the [110]r, direction is due to the fact that the rf driving field in-
side the microwave cavity was almost parallel to the [110]g, direction and was therefore very
ineffective at exciting the magnetization since for this case M and h were almost parallel.
(b) (o) symbols represent the measured in-plane angular dependence of the resonance field
Hpymg, where o is the angle of the applied field measured with respect to the [100]p, direc-
tion. The solid line is the theoretical dependence which was calculated using the following
magnetic parameters as fitting coefficients: K; = 1.8 erg/cm?®, Ky = —8.4 erg/cm?, and
4w Meg = 16.5 kOe (the g factor was fixed at g = 2.09 for this fit).

determined from the RHEED intensity oscillations observed during the film growth.
As expected from the small lattice mismatch, very few dislocations are observed in

XTEM, with an average separation of approximately 80 nm.

4.2 Magnetic Properties of Au/Fe Single Layers

FMR and MOKE were used to determine the magnetic properties of the Fe layers
directly grown on the GaAs. A series of 4 magnetic single layer samples was prepared:
20Au/nFe/GaAs(001), where the integers represent the number of atomic layers and
n was 8, 11, 16, and 31 ML. The FMR absorption peaks were narrow and symmetric

Loretzian lines, as illustrated in Fig. 4.4a.
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[ mim [ &Ppocas) | K502 [ w0225 [ 4nMkG) | K102 2] |
AuFeGaAs 4.3+0.1 —3.5+0.3 —14+1 20.8 £ 0.2 88 +4
AuFeAu 4.6 +0.3 —4.5+0.3 20.5+0.3 90 £ 10

Table 4.1: Values of the interface (S) and bulk (B) contributions to the magnetic
anisotropies determined from the data shown in Fig. 4.5. The interface anisotropies corre-

spond to the sum of the contributions from both interfaces.

Magnetic Anisotropies

The angular dependence of the FMR field was used to determine the magnetic ani-
sotropies, effective demagnetizing field 47 M g, and g-factor, as shown in Fig. 4.4b.
It was possible to determine 47w Mg and g by fitting self-consistently data obtained
on the same sample at different microwave frequencies. The g-factor was found to
be g = 2.09 £ 0.01, while the anisotropy values for all samples having different Fe
thicknesses tg, are shown in Fig. 4.5a. In ultrathin films the interface contribution to
the anisotropies is shared by all layers and consequently the effective anisotropies scale
inversely with the film thickness tg, (see Eq. 2.3). This behavior is clearly observed
in Fig. 4.5a where the effective anisotropies are plotted as a function of 1/tg,. The
intercept with the y-axis corresponds to infinite thickness, and therefore represents the
bulk anisotropy. The slope is related to the interface contribution of the anisotropy
(see Fig. 4.5a and Tab. 4.1). The saturation magnetization can be obtained from
the effective demagnetizing field for infinite thickness (bulk), i.e. 4r Mg = dnMg =
20.6 + 0.3 kOe. This leads to Mg = 1640 + 25 emu/cm?®, which is very close to the
bulk value expected for Fe (see Tab. 2.1).

The values for the in-plane anisotropies reported in Tab. 4.1 are in good agreement
with results obtained by other groups [70, 95]. Brockmann et al. used a slightly
different substrate preparation technique (sputtering at elevated temperatures); their
value for K|/ was 15% smaller, while their value for K1™/9*% was 20% larger
than the the value shown in Tab. 4.1 [95].  The perceived value of 4w Mg can be
affected by the tetragonal distortion of the film. Gordon et al. carried out X-ray
absorption fine structure (XSAFS) measurements on Fe/GaAs(001), and showed that
a 10 ML Fe film has a ¢/a ratio of 1.0340.02 [96]. Due to the magneto-elastic coupling
this tetragonal strain results in an additional bulk-like anisotropy field perpendicular

to the film surface. This strain anisotropy contributes to the effective demagnetizing
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Figure 4.5: These plots show (a) the inverse thickness dependence of the in-plane
anisotropies and effective demagnetizing field for Au/Fe/GaAs layers and (b) for the top
Fe layer in Au /Fe/Au/Fe/GaAs structures. In (b) the presence of a bulk-like uniaxial
anisotropy is very likely strain induced [70] with an easy axis parallel to the [110]p, direc-

tion.

field [97]
2KZJ]-75 2B1(6L—€||) (4 1)
MStFe MS ’ '

where e and e, are the in-plane and perpendicular strain fields and B is the first

47TMeﬁ‘ == 47TMS -

magneto-elastic coupling coefficient. For Fe By = —2.95 x 107 erg/cm?® [97]. Recently,
Thomas et al. [70] used high resolution x-ray diffraction to show that the strain in
Fe films on GaAs remains constant for Fe thicknesses of up to 8 nm. The values for
e| and e, from [96] result in 2B;(e, —e))/Mg = 1.1 4 0.5 kOe and would lower the
value for 47 Mg in Tab. 4.1 slightly. Considering the fact, however, that the value for
41 Mg in Tab. 4.1 is already close to the value expected for bulk iron, and given the
size of the error bar on the ¢/a ratio from EXAFS measurements, it is likely that the
strain anisotropy contribution is small.

Magneto-optic Kerr effect (MOKE) measurements showed that for samples with



CHAPTER 4. DAMPING IN AU/FE/GAAS MULTILAYERS

1|10' T T ] T T T T T T T T
o [0 rion,
= 5.4- ] -
© -
c
2
(D - -
£ 5.3-
Q
x | —
5.2 ] |
|
5.1 T T T T T T T T T T T T T
50 0 50 -100 0 100
H [Oe] -400 -200 0 200 400

64

Figure 4.6: Static MOKE loops measured on a 20Au/15Fe/GaAs(001) sample with the
magnetic field applied along the [110]ge, [100]ge, and [110]g. directions. Note that the hard
axis loop (H || [110]pe) is not linear due to presence of K‘l‘ in addition to K[”]
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Figure 4.7: Hpygr as a function of the in-plane angle of the magnetic field, pp, for

20Au/15Fe/GaAs(001) measured at (a) 10.0 GHz and (b) 23.9 GHz.

Fe films thinner than 35 ML the [110]g. direction is the easy magnetic axis and the

[110]pe direction is the hard magnetic axis (see Fig. 4.6). This behavior can be easily

understood from the in-plane angular dependence of the magnetic energy without an
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applied field

E(pn) = Kl sin® gy cos? oy — K[HJ cos®(par — u), (4.2)
where ¢y = —45°. The minimum energy corresponds to ¢y = 45°, i.e. M || [110]pe,
and the maximum energy corresponds to ¢y = —45° (i.e. M || [110]g.), provided

that Ky > K. It is interesting to note that the smallest FMR field is measured with
H applied along the (100)g. direction (see Fig. 4.7) and does not coincide with the
easy magnetic direction. The easy magnetic axis is determined by the global energy
minimum, while the angular dependence of the FMR field corresponds to a constant
stiffness (frequency) contour as a function of the applied field and field angle (see
Fig. 4.8). If only one in-plane anisotropy is present (uniaxial or four-fold), then the
FMR field minimum always coincides with the easy magnetic axis. The presence of
K, and Ky with ¢y = —45° also gives rise to 3 FMR peaks at low frequencies, as
shown in Figs. 4.7 and 4.8.

Magnetic Relaxation

The linewidths of the FMR peaks were found to be very narrow and to scale linearly
with the microwave frequency in parallel and perpendicular configurations with no
appreciable zero frequency offset, as shown in Fig. 4.9a. These features are charac-
teristic of Gilbert damping. « was determined from the slope of the linewidth as
a function of the microwave frequency. The damping parameter was found to be
a = 4.44 0.3 x 1072 and nearly independent of the film thickness and the orienta-
tion of the magnetization. This value is about double the intrinsic Fe bulk value (see
Tab. 2.1). The enhanced damping is probably due to the modified electronic structure
of the ultrathin film compared to the bulk in combination with impurity and interface
scattering. Recently, Safonov and Bertram have shown that electron-magnon scat-
tering caused by local perturbations in the spin-orbit interaction due to defects can

result in an additional Gilbert damping [98].

Temperature dependence of anisotropies and relaxation

In the temperature range between RT and -200 °C the Gilbert damping was ob-
served to be constant, and below -200 °C the linewidth increased rapidly, as shown in
Fig. 4.9b. A similar behavior was observed in Ni bulk samples (see section 2.4.3) and

can be explained by increased electron mean free path at low temperatures.
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Figure 4.8: Calculated contour plot of resonance frequencies versus the in-plane applied
field angle and field strength for the 20Au/16Fe/GaAs sample. White corresponds to f > 18
GHz and black is equivalent to f = 0 GHz. The black lines highlight the 18, 14, and 10
GHz contours. Note that the 10 GHz contour is not continuous and splits into an ellipse
and a line around the hard axis giving rise to 3 separate FMR fields between 8 and 10 GHz,
as observed in Fig. 4.7. This is further illustrated in the inset, where calculated resonance

frequency as a function of bias field along the hard direction ([110]g.) with a misalignment

of 0.2° (to break the symmetry) is shown.

Uniaxial and four-fold in-plane anisotropies exhibit a strictly linear temperature
dependence in the range between RT and -200 °C and increase with decreasing tem-

perature, as shown in Fig. 4.10.
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Figure 4.9: (a) Frequency dependence of the FMR linewidth for the 20Au/16Fe/GaAs
sample. The magnetic field was applied along the [100]p. direction. (b) Temperature
dependence of the FMR linewidth measured with the same sample at 10 GHz as a function

of temperature. The magnetic field was applied along the [110]p, direction.
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Figure 4.10: Temperature dependence of the in-plane anisotropies measured with a

20Au/18Fe/GaAs sample at 24 GHz (a) K| and (b) KJ.

4.3 Magnetic Double Layers

The intrinsic relaxation properties obtained for Au/Fe/GaAs single layer films en-
able one to test the influence of a second ferromagnetic layer on magnetic relaxation.
Magnetic multilayers are a special case where the interaction between itinerant elec-
trons and magnetic moments can lead to unprecedented and exciting effects in spin
dynamics. The electric resistance of a magnetic double layer depends on the rela-

tive orientation of the magnetic moment of the two layers; this effect is called Giant
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Magneto-Resistance (GMR). Berger [99, 100, 101] and Slonczewki [102, 103] pointed
out that the inverse process can also take place. That is, the direction of the current
flowing perpendicular to the interfaces can change the relative orientation of magnetic
moments in magnetic double layers (parallel or antiparallel). Recently, this switching
effect has been experimentally realized in point contacts [104, 105] and nano-pillars
[106, 107]. Slonczewski [102] has shown that the flow of spin momentum that is carried
by a current flowing perpendicular to the interfaces of a magnetic double layer system
NM/F1/NM/F2/NM results in Landau Lifschitz like torques (see Eq. 2.5) acting on
layers F1 and F2 and the sense of this torque depends on the direction of the current.
Here NM stands for normal metal and F1,2 stand for a ferromagnetic metal. The
magnetization in F2 is usually assumed to be fixed, while the magnetization in F1
is allowed to precess (free magnetic layer). Very high current densities lead to spin
torques that can overcome the intrinsic damping torques and lead to spin instabilities
and switching phenomena [103]. Spin instabilities in turn can lead to phase coherent
emission of microwaves in the presence of a magnetic field. This phenomenon was
recently observed by the Cornell and NIST groups [108, 109].

4.3.1 Berger’s model

Berger’s treatment of a current flowing perpendicular to the NM/F1/NM/F2/NM
layer system differs from Slonczewski’s approach: the magnetization in layer (F2) is
assumed to be static and precession of the magnetization of the free layer F1 is ex-
plicitly included using a magnon occupation number. The itinerant electrons entering
F1 cannot immediately assume the instantaneous direction of the precessing magne-
tization. This leads to an exchange torque directed towards the equilibrium axis and
corresponds to an additional relaxation torque acting on the F1/NM interface. This
torque is shared by the whole magnetic film due to exchange coupling. Conserva-
tion of the total angular momentum requires that spins in the normal metal layer be
flipped. An electron spin in the NM layer has to flip from up to down as a magnon
in FM is annihilated and vice versa. The rate equations for spin up and spin down
electrons can be derived from Fermi’s golden rule which includes the interaction with
magnons [99]. This leads to a shift of the Fermi levels for spin up and spin down
electrons Ay = Au' — Apt, and causes an additional relaxation torque which may be
written as [99, 110]

HP8 ~ (Ap 4 hw)iiny x 1y, (4.3)
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where m; o are the unit vectors of the magnetizations in layers F1 and F2. The
absolute value and sign of Ay are determined by the density and direction of the
current flowing perpendicular to the interfaces. Note that the second term in Eq. 4.3
is proportional to the microwave frequency and is always positive. This term is not
present in Slonczewski’s model because it does not include the dynamic s-d interaction.
This term is present even in the absence of a current flowing though the interfaces

and represents an additional Bloch-Blombergen like interface damping [83].

4.3.2 Experimental test

Berger’s predictions regarding additional interface damping can be tested by com-
paring the magnetic damping in the Au/Fe/GaAs single layer structures discussed in
the previous section with the magnetic damping observed in magnetic double layer
Au/Fe/Au/Fe/GaAs structures. The absence of extrinsic damping in the magnetic
single layer samples allows one to isolate the effect of the second magnetic layer (F2)
on the damping in the first magnetic layer F1. A series of double layer samples
complementary to the single layer samples was grown: 20Au/40Fe/40Au/nFe/GaAs,
where n was 8, 11, 16, 21, and 31. The Au spacer thickness was chosen such that the
interlayer exchange coupling was very small but electron transport across the spacer
remained ballistic. The electron mean free path in Au grown on an Fe/GaAs(001)
template was found to be 38 nm, i.e. ~ 190 ML Au [111]. The spin diffusion length
in Au is much bigger than the electron mean free path and was estimated by Johnson
to be I4" ~ 1 pum [112]. Therefore spin transport between the ferromagnetic layers
F1 and F2 through the 8 nm thick Au spacer is unimpeded by electron scattering.
Fig. 4.12a shows a typical FMR spectrum acquired from a double layer sample at 36.6
GHz. The two absorption peaks corresponding to the two layers (F1 and F2) are well
separated (by ~ 1 kOe) because the bottom and the top layer have different interface
anisotropies and thicknesses. This allows one to measure a FMR spectrum of layer F1
while layer F2 is detuned from resonance and has a negligible precessional angle, and
vice versa. The FMR linewidth in single and double layers was also observed to be
only weakly dependent on the angle of the static magnetization (see Fig. 4.11b). The
good agreement between the FMR fields of the magnetic single layer and the bottom
layer in the corresponding double layer (see Fig. 4.11a) shows that the interlayer ex-
change coupling is negligible (j; < 0.03 erg/cm?) and that the magnetic properties of
the Au/Fe/GaAs film system are very reproducible.
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Figure 4.11: Angular dependence of (a) FMR field and (b) FMR linewidth in the
20Au/40Fe/40Au/10Fe/GaAs double layer and 20Au/10Fe/GaAs single layer structure
measured at 36.6 GHz. (o) symbols represent the data for the 10Fe single layer and (e)
symbols represent the 10Fe bottom layer in the double layer sample. The solid line in (a)

corresponds to the resonance field of the 40Fe top layer in the double layer structure.
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Figure 4.12: (a) FMR spectrum of the magnetic double layer 20Au/40Fe/40Au/11Fe/GaAs
at 36.6 GHz with M || [100]g.. The dashed line shows the FMR signal measured on the
corresponding single layer sample 20/11Fe/GaAs(001). Note that the amplitude of the
dashed line is ~ 30% bigger than expected from the ratio of the linewidths; this was caused
by the different size of the samples. (b) Frequency dependence of AH for 16Fe in the
20Au/16Fe/GaAs (o) single layer and 20Au/40Fe/40Au/16Fe/GaAs (o) double layer with
M || [100]pe. The (%) symbols correspond to the difference of single and double layer
linewidths and the dotted line shows the frequency dependence of the additional linewidth
as predicted by Berger’s theory scaled to fit the experimental data.
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Figure 4.13: (a) AH?4 as a function of 1/tg, measured at 36.6 GHz. (b) The in-plane (%)
and out-of-plane (A) frequency dependence of AH?4 in the 20Au/40Fe/40Au/16Fe/GaAs

sample.
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Figure 4.14: The additional FMR linewidth, AH?9, at 23.9 GHz as a function of the Au
spacer thickness in 20Au/40Fe/8-150Au/16Fe/GaAs(001). (e) represent samples that were
grown on a wedge (17-27ML), while (%) represent individually grown samples. The (o)
symbol stands for a sample with a 40 ML Cu spacer.

All measurements showed that the FMR linewidth of F'1 increased due to the pres-
ence of a second layer F2 (see Fig. 4.12). This increase AH?* scales inversely with
the thickness of F1, as shown in Fig. 4.13a. The linear dependence of AH?4 on 1 /tg,
indicates that the additional relaxation is an interface effect [110]. The additional
FMR linewidth AH® in both the parallel (H in-plane) and perpendicular (H per-

pendicular to the plane of the specimen) FMR configurations is approximately equal
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in magnitude, linearly dependent on the microwave frequency, and has no appreciable
zero frequency offset [13] (see Fig. 4.13b). For all double layers the additional Gilbert
damping is found to be only very weakly dependent on the crystallographic direction.
For the 10ML Fe film the average value is a3 = 11.0 4+ 0.5 x 1073, This is almost
triple the intrinsic Gilbert damping in the single Fe films, o™ = 4.4 40.3 x 1073 (see
Fig. 4.11b).

Berger’s theory predicts that the strength of the additional damping depends
on the average spin-flip relaxation time, conduction electron densities, and volume
fractions of F1, F2, and NM (see Eq. (19) in [99] and Eq. (10) in [101]). As a
consequence, the additional damping becomes a function of the respective volume
fractions of F1, F2, and NM. For very thin Au spacers (20-30 ML) his predicted value
for the additional damping strength is roughly double the experimentally observed
value. Moreover, experimentally the additional damping is independent of the spacer
thickness for Au spacers having thicknesses ranging from 12 to 150 ML (while keeping
the thicknesses of F1 and F2 fixed), as can be seen in Fig. 4.14. In Berger’s theory the
magnitude of the additional damping depends on the ellipticity of the precession of the
magnetization. This corresponds to a strange type of ‘Bloch-Blombergen’ damping
with a frequency dependent relaxation parameter, as shown by the dotted line in
Fig. 4.12b. This aspect of Berger’s model is in disagreement with the experimental

results, only simple Gilbert damping was observed.

4.4 Spin-Pump/Spin-Sink Theory

Brataas et al. [113] have generalized the theory of peristaltic charge pumping [114] by
including a spin dependent scattering potential. Peristaltic charge pumping is based
on the quantum mechanical scattering matrix approach introduced by Landauer and
Biittiker [115]. Tserkovnyak et al. [116] showed that an interface Gilbert damping
can be created by spin current flowing away from a ferromagnet (F) into adjacent
normal metal reservoirs (NM). A complete derivation of the spin-pumping theory is
given in appendix C. The emission of spin current is a consequence of the precessing
magnetization. Scattering at the time dependent spin potential at the F/NM interface
leads to a ‘peristaltic’ spin-pumping. The flow of the spin current is perpendicular
to the F/NM interface, and oriented from F into NM. The direction of the spin
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momentum carried away by this current is given by [116]

. h . dm
Jspin = EArm X E X (44)

where m is the unit vector of the magnetization in F and A, is an interface scattering
parameter. Note that the spin current is a tensorial quantity where each component

is a vector. A, is given by
1 2 2

where r!!l and t]! are the electron reflection and transmission matrix elements at the
NM/F interface for the spin up and spin down electrons of the transverse modes n, m
at the Fermi level. Spin-pumping theory is an adiabatic concept, i.e. the electrons
inside the NM spacer are always in equilibrium with the precessing magnetization
at the NM/F interface. To illustrate this one can compare the time an electron
spends in the NM spacer before it scatters at the NM/F interface with the time of a
precessional period of the ferromagnet. At 10 GHz and for a 10 nm thick NM spacer
the precessional period is 107! s while the spacer transit time is only 7 = txy/vp ~
10~* s. Therefore the adiabatic approximation is clearly valid.

Brataas et al. [113, 117] further showed that A, can be evaluated from the interface
spin mixing conductance G [118]. A, = LG = Sg'l, where g'' represents the
dimensionless interface spin mixing conductivity. For interfaces with some degree of
diffuse scattering, ¢'! is very close to the number of the transverse channels in the

NM and is given by [117]

gt = % = %/37?1/3712/3 , (4.6)
where S is the area of the interface, kp is the Fermi vector in NM, and n is the density
of electrons per spin in the NM.

Once the spin current is generated, it traverses through the normal metal spacer,
and is deposited at the NM/F2 interface. Zangwill et al. [119] recently showed that the
transverse component of the spin current is entirely absorbed at the NM /F2 interface.
For small precessional angles and assuming that M; || Mg the spin current is almost
entirely transverse with respect to the direction of the static magnetization. This
means that the NM/F2 interface acts as an ideal spin-sink, and therefore provides a

spin brake for the precessing magnetic moment in F1 [13, 120, 121]. The spin current
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Jspin Which takes spin momentum away from F1 has the form of Gilbert damping
(compare Egs. 4.4 and 2.8). The strength of the Gilbert damping can be evaluated

from conservation of the total angular momentum

. . l aMtot o
.]Spln ’Y 0t - )

(4.7)

where M, is the total magnetic moment in F1. After simple algebraical steps (see
section C.10 for details), one obtains an expression for the dimensionless spin-pump

contribution to the Gilbert damping constant in ultrathin films,
ng l
4’/TM5 tl '

o = guup (48)

where t; is the thickness of F1 and pp is the Bohr magneton. The inverse dependence
of & on the film thickness clearly testifies to its interfacial origin. Self-consistent
calculations using the full LLG equations of motion including the exchange interac-
tion torque have shown that the 1/¢; scaling of the damping due to spin-pumping
is almost perfectly satisfied even if the magnetic film thickness significantly exceeds
the exchange length [122]. Both layers, F1 and F2, act as mutual spin-pumps and
spin-sinks. For small precessional angles the equation of motion for F1 can be written
as [121]

om om
atl = — y[m xHyg|+a {ml X atl}
T T
GBI om;  gupg Omy (4.9)

— X
A M st ot dnMgt, 2 ot

where m; 5 are the unit vectors along the magnetization directions in F1 and F2,
and t; is the thickness of F1. The exchange of spin currents is a symmetric concept
and the equation of motion for layer F2 can be obtained by the interchange of the
indices 1 = 2 in Eq. 4.9. The third and fourth terms on the right hand side of
Eq. 4.9 represent the spin-pump and spin-sink effects on the magnetization in F1.
The fourth term is generated by the precession (spin-pump) of the magnetization in
F2. For clarity, it is worthwhile to point out that the signs (+) and (—) in the third
and fourth terms in Eq. 4.9 represent the spin current directions (F1 — F2) and

(F2 — F1), respectively.
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4.5 Other Models for Non-Local Gilbert Damping

4.5.1 Dynamic Exchange Coupling

Since the spin-pump model is a rather exotic concept for those working in magnetism,
one would expect that there is a direct relation to a more common concept applicable
to magnetic multilayers. The obvious choice is to describe these effects as a conse-
quence of interlayer exchange coupling which has been studied extensively by a large
group of people. Historically the interlayer exchange interaction has been treated only
in the static limit [123]. Recently, this coupling has been studied for a time dependent
magnetization. It has been found that the out-of-phase part of the exchange coupling
results in magnetic damping [120, 121, 124, 125, 126]. It also has been shown that the
spin-pumping theory is equivalent to a dynamic interlayer exchange coupling [124].
Simének and Heinrich have shown that the additional Gilbert damping is enhanced by
the square of the Stoner factor [124] when compared to the spin-pumping theory. This
calculation was based on the electron-electron interaction in an unpolarized electron
gas. In a subsequent paper Simének considered the more realistic situation were the
electron gas is polarized by the static component of the magnetization and concluded

that the Stoner enhancement of the damping is only a small effect [125].

4.5.2 Breathing Fermi surface

The damping of magnetic double layers can be affected by the finite momentum
life time of electrons in the NM spacer. Interlayer exchange coupling is based on
the itinerant nature of the electrons. In a ferromagnet the energy of the electrons
depends on the instantaneous orientation of the magnetic moments, and consequently
the occupation number ny , of electronic states having energy ey, changes during the
precession of the magnetization, resulting in a ‘breathing Fermi surface’. This concept
was used in ferromagnetic bulk materials, as outlined in section 2.4.3; here it is applied
to the NM spacer. The redistribution of electrons cannot be achieved instantaneously
and the time lag between the instantaneous exchange field and the induced moment
in the spacer layer can be described by the transverse spin relaxation time, 74, which
is proportional to the momentum relaxation time entering the conductivity [19]. In

the limit of slow precessional motion the effective damping field on the magnetization
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due to spin relaxation in the NM spacer can be evaluated as [120, 121],

(aekyg [M1]>2 10My

Hyomp = 7oty 6(ek0 [Mi] — £r)
k,o

, 4.10
oM, tp Ot (4.10)
where the sum is carried out per unit area. In this case, the damping field is pro-
portional to the spin relaxation time 7. This mechanism is therefore dependent on
the conductivity and represents an additional contribution to the non-local damping.

Note that the spin-pumping mechanism described in section 4.4 is independent of 7.

4.6 Applicability of the Models

The spin-pumping and breathing Fermi surface theories predict strictly Gilbert damp-
ing. This feature was observed experimentally over a wide range of microwave fre-
quencies [121, 127], as illustrated in Figs. 4.12b and 4.13b.

The validity of the spin-pumping theory can be tested by comparing calculations
using Eqs. 4.9 with the experimental results. Fig. 4.15 shows two extreme situations.
In the left panel of Fig. 4.15 the FMR fields of F'1 and F'2 are separated by a big margin,
while in the right panel of Fig. 4.15 the FMR fields are the same. In the left situation
one expects the full spin-pump contribution to the damping, and AH?* for layers
F1 and F2 should scale inversely with their respective thicknesses. In the right panel
the situation is symmetric; the net spin momentum current through both interfaces is
zero, and the additional damping should disappear. This behavior was experimentally
verified by measuring FMR spectra near the crossover of the FMR fields at 24 GHz,
as shown in Fig. 4.16. Asymmetry of the resonance peaks (due to an admixture of y’
in x”) was avoided by placing the sample at the end of a shorted waveguide instead
of a resonant cavity for the FMR measurements. This way it was possible to analyze
the superimposed FMR spectra corresponding to F1 and F2 without the asymmetry
parameter € described in section 3.2.3 (x’ corrections), thereby reducing the number
of fitting parameters. Fig. 4.17 shows an example of such FMR data. The behavior
from the spin-pump spin-sink theory was obtained by calculating FMR peaks using
Eq. 4.9 and the magnetic parameters determined from FMR measurements. The
excellent agreement between the experimental results and the spin-pumping theory
is obvious in Fig. 4.17. In Fig. 4.16 the experimental and calculated spectra where
analyzed using Loretzian line shapes. The experimentally observed disappearance
of the additional damping around the crossing of the FMR fields of F1 and F2 is
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Figure 4.15: A cartoon of the dynamic coupling phenomenon. In the left drawing, layer
F1 is at resonance and its precessing magnetic moment pumps spin current into the spacer,
while F2 is detuned from resonance. In the right drawing, both films resonate at the same
effective field, inducing spin currents of equal amplitude in opposing directions. The short

arrows in NM indicate the instantaneous direction of the spin angular momentum oc m; x dg;”

carried away by the spin currents. The thin layers at the Fi/NM interfaces represent the

regions where the spin current is absorbed.

extremely well described by the theory, as illustrated in Figs. 4.16b and 4.17. The
excellent agreement between theory and experiment demonstrates the validity of the
spin-pump and spin-sink concept which is described by Eq. 4.9. It follows that even in
absence of static interlayer exchange coupling, the magnetic layers are coupled by the
dynamic part of the interlayer exchange. The spin-sink effect at the NM/F interface
starts to be inefficient only when the thickness of the NM spacer becomes comparable
to the spin diffusion length [128]. In this case spin accumulation inside the NM layer
acts as a resistance for the spin current in series with 1/¢'t and drives a back-flow of
spins into F [129]. In the spin-pump spin-sink model it is expected that the additional
damping is nearly independent of the Au spacer thickness considering the fact that
the spin diffusion length in Au is of the order of 1 pum [112]. This was experimentally
confirmed for thicknesses ranging from 2 to 30 nm (see Fig. 4.14). The static interlayer
exchange coupling vanishes for Au thicknesses exceeding a mere 10 ML (2 nm). This
rapid decay is caused by the Au/Fe interface roughness. One should point out that
when the NM spacer thickness becomes comparable to the spin diffusion length, then
the NM spacer can absorb a part of the spin current on its own [122, 130].

The quantitative comparison of the measured magnitude of the additional damp-
ing with the prediction from the spin-pumping theory is very favorable. First princi-

ples electron band calculations resulted in g'* ~ 1.42 x 10'® cm~2 for a Cu/Co(111)
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Figure 4.16: (a) The FMR fields for the layer F1(16Fe, shown by (o)) and the layer F2(40Fe,
(%)) in the 20Au/40Fe/16Au/16Fe/GaAs(001) structure at 23.9 GHz as a function of the
angle pr. The in-plane uniaxial anisotropy field in F1 leads to an accidental crossover at
pr =20° and 55°. Notice that the FMR fields of F1 and F2 get locked together by the
spin-pumping effect at the accidental crossover. (b) FMR linewidths of F1(o)) and F2(%))
around the crossover at ¢ = 20°. The black line was obtained from calculations using the
spin-pumping theory with the appropriate anisotropies from Fig. 4.5, the intrinsic relaxation

parameters a0 = 3.68 x 1073, ailftFe = 4.0 x 1073, and the spin-pumping coefficient

int
gfﬂB]\“/][“ = 8.52 x 10719 cm~!. Measured and calculated FMR. spectra were analyzed using
S

two Lorenzian lineshapes.

interface with 2 ML of alloying [118]. By scaling this value to Au by changing n in
Eq. 4.6 and using (k£"/k2")? = 1.26 [69] one obtains ajbp, = 4.4 x 1073 for a 16 ML
thick Fe film. This calculated additional contribution to the damping parameter agrees
with the observed additional contribution to within 20% (a39d = 3.7+ 0.2 x 1073
measured at RT). Moreover, the additional damping observed for a sample with a Cu
spacer is 20% bigger than the values obtained for Au spacers, as shown in Fig. 4.14.
This is exactly what is expected considering that Cu has a higher density of con-
duction electrons than Au; i.e. based on the electron densities this enhancement, see
Eq. 4.6, is expected to be 26%.

This qualitative and quantitative agreement between theory and experiment is
striking. Calculations of the intrinsic damping in bulk metals have been carried
out over the last three decades; none have produced a comparable agreement with
experiments [131]. The reason is that the spin-pumping effect is calculated based

on the free electron behavior in the NM; in contrast to this the intrinsic damping
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Figure 4.17: FMR spectra measured at 23.9 GHz around the crossover of FMR fields
in the 20Au/40Fe/16Au/16Fe/GaAs(001) structure. The spectra where measured with
o = 18.5° ¢p = 22.0° (crossover), and pg = 29.5° (from left to right). The (o) symbols
represent the measured data and the grey solid line was calculated using Eq. 4.9 with
the anisotropies from Fig. 4.5, the intrinsic relaxation parameters aﬁ?tFe = 3.68 x 1073,
ailftFe = 4.0 x 1073, and the spin-pumping coefficient % = 8.52x 10710 cm~!. In all
three graphs the same scaling factor between theory and calculation was used, and individual

fine tuning of the uniaxial anisotropy field (up to 20 Oe) and angle ¢g (up to 0.5°) was

allowed to obtain a perfect agreement between theory and experiment.

in metallic ferromagnets depends on difficult relativistic and spin dependent electron
band properties, as outlined in section 2.4.3.

The breathing Fermi surface contribution to the non-local Gilbert damping is
proportional to the electron relaxation time 7 of the NM spacer (see Eq. 4.10). Since
this contribution is based on the concept of interlayer exchange coupling one would
expect some oscillatory behavior to result form changing the spacer thickness. The

data shown in Fig. 4.14 indicate that this type of behavior is only marginally present if
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Figure 4.18: (a) shows the temperature dependence of AH*4 at 24 GHz, for 3 different
samples: (A) 20Au/40Fe/14Au/16Fe/GaAs(001), () 20Au/40Fe/40Au/16Fe/GaAs(001),
and (e) 20Au/40Fe/100Au/16Fe/GaAs(001). The temperature dependence of the sheet
conductivity, o, for the sample (o) is shown by the dashed line. Note that the temperature
dependence of AH? is linear and weak for all samples. The temperature dependence of
AH®4(T) was fit using Eq. 4.11. (b) Shows the slope, (JAH*!4/9T), as a function of the

spacer thickness.

at all. The breathing Fermi surface contribution can be better tested by measuring the
temperature dependence of the non-local damping. One would expect the non-local
damping to scale with the sheet conductance of the NM spacer (75 ~ 7, ~ ). The
temperature dependence of the sheet conductance and AH*!4 is shown in Fig. 4.18.
AH*4(T) is linear in temperature and obviously does not scale with the conductivity.
This indicates that the breathing Fermi surface contribution is not significant.

Note that the slope of AH*4 as a function of temperature increases with in-
creasing Au spacer thickness. One can fit the temperature dependence using a linear
function

AH™T) = CT+ AH* | _ - (4.11)

The extrapolated AH add}T:()K was equal for all Au spacers that were studied and
the temperature dependent contribution C' saturates for higher spacer thicknesses, as
shown in Fig. 4.18b. This implies that the Au spacer decreases the effectiveness of
the spin-pump mechanism at finite temperatures and acts as an additional resistance
for the spin current that is in series with the interface mixing resistance 1/g'*. This
resistance would decrease the spin current reaching the NM/F2 interface. Since the

spin diffusion length in Au is much bigger than the Au spacer thickness, no additional
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Sample a [1073] | G [10°Hz] | AH [Oe] 24 GHz
16Fepne 44+0.2 1.4 37
16Fegguble 8.3+0.3 2.6 67

16Feforle-16Feqe® | 3.740.2 | 1.15 30
16Fegouble 16Fe e, | 4.5+0.3 | 1.41 37
16Feg, 4.47 1.37 36.6

Table 4.2: Table summarizing the damping parameters and linewidth at 24 GHz for the 16
ML Fe film in magnetic single layers and double layers. The values in row 16Feg, show the
prediction from the spin-pump model. Note that the T=0° K values are extrapolated from
Fig. 4.18a.

resistance in Au is expected [132]. The origin of this temperature dependence has not
been resolved yet.

It is worthwhile to point out that the extrapolated value of afgd.| . = 4.5 £
0.2 x 1073 is in excellent agreement with the value estimated from the spin-pumping
theory, ajfy, = 4.4 x 1073, This behavior could also be related to the fact that the
spin-pumping theory is strictly valid only at 7' = 0° K, as outlined in appendix C (see

Eq. C.93).
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4.7 NM Cap Layer as Spin-Sink

4.7.1 Spin accumulation and back-flow

In the previous section the manner in which the injected spin current gets absorbed
by a second ferromagnetic layer was discussed. In this section the relaxation of non-
equilibrium spins inside the NM layer is addressed. In the NM the pumped spin
momentum is relaxed into the lattice by electron momentum scattering in the presence
of spin-orbit interaction. This process requires some degree of spin accumulation in the
NM. For example, in the absence of spin-lattice scattering the accumulated magnetic
moment in the NM creates a back-flow of spin momentum into the ferromagnetic layer.
In equilibrium the back-flow is equal to the pumped spin current [116]. Therefore the

net flow of spin momentum across the F/NM interface is
jnet - jpump - jback‘ (412)

The pumped spin current j,ump is given by Eq. 4.4 and an expression for the back-flow
was derived by Tserkovnyak et al. [129] and Urban et al. [122]. The net spin current
crossing the F/NM interface is given by

~1
Tsngl

.ne —_= ]_ j ump
Jnet = | G N Sl tanh(tang /gy | JP0

(4.13)

where [4q is the spin diffusion length in the NM, N is the density of states per spin in
the NM, ¢xy is the thickness of the NM layer, and S is the area of the F/NM interface.
The spin diffusion length is defined as lq = /D7y [129], where 7, and 7y are the
electron momentum scattering and spin-flip times, respectively. D = v%7,/3 is the
electron diffusion constant. In the derivation of Eq. 4.13 the boundary condition for
the F/NM interface was assumed to be given by Eq. 4.12 and the boundary condition
at the outer NM /vacuum interface was jnet(tnm) = 0.

For 74 = 0 there is no back-flow, and the normal metal acts as a perfect spin-
sink. As demonstrated in the previous section, a net spin current flowing out of the
ferromagnet creates additional damping for the precessing magnetization due to the

conservation of angular momentum.
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4.7.2 Induced Gilbert damping

From Egs. 4.4, 4.8, and 4.13 the additional Gilbert damping constant (taking spin

accumulation into account) is

~hg't gt -1
af = —2 1+ - : (4.14)
P 47TM5tNMS hNSlsd tanh(tNM/lSd))

This enhanced Gilbert damping is always smaller than that discussed in section 4.4
(provided that ¢g'! is the same or smaller) since a NM layer on its own is not a perfect
spin-sink. For a free electron gas N = mkr/(27%h*) and Eq. 4.14 can be rewritten as
V3

1+ Q—ﬁ(tanh(tNM/zsd)*] : (4.15)

where € = 7, /7 is the spin-flip probability per scattering event.
For very small NM thicknesses (txy < lsa) Eq. 4.15 leads to o = 0. The

cap

w» _  7hg't
« e —
cap 47TMstNMS

back-flow of spin momentum from NM compensates the spin-pumping current from
the ferromagnet. This is the reason why the magnetic single layers covered by gold
that were discussed at the beginning of this chapter did not exhibit a spin-pumping
contribution to the damping. When the thickness of the NM is larger than the spin
diffusion length, an additional resistance is created for the spin current. This resis-
tance acts in series with the mixing resistance g% and the effective mixing resistance

may be written as [129]

1 1 1 laq €2
gk gl T g1l T Sonu b (4.16)

where Ry is the resistance per spin (in units of i/e?) for a NM layer with a thickness
equal to the spin diffusion length (tnyy = lsq). For infinite thickness the NM cap layer

acts like a partial spin-sink and the saturation value depends on the size of Ryq.

4.7.3 NM cap layer experiments

The role of a NM layer on the non-local damping was studied in magnetic single layer
samples with NM cap layers of various thicknesses. The magnetic Fe layer always had
a fixed thickness of 16 ML. The NM layer was one of Au, Ag, Cu, and Pd, and its
thickness was varied between 0 and 80 nm.

The Au, Ag, and Cu cap layers did not introduce a measurable additional damping

in this range of thicknesses, as illustrated in Fig. 4.19. For Cu, Ag, and Au cap
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Figure 4.19: Dependence of the additional damping, o4, on the cap layer thickness in
NM/16Fe/GaAs(001) samples measured at 23.9 GHz. The NM was one of Au (o), Cu (V),
Ag (O), and Pd (e). The dotted line is a fit to the Pd data using Eq. 4.15 and the solid line
is a fit using Eq. 4.21.
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Figure 4.20: (a) Frequency dependence of AH and (b) temperature dependence of AH at
23.9 GHz for the 50Pd/16Fe/GaAs sample.

layers the linewidth changed by less than 2 Oe which corresponds to the experimental
uncertainty of the linewidth measured at 24 GHz.

The situation was found to be very different for Pd cap layers, in this case the
linewidth rapidly increased with the Pd thickness and saturated at tpq &~ 10 nm. The
magnitude of this increase was comparable to that produced by the intrinsic damping,

and the corresponding frequency dependence (see Fig. 4.20a) clearly showed that the
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additional linewidth scaled with the microwave frequency with no appreciable zero
frequency offset (2 Oe). The linear frequency dependence justifies the interpretation
of the increase in linewidth as an additional Gilbert damping parameter (see Fig. 4.19).

Equation 4.15 provides an analytic expression for the enhanced damping parame-
ter as a function of the NM thickness assuming diffusive electron transport. Since the
additional damping occurred for very small NM thicknesses, the use of spin diffusion
theory is questionable.

A simple estimate for g''/S can be obtained from the density of electrons using
Eq. 4.6. Andersen [133] estimated the number of conduction electrons per Pd atom
to be 0.37. This implies a carrier density of n = 2.5 x 10?2 cm™® and leads to
g" /S = 0.65x10%. This number is reasonable when compared to the values for g't/S
calculated from first principles for Cu/Co interfaces, in which case Xia et al. [118§]
found ¢ /S = 1.1 x 10'5. One expects ¢g''/S to be smaller for Pd than for Cu since
Pd has a smaller number of conduction electrons per atom than Cu.

g /S = 0.65 x 101 cannot explain the data in Fig. 4.19 since the resulting
saturation value is too low. A reasonable fit requires ¢'*/S = 1.2 x 10'°, ¢ = 4,
and lyg = 5.1 nm (dotted line). € = 4 means that it is four times more likely for
an electron in Pd to flip its spin than to change its momentum upon scattering and
renders Eq. 4.13 invalid. The saturation value of the enhanced Gilbert damping was

a

a4 = 3.5 x 1073 which is close to the additional damping found in magnetic double

layers (see section 4.3).

Validity of the spin diffusion theory for Pd

To explain the experimental results with NM=Pd it was necessary to use values for €
bigger than 1. This is not compatible with the spin-diffusion equation, and the spin
transport in the Pd layer cannot really be described as diffusive.

To gain further insight, the electron mean free path in the Pd layer was deter-
mined from the resistivity. To accomplish this, the sheet resistances of two samples
20Au/50Pd/16Fe/GaAs and 20Au/16Fe/GaAs were measured by means of the van
der Pauw technique [134]. The resistances were found to be 9.6 £ and 19.9 2, re-
spectively. Since the individual layers contribute in parallel, one can infer that the
sheet resistance of the isolated 50 ML Pd film was 18.7 %. Using a Pd thickness of 9.7
nm (50 ML), the resistivity of the Pd layer would be g = 18.2 pf2cm which is almost
double the resistivity of bulk Pd (gpq = 10.8 uf2cm [23]). The measured resistance
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allows one to estimate an effective electron momentum scattering time 7, in the Pd

layer from the relation
1 e*nty

- , (4.17)

0 m*

where e is the elementary charge, m* the effective mass, and n the density for conduc-
tion electrons. The electron mean free path is given by \,, = vpm,, the effective mass
of the conduction electrons in Pd is m* ~ 2m, and the Fermi velocity is vy = 5.6 x 107
cm/s [135]. It follows that A, ~ 8.6 nm. Since this number is bigger than the spin
diffusion length (obtained from fitting Eq. 4.14 to the data) and the film thickness
the diffusive theory is clearly not applicable.

4.7.4 Alternate model of spin transport in Pd

Bulk Pd is a strongly enhanced paramagnet with a large Stoner enhancement factor
and known to be on the verge of ferromagnetism with locally fluctuating magnetic
moments (paramagnons) [136, 137, 138, 139]. One could imagine that these fluctuat-
ing moments act as very effective spin scatterers. The spin current which is injected
into the NM by the precession of the magnetization interacts with these paramagnons
and the spin-spin scattering leads to a local randomization of the direction of the spin
momentum of the spin current [140]. This randomization represents a loss of (lateral)
coherence of the spin current and is reminiscent of ‘mode-mode coupling’. On average
the spins travel the spin-flip length A, before their initial spin momentum is flipped.
This length is not equivalent to the spin diffusion length since it is not assumed that
electrons experience a number of momentum scattering events before their spin is
flipped.

Thus the spin current injected into the Pd layer (jpump) will gradually loose its
coherence as a function of the Pd thickness and the angular momentum is effectively
absorbed. This means that different locations of the F//NM interface accept the back-
flow of spin momentum with a randomized phase. The exchange interaction in Fe
averages these local contributions and consequently the net back-flow approaches zero
with increasing Pd thickness. The magnitude of the coherent spin current returning
to the Fe layer, jpack, is given by the amount of spin current that is not lost as the
electrons make a round trip through the Pd layer. Since the electrons can move
in arbitrary directions from the F/NM interface an effective layer thickness Leg is

introduced. L.g is an effective NM layer thickness which is averaged over all available
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in-plane electron momenta kj up to the Fermi wave vector kp with an appropriate

weighing. One can write [141]

2 t
kaQG_LALf _ / r 27T/f||d7€||6 M (4.18)
(2m) 0 (2m)?

with cos 0 = /1 — (- ELy2 )%, where 0 is the direction of the electron momentum measured

with respect to the surface normal. Therefore the back-flow is

2Lef

jback :jpumpei As (419)

An additional factor of 2 appears in the exponent, because the average distance trav-
elled by spins that make it back into the ferromagnet after a round trip through the
Pd layer is 2L.g. The net spin current through the NM/F interface is then given by

. . _ 2Les
Jnet = Jpump <]— —€e s ) . (420)

Using this in Eq. 4.14 one arrives at a new expression for the enhanced Gilbert damp-

ing

o _ byt ( _2Lefr>
cap 47TM5tFeS ’
Now the Pd data in Fig. 4.19 can be fit again using Eq. 4.21. This fit determines only

(4.21)

two truly independent parameters. As seen in Fig. 4.19, the fit describes the Pd data

very well, resulting in g /S = 0.9 x 10 cm ™2

. This value is significantly smaller
than that determined by fitting the data to the diffusion theory, and is approximately
equal to the value estimated from the conduction electron density in Pd. This model
does not allow for spin accumulation so that Pd acts as a perfect spin-sink when
thick enough. From the fit, the spin mean free path A\, was determined to be Ay =
9.0 nm. This implies that the spin mean free path is only slightly bigger than the
electron mean free path calculated from the conductivity, A, = 8.6 nm. This is an
unusual situation and may be a consequence of electron-electron correlation effects
occurring in Pd. Recently, Kurt et al. also observed a very short spin-flip length
in Pd at low temperatures [142]. Using current perpendicular to the plane (CPP)
GMR measurements, they found AP = 25 + 7 nm at 4 °K. The discrepancy between
this value and the A estimated from FMR very likely has two origins: (i) As at
low temperature is usually longer than at RT; in simple metals the spin-flip length
decreases by a factor of 2 between 4 °K and 300 °K [143, 144]; (ii) CPP GMR measures
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the longitudinal spin-flip length while FMR is sensitive to the transverse spin-flip
length.

The lack of a pronounced temperature dependence for AH?!4 with NM=Pd (see
Fig. 4.20b) supports the conjecture that the scattering of the spin current in Pd is

due to temperature independent electron-electron correlation effects.

4.8 Spin-Pumping in Other Experiments

4.8.1 Single layers

Heinrich et al. [24] reported FMR line broadening for very thin Fe films grown on
Ag(001) substrates. In this case the damping parameter increased from a = 2.1 x 1073
for a film having a thickness of 24 ML to a = 18.2 x 1072 for a 4 ML thick film. In
light of the fact that the thicker film exhibited a damping parameter very close to
the intrinsic value for bulk Fe [145], it is likely that only a very small fraction of the
increased damping in the thinner film was due to spin-pumping. One can therefore
conclude that Ag is a very poor spin-sink. More recently, Platow et al. [146] measured
the thickness dependence of the FMR linewidth for Ni grown on Cu(001). In this
experiment Cu also provided a very poor spin-sink.

Mizukami et al. [147, 130] conducted a systematic FMR study of the NM/Py/NM
system prepared by sputtering on glass substrates, where the NM was Cu, Ta, Pd,
and Pt. The thickness of the NM cladding layers was held fixed at 50 A while the
thickness of the Permalloy layer was varied between 20 and 100 A. For Cu and Ta
cladding layers the damping parameter for Py was equal to its intrinsic value and
independent of the Py thickness. Pd and Pt cladding layers however caused a strong
increase in damping such that the additional damping increased with the inverse Py
thickness. For NM=Pd the effect was 40% stronger than in the studies presented
in this thesis (taking into account two interfaces and the lower magnetization of Py
relative to Fe). In a subsequent paper Mikazumi et al. investigated the FMR line
broadening of a 30 A Py layer due to the proximity of a Pt layer [148, 149]. In this
case a 50 A Pt layer was spatially separated from the Py layer by a Cu spacer of
variable thickness. For Cu spacer thicknesses less than 100 nm, the Pt layer resulted
in a measurable line broadening. With the thinnest Cu spacer (3 nm) the strength of

the enhanced damping agrees in magnitude with the enhanced damping observed in
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the 50Pd/16Fe/GaAs(001) system, and is presumably due to spin-pumping effects.

4.8.2 Double layers

The spin-pumping effect also has profound consequences for the dynamics of exchange
coupled magnetic bilayers. Coupled bilayers have acoustic and optic precessional
modes [4]. Using Eq. 4.9 and including exchange coupling terms one can calculate
the effect of spin-pumping and exchange coupling. For example for a 5Fe/12Cu/10Fe
bilayer with no interlayer exchange coupling, the calculated spin-pumping contribu-
tion to the FMR linewidth at 36 GHz is 150 Oe for the 5Fe film and 75 Oe for the
10Fe film. By turning on a moderate antiferromagnetic exchange coupling J = —0.2
erg/cm? the optical peak is broadened by 200 Oe while the acoustic peak is broadened
by only 36 Oe. For moderate antiferromagnetic exchange coupling the optical peak
mainly arises from the 5Fe layer (with J = —0.2 erg/cm? one has miL, /mil. = 3.6
at 36 GHz). It is not surprising that the 5Fe peak broadens further in the presence of
exchange coupling, considering that the optical mode corresponds to an out-of-phase
precession of the magnetic moments of the 5Fe and 10Fe layers. In this case the spin
momentum is more efficiently pumped between the two layers and results in more
damping. By the same argument, the in-phase precession of the moments for the
acoustic peak (10Fe) narrows the FMR line of the acoustic mode.

Experimentally, optical FMR peaks were always observed to be wider than the
acoustic peaks. In a 5Fe/12Cu/10Fe sample grown on a Ag(001) substrate the
linewidth of the optical peak was found to be enhanced by as much as 500 Oe compared
to the single layer [150]. This indicates that approximately 50% of this broadening
was due to spin-pumping and the reminder was caused by an inhomogeneous exchange
coupling [121].

Recently, Lubitz et al. [151] also found an increase of the FMR linewidth in thin
polycrystalline Fe films grown on Silicon which was induced by Cu/Fe cap layers.
These measurements are in qualitative agreement with the Fe/Au/Fe/GaAs double
layer results presented in section 4.3, but the thickness dependent FMR linewidth ob-
served for their polycrystalline Fe single layers [151] makes a quantitative comparison
difficult.



Chapter 5

Two-Magnon Scattering

5.1 Au/Pd/Fe/GaAs Multilayers

The resonance linewidth in Au/Pd/Fe/GaAs(001) multilayers was observed to exhibit
a strong extrinsic contribution. This effect will be discussed in terms of the two-

magnon scattering model in this chapter.

5.1.1 Growth, RHEED, STM, TEM studies

The Pd(001) in-plane lattice constant has a large mismatch of 4.4% with respect to
the Fe(001) template, even when [110]pq || [100]g.. Au grows over Pd with the in-plane
cubic axes parallel to each other ([100]ay || [100]pq). The Pd and Au lattice spacings
are mismatched by 4.5 percent. The presence of Pd in crystalline Au/Pd/Fe(001) mul-
tilayers provides a large lattice strain which, above a critical Pd thickness, is relieved
by the formation of misfit dislocations. Results in this section are mainly presented
for the magnetic single layer nPd/30Fe/GaAs(001) and Au/nPd/16Fe/GaAs(001)
films, where n was varied between 0 and 300 ML.

The RHEED pattern for the Au(001) cap layer in 20Au/nPd/16Fe/GaAs(001) de-
pends on the number of atomic layers of Pd, n. For n < 4 the RHEED patterns of the
Au(001) surface layers were similar to those observed for case of Au/Fe/GaAs(001),
as shown in Fig. 4.2. For n > 4 the RHEED patterns for Au(001) developed fan-out
streaks when the primary electron beam was oriented along the (100) 5, directions (see
Fig. 5.1a). The intensity of this effect saturated for n > 9. Fan-out RHEED streaks
are a well known feature in MBE epitaxy. It has been shown by Pukite [76, 77]

90
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Figure 5.1: (a) Shows a RHEED pattern with strong fan-out features (indicated
by arrows) on the surface of Au(001) due to a network of misfit dislocations in
20Au/9Pd/16Fe/GaAs(001). The electron beam was oriented along the [100]a, direction.
Note that in this orientation the RHEED streak intensities which are caused by the As
2 x 2 surface reconstruction are significantly diminished in the presence of misfit disloca-
tions (cf. Fig. 4.2b), indicating that the long range order of the surfactant As in the [100]
directions deteriorated. (b) The primary electron beam was oriented along the [110]a,

direction. No fan-out streaks are visible.

that their presence is related to surface clustering involving rectangular symmetry, as
outlined in section 3.1.3. Pukite’s result allows one to make the following practical
conclusion: The presence of RHEED fan-out streaks with 90° symmetry is due to the
formation of a rectangular network of surface line defects. For the RHEED electron
beam oriented at 45° with respect to the direction of line defects the fan-out streak
pattern is symmetric and reaches its maximum intensity; while for an electron beam
oriented along the line defects (for angles 0 and 90°) only simple straight streaks are
present. This is exactly what is observed, as shown in Fig. 5.1.

The rectangular network of line defects on the surface is caused by nucleation
and glide of misfit dislocation half-loops entering the crystal surface during the film
growth to compensate for the lattice mismatch. This gliding of dislocations along the
{111}pq au planes is illustrated in Fig. 5.3.

From the RHEED patterns shown in Fig. 5.1a it can be concluded that the surfaces
of the Au/nPd/Fe/GaAs(001) structures with n > 9 consist of a network of line
defects, which are oriented along the (110)a, crystallographic directions of Au(001).
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Figure 5.2: Ex-situ 1500 A x 1500 A STM images of (a) 90Au/16Fe/GaAs(001) and (b)
90Au/9Pd/16Fe/GaAs(001). The arrows along the (110)a, directions highlight surface
steps which are caused by the dislocation glide. The z-scale (from white to black) in
both images is 8 A, and the RMS roughness was ~ 1 A. (c) Plan view TEM image of
the 90Au/9Pd/16Fe/GaAs(001) sample. The black arrow indicates the [110]a, crystallo-
graphic direction and the contrast that exhibits a clear four-fold symmetry (parallel and
perpendicular to the arrow) is due to the misfit dislocation network. The features oriented
at 45° with respect to the [110]pg direction indicated by the white arrows are caused by
moire fringes [152]. The inset shows the corresponding electron diffraction pattern. The
intensity connecting diffraction spots parallel to the (110), directions give a hint to the
defects.

These line defects correspond to atomic steps caused by the intersection of the {111},
glide planes with the surface [153, 154]. This conjecture is further confirmed by STM
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studies of the Au(001) layer of the 90Au/9Pd/16Fe/GaAs(001) sample. Fig. 5.2b
shows surface steps arising from the network of misfit dislocations, indicating that
the atomic displacements along the {111}, glide planes propagate through the top
Au layer.

The presence of a self-assembled network of misfit dis-

locations was observed using transmission electron mi- N

croscopy (TEM) by plan view orientation of the layer sys-
tem 90Au/9Pd/16Fe/GaAs(001), (see Fig. 5.2¢). The ob-

served orientation and density of the dislocation arrange-

ment resembles the misfit dislocation network observed

by Jorg Woltersdorf in epitaxially grown Au/Pd bicrys-
tals [155, 152] of the corresponding thicknesses. During Figure 5.3: Dislocation
the growth of the first Pd monolayers on the Au(001) sub-  half loops on a {111} glide
strate, complete misfit dislocations are generated and form plane.

a rectangular network located at the Pd/Au interface. Af-

ter reaching the critical thickness of 4 ML, the process of gliding of substrate disloca-
tions can no longer produce a sufficiently high density of dislocations to compensate
the misfit; thus additional dislocation half loops are generated [156, 157] starting at the
top Pd layer and extending to the interface, as illustrated in Fig. 5.3. The correspond-
ing interference of moire patterns and dislocation contrast phenomena treated in [152]
is also recognizable in Fig. 5.2¢, as indicated by the white arrows. The mechanisms
for generation of interface dislocations and their efficiency for misfit compensation

was outlined in [158].

5.1.2 FMR studies

The magnetic anisotropies of the Fe(001) layer in nPd/30Fe/GaAs(001) and in
Au/nPd/16Fe/GaAs(001) were similar to those observed for dislocation free Au/Fe/-
GaAs(001) systems of the corresponding thicknesses [110]. The easy axes of the 30Fe
layer were oriented along the (110)g, directions due to the in-plane uniaxial anisotropy
originating at the GaAs interface [110]. The striking difference between the samples
having a thick Pd layer in nPd/Fe/GaAs(001), n > 130, and those with n < 110 was
in the level of magnetic damping. The Fe layers in nPd/Fe/GaAs(001) structures
with n < 110 exhibited only Gilbert damping enhanced by spin-pumping of the Fe

layer and having a spin-sink inside the Pd layer, as described in section 4.7.3 and
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Figure 5.4: Typical FMR spectra measured at 23.9 GHz on the 200Pd/30Fe/GaAs(001)
sample. The left spectra were taken with the magnetization M in the plane: M || [100]re
(solid line) and M || [110]pe (dotted line). The right spectrum corresponds to the per-
pendicular configuration (M | [001]g.). Note that the FMR linewidths for the in-plane
configuration are anisotropic, and the narrowest line is measured in the perpendicular con-

figuration.

(159, 140]. The FMR linewidth in nPd/Fe/GaAs(001) samples with n > 130, was
different. In these samples the FMR linewidth was strongly dependent on the an-
gle vy between the magnetization and the crystallographic (100)p, axes, showing a
distinct four-fold symmetry, as can be seen in Fig. 5.5. The minima and maxima in
AH are along the (110)g. and (100)g, crystallographic directions, respectively. It is
interesting to note that AH (¢y,) does not show a two-fold symmetry. This implies
that the chemical bonding between Fe and the uniaxial dangling bonds of GaAs at
the Fe/GaAs(001) interface is not important for the formation of magnetic defects
by the network of misfit dislocations. The FMR linewidth also changed in a very
pronounced way as a function of microwave frequency. The frequency dependence
of the FMR linewidth, AH(f), along the (100)g. and (110)p. directions is shown in
Fig. 5.6. Along the (110)p. (easy magnetic axes) and (110)p, (hard magnetic axes),
the FMR linewidth is nearly linearly dependent on the microwave frequency between
10 and 73 GHz, but is accompanied by a zero frequency offset AH(0) = 50 Oe.
The slope of AH(f), however, is nearly that corresponding to the intrinsic Gilbert
damping (including spin-pumping into a 100Pd(001) cap layer [140]) obtained in the
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Figure 5.5: The ferromagnetic resonance linewidth for the 200Pd/30Fe/GaAs(001) film at
73(%), 36(e), and 24(¥) GHz as a function of the in-plane angle p,; between the magne-
tization and the [100]p, axis. The angles ¢ were calculated from g using the magnetic
anisotropies and the applied field; the dotted lines indicate the AH due to the intrinsic
damping (including spin-pumping) at 73.0, 36.4, and 23.9 GHz.

samples without extrinsic damping. AH was quite different when measured with the
saturation magnetization along the (100)p. directions. Note that for the 30 ML thick
Fe film the (100)p. directions are neither easy nor hard magnetic axes, and therefore
it is not possible to avoid dragging of the magnetization behind the applied external
field at FMR. AH was determined by finding the in-plane external field angle, ¢y,
which corresponds to M || (100)g, at resonance. The open circles in Fig. 5.6 show
this measured linewidth. Dragging the magnetization behind the external field, how-
ever, results in additional FMR line broadening. This effect is usually present at low
frequencies, because the FMR fields become comparable to the in-plane anisotropy
fields. Dragging was nearly absent at and above 24 GHz. In order to remove the
dragging contribution at 10 and 14 GHz, the FMR linewidth was evaluated in the
following manner: FMR peaks were calculated including dragging of the magnetiza-
tion, and the effective Gilbert damping (a.g) was adjusted in such a way that the
total AH was equal to that observed experimentally (open circles). Then the FMR
linewidths without the dragging contribution were obtained using the effective Gilbert
damping (AH = ?Oéeﬂ‘). These are shown as the filled points in Fig. 5.6. The fol-

lowing features can are noteworthy: (i) The dependence on the microwave frequency,
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H Sample ‘ AH 100y [O€] ‘ AH 110y [Oe] H

200Pd30FeGaAs 180 75

90AulOPd16FeGaAs 210 60
20Au40Fe40Au9Pd16FeGaAs 175 50
20Au40Fe40Au9Pd16FeGaAs 160 50
20Au40Fe40Au4Pd[FePd]514FeGaAs 123 55
20Au40Fe40Au4Pd[FePd];14FeGaAs 123 55
20Au40Fe[PdFe]54Pd40Au4Pd[FePd]514FeGaAs 200 50
20Au 40Fe[PdFe]54Pd40AudPd[FePd];14FeGaAs 120 45
20Au40Fe40Pd16FeGaAs 210 75
20Au40Fe40Pd16FeGaAs 75 75
20Au20Fe40Pd16FeGaAs 210 75
20Au20Fe20Pd16FeGaAs 75 75

Table 5.1: Summary of the anisotropic FMR linewidths for samples with a network of
misfit dislocations measured at 23.9 GHz. The data correspond to the magnetic layer that
is highlighted in bold.

AH, is not described by a simple linear dependence on the frequency as would be
expected for Gilbert damping. (ii) The slope of the FMR linewidth vs. frequency is
nearly that expected for the intrinsic damping for frequencies between 36 and 73 GHz,
but AH(0) = 160 Oe is significantly increased compared to the (110)p, orientations.
(iii) For frequencies less than 36 GHz the frequency dependence of AH shows a clear
downturn (see Fig. 5.6).

A similar frequency dependence for AH was found recently by Twisselmann et
al. [160] for Permalloy (Py) films grown on NiO and Lindner et al. [161] for Fe/V
superlattices. In fact, the frequency dependence observed along the (100)g, orienta-
tions resembles recent calculations by Arias and Mills [162] of extrinsic damping due
to two-magnon scattering, as shown by the thin solid line in Fig. 5.6. The Arias-Mills
model result was calculated using Eq. 2.55. It does not exhibit sufficient downturn
at low frequencies, likely because it is not applicable to the present case since a very
different defect model was assumed (spatial variation of the direction of the uniaxial
perpendicular anisotropy [12]).

The increase of the FMR linewidth noted above has been observed in several dif-
ferent sample structures involving a lattice mismatched layer of Pd. In Tab. 5.1 the

linewidths measured along the (100)g, and (110)g. directions are summarized for sev-
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Figure 5.6: The frequency dependence of the FMR linewidth for the
200Pd/30Fe/GaAs(001) structure along the (110)p. () and (100)p. (e) directions,
respectively. (o) points show AH along (100)p. before the dragging contribution to the
linewidth was removed (see further details in the text). The purpose of the thick solid line
spline fit is to guide the eye. The thin solid line corresponds to the calculated frequency
dependence of AH, using Eqgs. 2.55 and 2.47 (Arias and Mills model [12]). The dashed
line shows the frequency dependence of the intrinsic FMR linewidth (Gilbert damping)
obtained by using the 100Pd/30Fe/GaAs(001) sample with no magnetic defects in the Fe
film. The spin-pumping contribution in 100Pd/30Fe/GaAs(001) to AH is saturated (see
Fig. 4.19). The O-symbols on the dashed line show the FMR linewidth in the perpendicular
configuration at 9.7 and 23.9 GHz for the 200Pd/30Fe/GaAs(001) sample. Note that the
O-symbols are right on the dashed line, indicating that in the perpendicular configuration
the FMR linewidth AH is given by the Gilbert damping (o = 0.006) with no zero frequency
offset (AH(0), = 0). The dotted lines indicate the range of microwave frequencies where
the slope of AH(f) nearly corresponds to Gilbert damping. Note that the dotted lines

have zero frequency offsets.

eral samples. All samples had one thing in common: extrinsic damping was triggered
by lattice defects which are caused by the misfit dislocation network. The onset of two-
magnon scattering required a critical thickness of Pd and this critical value depends on
where the Fe layer is located. For an Fe layer deposited on the Pd spacer, the critical

thickness for the onset of two-magnon scattering is equivalent to the critical thickness
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for the formation of misfit dislocations in Pd with n > 4 [155]. The area density
of misfit dislocations [155] and the magnitude of two-magnon scattering saturate for
n > 9. For Fe layers grown directly on GaAs(001), the formation of magnetic defects
required either a thick Pd layer (n > 130) or a combination of a thin Pd (n > 9) and a
thick Au layer (> 70); e.g. 90Au/9Pd/16Fe/GaAs(001) or 200Pd/30Fe/GaAs(001).
In all samples the strength of the two-magnon scattering was found to be nearly in-
dependent of the thickness of the Fe. This implies that the two-magnon scattering
is a bulk effect for the range Fe thicknesses studied (10 to 40 ML). This behavior
can be expected in good crystalline films; once dislocation half loops are generated,
they propagate along the {111}pq glide planes and are terminated at the outer in-
terfaces. The extrinsic damping in all the samples listed in Tab. 5.1 exhibited a
similar qualitative and quantitative behavior as a function of microwave frequency
and magnetization angle. Since spin-pumping in magnetic bilayers affects the angu-
lar dependence of the FMR linewidth due to accidental crossovers of the resonance
fields [159], the discussion will be now limited to the simple 200Pd/30Fe/GaAs(001)

magnetic single layer sample.

5.1.3 Two-magnon scattering model

Two-magnon scattering, if applicable, can provide a simple model for the description
of extrinsic damping in FMR. Inhomogeneous magnetic properties generate scattering
of the resonant mode (uniform mode with q ~ 0) into non-uniform modes (q # 0
magnons), as discussed in section 2.5. From Eq. 2.48 it follows that magnon scattering
is confined to degenerate magnons following the path of lobes, qo(t,), around the
direction of the magnetic moment (see Fig. 5.7).

Two-magnon scattering formally enters the in-plane rf susceptibility [12] as an
additional term R in the denominator (cf. Eq. 2.53)

B M,B
X|| = BerH — (2)2 +i(H + B)a% + [R(R) +iS(R)]

w
P

(5.1)

where Beg = H +4m Mg is the effective magnetic induction, and the in-plane anisotro-
pies are neglected for simplicity. The real part, R(R), leads to a shift in the FMR
field and the imaginary part $(R) provides additional damping. R(R) and S(R)
have to satisfy the symmetry of the magnetic inhomogeneities. In a rectangular

network of misfit dislocations one expects to get additional four-fold anisotropies,
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Figure 5.7: The black lines show the lobes of degenerate magnons calculated for 73 GHz
(big lobes) and 24 GHz (small lobes). The background is a contour plot of the in-plane
Fourier components from Eq. 3.12. Note that Pukite’s type of I(q), even if it were scaled
to produce an anisotropic behavior for small g-vectors (large (L)), would result only in a

weak anisotropy for AH.

affecting both the FMR field and magnetic damping. In addition both, %(R) and
$(R) are dynamic effects and depend on the microwave frequency. This leads to
an important conclusion: Magnetic anisotropies measured using FMR can have a
frequency dependent contribution which is absent in dc measurements.

The strength of two-magnon scattering as a function of the angle ;; of the magne-
tization with respect to the in-plane crystallographic axis can be tested by inspecting
the expression §(R). The imaginary part of the two-magnon contribution to the
susceptibility is proportional to the Fourier components of the scattering potential.

Using this one can write

wmax
d
S [R(gan)] ~ / I(qy)d(w — wq,)daf = 2 / 1<qo,wq,¢M>£§T%, (5.2)
_wmax aq ' !
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Figure 5.8: The FMR fields for the 30Fe layer in 200Pd/30Fe/GaAs(001) as a function
of the in-plane angle ¢r. Where oy = 0 corresponds to the [100]p, direction. Mea-
surements were carried out at 73.0(0), 36.4(o), 24.9(V), and 14.1(00) GHz. The solid
lines were calculated using the following parameters: The effective demagnetizing field
47 Mg = 18.7 kG, in-plane uniaxial field 2K (|J| /Mg = —360 Oe, four-fold in-plane anisotropy
field 2Kl| /Mg = 330 Oe, and g-factor, g = 2.11. The uniaxial in-plane anisotropy has the
hard axis along the [110]g, direction. With these parameters the agreement between the
measured and calculated FMR fields along the (110)pe direction is within 10 Oe for all
frequencies. This is not true when the field applied along the (100)p. directions where the

discrepancy is of the order of 100 Oe. It is not possible to get a perfect fit for all microwave
frequencies by using a single set of parameters, indicating that the magnetic anisotropies

are partly frequency dependent.

where I(q) represents the intensity of two-magnon scattering, and ¢, = @ + 1
is the angle of the q; vector with respect to the [100]p. (defect) axis. The magnon
group velocity ‘g—“;(qg, Y,) in Eq. 5.2 is proportional to the strength of the dipolar and
exchange fields and represents the dipole-exchange narrowing of local inhomogeneities
[49]. The term % describes a weighting parameter along the path of the two-
magnon scattering lobes q(1,). It turns out that for a given microwave frequency

this factor is nearly independent of v,. This means that the whole two-magnon scat-
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tering lobe contributes to ¥(R) with an equal weight, independent of the angle ),.
The exception is the g-space close to the origin of the reciprocal space. It is important
to realize that long wavelength (small q) variations in magnetic properties lead to a
simple superposition of local FMR peaks. The extrinsic FMR linewidth in this case
merely reflects large length scale sample inhomogeneities and should not be treated
by two-magnon scattering. McMichael et al. [160] concluded that the FMR linewidth
is given by a superposition of local resonances when the characteristic inhomogeneity
field is larger than the interaction field [163]. In the range of long wavelength defects
the important part of the interaction field between grains having different magnetic
properties is the magneto-static contribution 27 M,qtr to the magnon energy dis-
persion, where tp is the film thickness. The FMR spectrum is given by a simple

superposition of local FMR peaks when
H,L > 3t Mtp, (5.3)

where H), is the root mean square value of random variations of a local anisotropy
field satisfying a Gaussian distribution, and L is the average grain size (see Fig. 4 in
[164]). The summation of local FMR signals can result in a genuine zero frequency
offset AH(0), (see reference [164]).

The critical angle 1,.x appearing in Eq. 5.2 decreases with a decreasing angle 6,
of the magnetization with respect to the sample plane. For 6, < 7/4 no degenerate
magnons are available [56]. The angle 0y satisfying 0, < 7/4 has to be calculated
by minimizing the total magnetic energy. For the 200Pd/30Fe/GaAs sample this
angle was 0y = 12° at 24 GHz, as can be seen in Fig. 5.10. This is an important
criterion that allows one to test the applicability of two-magnon scattering to the
interpretation of extrinsic damping. AH from the extrinsic damping has to disappear

when the direction of the magnetization is in the vicinity of the film normal. It is

90
g—ﬁ (QOﬂ/’q)
It increases somewhat very close to the critical angle 6, = 7 /4, where the two-magnon

interesting to note that the weighing parameter is nearly independent of 6,;.

scattering is switched off.

5.1.4 Discussion of the FMR linewidth

The dependence of the FMR field and linewidth on the angle 85 between the dc
magnetic field and the sample normal is shown in Fig. 5.9. The data in Fig. 5.9b

show that the damping decreases significantly in the vicinity of the perpendicular
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Figure 5.9: (a) The ferromagnetic resonance field in the 30Fe layer in 200Pd/-
30Fe/GaAs(001) as a function of the angle 6 between the sample normal and the applied
field H measured at 24 GHz. The the magnetic field was rotated in the (001) plane. The
parameters used for to fit the data are as follows: 4w Mg = 20.6 kG, 2K‘1‘ /Mg = 330 Oe,
QK}}/MS = —360 Oe, 2Ki/Ms = —350 Oe, and g =2.02. The in-plane anisotropy fields
were determined from FMR measurements in the parallel configuration (see Fig. 5.8). The
dashed line shows the fit obtained by fixing 47 M, 2K|1| /Mg, 2K[|]|/MS, and ¢ factor to the
values from the in-plane FMR measurements (see a list of these parameters in the caption
of Fig. 5.8). The only adjustable parameter is 2Ki/M; = —700 Oe. (b) Ferromagnetic
resonance linewidth, AH, as a function of 6 at 23.9 GHz. The dots represent the measured
data and the dashed line represents the FMR linewidth AH(6) that was calculated using
the Gilbert damping from the perpendicular configuration. The peak in the FMR linewidth
for 8 = 12° is caused by the dragging of the magnetization behind the applied field.

configuration. In fact, the measured AH in the perpendicular configuration at 10
and 24 GHz was given exactly by the intrinsic damping, as previously illustrated in
Figs. 5.4, 5.6, and 5.9b.

The strength of two-magnon scattering as a function of 5 is usually expressed in
terms of the adjusted frequency linewidth [53]

% _ (j—;) AHe(011) (5.4)

where dw/dH = [w(H + AH,0g + A0y) — w(H,0g)]/AH using the FMR condition
for the resonance frequency which includes the in-plane and out-of-plane magnetic
anisotropies. It is more convenient to calculate dw/dH by picking Aw and evalu-

ating the corresponding change in AH and Afy satisfying the resonance condition.
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Figure 5.10: (e) represents the adjusted frequency FMR linewidth Aw/+ from the extrinsic
contribution as a function of 0y at 23.9 GHz. The solid line shows the angle of magnetization
Opr as a function of 0. The dashed line shows the critical angle 1.« as a function of 0.
Notice that 1max describes the angular dependence of Aw/~ quite well. 1y, was scaled in

order to compare it with Aw/7.

The difference between the measured linewidth AH (6y) and the linewidth predicted
AHg(0y), using intrinsic Gilbert damping, determines the contribution arising from
the extrinsic damping, AHe(0y) = AH(0g) — AHg(0g).

The dots in Fig. 5.10 show that the angle 8,, at which the two-magnon contri-
bution rapidly disappears is in excellent agreement with the theoretical prediction of
7 /4. This behavior was found in all samples affected by the network of misfit disloca-
tions. The extrinsic damping contribution remains nearly constant as a function of 6y
until the direction of the magnetic moment is in the vicinity of 7 /4 where it abruptly
collapses to zero, as shown in Fig. 5.10. Fig. 5.9b shows that the FMR linewidth in
the vicinity of the perpendicular configuration is given entirely by Gilbert damping.
It follows that the extrinsic damping generated by a self-assembled network of misfit
dislocations can be described by the two-magnon scattering mechanism. Since the
angular dependence of Aw(fy)/v is virtually traced by 1nax(0g) one can conclude
that the two-magnon scattering intensity 1(q,#y) is independent of 0y (see Fig. 5.10
and Eq. 5.2).

The presence of a marked difference in the magnetic parameters that were required
for fitting the angular dependence of the FMR field in the parallel and perpendicular

configuration (as illustrated in Figs. 5.8 and 5.9a) requires a brief discussion. The
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origin of this discrepancy can be found in Fig. 5.9b. Two-magnon scattering affects
the FMR linewidth most strongly when the resonance field increases rapidly with
increasing . One can anticipate that in this range of 6y the corresponding R(R)
term is present as well. This leads to a noticeable shift in the resonance field compared
to that expected using the intrinsic (dc) magnetic anisotropies. The curvature of the
FMR field as a function of fy in Fig. 5.9 is very sensitive to the g-factor. The
change in this curvature due to the contribution of R(R) requires that the data be
fit with a different value of the g-factor compared to that corresponding to intrinsic
magnetic properties. The artificially low value g = 2.02 that was required to fit the
curvature in Fig. 5.9a consequently affected the value of 47 Mg needed to fit the FMR
field in the parallel configuration (0 = 90°). Two-magnon scattering also affected
the FMR field in the parallel configuration. In this case, the contribution of two-
magnon scattering to the FMR field is not as strong, and therefore the deviations
from a simple fitting (ignoring frequency dependent %(R)) are not as obvious. Even
in the parallel configuration, however, it is not possible to fit the data at all microwave
frequencies with the same set of parameters, as illustrated in Fig. 5.8. In fact the FMR
data in the parallel configuration were fit quite well by assuming a partly frequency
dependent in-plane four-fold anisotropy K {l. 2K {' /M, changed from 305 Oe at 14 GHz
to 390 Oe at 73 GHz. This is exactly what is expected, since two-magnon scattering
in a rectangular network of misfit dislocations has to satisfy the in-plane four-fold
symmetry which leads to a frequency dependent four-fold anisotropy given by the
anisotropic contribution of R(R).

The two-magnon scattering in samples with a self-assembled network of misfit
dislocations showed a very pronounced four-fold in-plane dependence on the angle
pu between the saturation magnetization and the crystallographic axes, as can be
seen in Fig. 5.5. At the same time, the functional form of the four-fold anisotropy is
dependent on the microwave frequency. These features require further discussion.

In ultrathin films the Fourier components of two-magnon scattering are restricted
to the in-plane g-vectors; this is also the case for Pukite’s model of RHEED at surface
defects. Consequently, one could consider Pukite’s in-plane Fourier components for
the interpretation of the FMR results. There are, however, crucial differences. g in
two-magnon scattering is small, ~ 6x10° cm™! at 73 GHz and ~ 1x10° cm™! at 14
GHz for a 30ML thick Fe film. This means that two-magnon scattering is mainly

sensitive to the reciprocal space of low q vectors. In RHEED large k-vectors, which
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are comparable to the reciprocal space of the lattice, are important. There is an
even more profound difference: In magnetism, defects result in a angular magnetic
anisotropy. This means that the two-magnon scattering intensity can have an explicit
dependence on the direction of the magnetization with respect to the symmetry axis of
the magnetic defects. This case was recently addressed by Lindner et al. [161]. They
observed an anisotropic extrinsic damping (measured along the (100) and (110) axes)
for FeV superlattices. No detailed dependence of the FMR linewidth as a function
of wp; was shown. It was assumed that the defects were caused by surface steps. By
using a simple argument based on the angular dependence of the uniaxial anisotropy
Lindner et al. concluded that a rectangular distribution of interface steps results in
two-magnon scattering with an anisotropic AH having a cos?(2¢,s) dependence. This
argument also applies to a rectangular network of misfit dislocations. However, this
is not the only factor that depends on the angle with respect to the crystallographic
axes. The Fourier components of the scattering intensity are the product of two parts.
One is explicitly dependent on the angle ), and the other depends on the magnon

wave vector q,
I(q, oa) = Q(q) cos?(2¢nr). (5.5)

In addition, lower order symmetry terms need to be considered. This is an isotropic

contribution depending only on the magnitude of q. One can write

I(a, ) = Q(a) cos®(2¢nr) + Y (q). (5.6)

The Y (q) term corresponds to a random distribution of defects and Q(q) has to satisfy
the symmetry of the defects. The lattice defects in crystalline samples are correlated
with crystallographic axes and consequently Q(q) = Q(q, ¢,), where ¢, is the angle
between q and the [100]g, defect axis. It turns out that (QQ(q) is essential to explain
the experimentally observed angular dependence of AH(yy/) at various microwave
frequencies.

Q(q, @) should be related to the average separation of misfit dislocations. The
average separation of misfit dislocations is 10-20 nm corresponding to a Fourier com-
ponent g~ 27 x 10% ecm™!. In magnetic scattering one has to consider the exchange
coupling within the ferromagnetic film. Lateral inhomogeneities on the scale of 10-20
nm create exchange fields that significantly average out the lateral variations of the
magnetic anisotropy. This means that the defect length scale of 10-20 nm does not

have to be directly applicable to the discussion of two-magnon scattering.
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In order to explain the angular dependence of the two-magnon scattering the FMR
results need to be addressed directly. The filled stars in Fig. 5.6a show AH(f) with
the magnetization along (110)g.. AH(f) has a linear dependence on microwave fre-
quency f with a slope corresponding to Gilbert damping and a modest zero frequency
offset AH(0);. AH(0) can be caused by long range inhomogeneities (superposition of
local FMR lines) or an isotropic term Y'(¢) in the scattering matrix 7(q) (see Eq. 5.6).
If one assumes a genuine AH(0)), one has to ask why those long wave length inho-
mogeneities were not observed in the perpendicular FMR configuration. Long wave
length inhomogeneities of the in-plane uniaxial anisotropy would result in a zero fre-
quency offset for H applied perpendicular to the plane AH(0),. This perpendicular
offset would be ~ LAH(0), and detectable. The absence of AH(0), can be explained
by assuming an inhomogeneous in-plane four-fold anisotropy. Such an inhomogeneous
anisotropy would cause AH(0); but not AH(0),. In the perpendicular FMR config-
uration K {‘ contributes to the free energy with the 4th power in the rf magnetization
components and therefore produces an effective field proportional to the cube of the
rf magnetization component and drops out from the resonance condition. One should
point out that the perpendicular four-fold anisotropy Ki is stronger than Kl', see
caption of Fig. 5.9, and if inhomogeneous would result in AH(0),. The absence of
AH(0), suggests that Kj is homogeneous, and it is reasonable to assume that the
same is true for K l'.

Inhomogeneities in Kl' should also result in an angular dependence of AH(0);
which would exhibit not a for fold, but an 8-fold symmetry. This contribution should
disappear when the magnetization is oriented half way between (100)g, and (110)p,
where the four-fold anisotropy field is zero. There is some evidence for this behavior
in Fig. 5.5 at 23.9 GHz in the form of two additional shallow minima around the
(110)p. directions, but this effect is very weak. This leads to the second possible
cause of AH(0); which is based on the presence of Y (q). The linear slope of AH(f)
was given by the Gilbert damping and therefore the two-magnon contribution to the
FMR linewidth was constant between 10 and 73 GHz. This implies that the two-
magnon scattering approaches zero only below 10 GHz. A gradual approach to zero
in two-magnon scattering below 10 GHz was observed by Twisselmann and McMichael
in Py/NiO samples [160] and the constant two-magnon scattering above 10 GHz in
this sample can be accounted for by the g-dependence of Y (q).

Further analysis will be carried out for the angular dependent part of the two-
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magnon scattering. The objective is to explain the in-plane angular dependence of
the FMR linewidth and its frequency dependence. The pronounced four-fold angular
dependence is due to the explicit cos?(2¢,s)-dependence of the scattering matrix on
the angle ¢ (see Eq. 5.5). One needs to find a function )(q) that accounts for the
measured angular dependence AH (y)) at various microwave frequencies. The Q(q)

has to satisfy the symmetry of the lattice defects. The following ansatz may be used

Q(q, ¢) = cos'(2p,). (5.7)

No dependence on q has been assumed at this point. The angular dependence of

AH?™ was evaluated by using the following simple expression

- 5.8
2H + 47 Mg (58)

This equation accounts only partly for the elliptical polarization at FMR in the par-
allel configuration. No explicit dependence of I(R) on the elliptical polarization was
considered.

A simple evaluation of AH?*™ using Eqs. 5.2 and 5.8 explains the experimental re-
sults quite well ( cf. Figs. 5.5 and 5.12). The calculations result in a big anisotropy in
AH?™. Tt is interesting to note that one does not have to rescale the I(q, ¢ys) ansatz
for each microwave frequency in order to get a reasonable quantitative agreement
between the calculated and measured AH (). The measured angular dependence
of AH () is sinusoidal at 73 GHz. At lower frequencies the curvature around the
maxima is bigger than around the minima. This feature is quite pronounced at 24
GHz. All of these characteristics are well reproduced in the calculations, compare
Figs. 5.5 and 5.12. The good agreement between the experimental results and cal-
culated values for AH (¢y,) allows one to draw the following conclusion: integration
along the lobes of degenerate magnons, see Fig. 5.11, indicates that the scattered
magnons are propagating preferentially along the (100)g. crystallographic directions
[154]. This means that the two-magnon scattering by defects from the network of
misfit dislocations leads to channelling of magnons. A more detailed and quantitative
comparison between the two-magnon scattering model and experiment would require
to evaluate the relaxation term R, using the Kubo formalism in order to properly
account for the ellipticity of the rf polarization in the in-plane configuration. This

procedure would allow further refinement of Q(q, ¥).
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Figure 5.11: Two magnon scattering lobes at 24 and 73 GHz in the g-space of the magnetic
scattering intensity Q(q,¢) given by Eq. 5.7. The dashed lines are a contour map of the
function in Eq. 5.7. Note that the orientation of lobes (magnetization) affects the angular
dependence of FMR linewidth caused by the misfit dislocation network. When the lobes
are oriented parallel the (110)p. directions they have a weaker contribution than when they

are oriented along the (100)pe directions.

5.1.5 Summary

FMR studies were carried out on lattice strained Au/Pd/Fe/GaAs(001) and Pd/Fe/-
GaAs(001) structures. It has been shown that the lattice strain in Pd is relieved by
a self-organized rectangular network of misfit dislocations. The dislocations have an
average separation of 10-20 nm. This network of misfit dislocations is revealed during
the growth by fan-out of RHEED streak patterns in the cap Au(001) layers. The
lattice defects driven by the dislocation network resulted in strong two-magnon scat-
tering having a four-fold anisotropy due to the rectangular symmetry of the magnetic
defects given by the glide planes of the misfit dislocations. The two-magnon scattering
was found to be nearly independent of the Fe film thickness. This implies that the de-
fects, due to the misfit dislocation network, propagate through the whole multilayer
structure and therefore the associated magnetic defects represent bulk properties.
The angular dependence of two-magnon scattering has been discussed by using the
Fourier transform of the magnetic defects. It has been shown that measurement of

the FMR linewidth as a function of the angle of the magnetization with respect to the
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Figure 5.12: Calculated ferromagnetic resonance linewidth at 73(%), 24(e), and 14(Vv) GHz
as a function of the in-plane angle ¢y;. Where ¢ = 0° corresponds to the [100]p, direction
of Fe. The calculations were carried out using I(q, pu) = Q(q) cos?(2¢,r), where Q(q) is
given by Eq. 5.7. Dotted lines indicate the linewidth due to intrinsic damping at 73, 36,
and 24 GHz.

crystallographic axes and as a function of microwave frequency allow one to deter-
mine the main features of the magnetic scattering intensities in the range of small q
vectors. The angular dependence of the required scattering intensity, Q(q), suggests
the presence of channelling of scattered spin waves along the defect lines (the (100)g,
directions). Two-magnon scattering also leads to additional magnetic anisotropies
which are dependent on the microwave frequency. An analysis of the out-of-plane
FMR measurements based on frequency independent magnetic anisotropies, results

in an unrealistic g-factor and and an unrealistic effective demagnetizing field 47 M.
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5.2 Other Systems with Two-Magnon Scattering

5.2.1 NiMnSb/InP(001)

Half metallic NiMnSb films were grown on InP(001) wafers by the Molenkamp group
[165]. High resolution x-ray diffraction confirmed the very good crystalline quality
of the NiMnSh(001) films with the lattice constant a = 5.91 + 0.005 A. This lattice
spacing implies a lattice mismatch between NiMnSb and InP(001) of only 0.6 percent.
Details can be found in [165]. The NiMnSb films investigated had thicknesses tp = 5,
10, 15, 20, 30, 42, and 85 nm. FMR was measured at 23.9 and 36.4 GHz.

The g-factor was found to be 2.03 and 2.02 for the 42 and 15 nm thick films,
respectively. This g-factor is very close to the free electron value, indicating a weak
spin-orbit interaction. The magnetic moment was determined to be Mg = 590 + 10
emu/cm?® at RT [30].

The angular dependence of AH for the samples with ¢t = 5, 42, and 85 nm
is shown in Fig. 5.13. One can identify an angular independent AH,, a four-fold
AH,cos*(2¢y), and a two-fold AHycos?(pyy) contribution. AH also rapidly in-
creased with the film thickness, as shown in Fig. 5.13. For the thinnest sample (t = 5
nm), the lowest value of the FMR linewidth was 20 Oe at 23.9 GHz for the magnetiza-
tion directed along the (100) crystallographic directions. This FMR linewidth scaled
linearly with the microwave frequency with no zero frequency offset. The Gilbert
damping parameter was remarkably small, & = 5 x 1072. The small deviation of the
g-factor from 2 and the small Gilbert damping are consistent and indicate that the
intrinsic spin-orbit interaction in cubic NiMnSb is weak.

The FMR linewidth with the direction of the magnetic field close to the film nor-
mal decreased rapidly to the value that corresponds to the intrinsic Gilbert damping,
as illustrated in Fig. 5.13b. This behavior is a hallmark of two-magnon scattering. In
the NiMnSb films the dragging effect is small at 24 GHz since the demagnetizing field
is significantly smaller than the applied field and therefore the features of two-magnon
scattering are reflected directly in the FMR linewidth AH, as shown in Fig. 5.13b.

Plan view TEM studies on the NiMnSb films carried out by Kavanagh’s group at
SFU have shown that thicker films have two rectangular networks of lattice defects
with defect lines parallel to the (100) and (110) in-plane crystallographic axes [166].
The measured angular dependence of the FMR linewidth, shown in Fig. 5.13, allows

one to draw the following conclusions [30]:
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Figure 5.13: (a) AH for NiMnSb films as a function of the in-plane orientation of the
magnetization , @7, measured at 23.9 GHz. The symbols (e), (<), and (O0) correspond
to film thicknesses 5, 42, and 85 nm, respectively. (b) The out-of-plane dependence of the
FMR linewidth. 6 is the polar angle that describes the orientation of the applied field
H: 0y = 0 corresponds to H applied along the film normal. The dashed line represents
the calculated angular dependence of the intrinsic damping, a = 6 x 1073. The difference
between the data and the solid line shows the effectiveness of two-magnon scattering as a
function of the angle of the applied field 0. The angle of the magnetization with respect
to the sample normal, 0,7, is shown by the solid line. Note that the two-magnon scattering

is switched off at 6y < /4 in excellent agreement with the two-magnon scattering model.

(i) The effectiveness of the two-magnon scattering mechanism is independent of
the angle of the magnetic moment with respect to the sample surface until the magne-
tization is close to the film normal where it rapidly collapses to zero (see Fig. 5.13b).
This appears to be a general feature of two-magnon scattering, as shown in the pre-
vious section.

(ii) The large angular independent contribution AHj indicates that thick NiMnSb
films were affected by a sizeable isotropic in-plane lattice disorder which can be de-
scribed by Y'(q), (see Eq. 5.6).

(iii) An increasing density of crystallographic defects also affects the width of the
hysteresis loops. The coercive field increased from 3 Oe to 60 Oe with increasing

thickness.
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5.2.2 Cr/Fe/GaAs(001)

Ultrathin Fe layers covered by Cr are another system which showed strong two-magnon
scattering [167]. In this system, roughness driven frustration in the antiferromagnetic
Cr cap layer is very likely responsible for the loss of translational invariance [168, 169
and allows two-magnon scattering to be operative. The out-of-plane angular depen-
dence of the FMR linewidth and the complete absence of extrinsic linewidth in the
perpendicular FMR configuration allows one to identify two-magnon scattering as
the source of the extrinsic line broadening in the parallel configuration [167]. Similar
line broadening effects where observed for ultrathin magnetic films grown on antifer-
rogametic NiO substrates by other groups [170, 171, 56, 172, 173, 174]. The antifer-
rogmagnetic nature of Cr [175, 176] and the nanoscale roughness of the Fe template
most likely lead to magnetic frustration effects and cause a spatially inhomogeneous
exchange bias [177]. Recently, step induced frustration of the antiferromagnetic order
in ultrathin Mn on Fe(001) was directly observed recently by Schlickum et al. [178§]
using spin polarized STM.
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5.3 General Remarks

Angular dependent extrinsic damping created by a rectangular network of defects ap-
pears to be a common phenomenon. It was observed in previous studies by Heinrich’s
group, using metastable bee Ni/Fe(001) bilayers grown on Ag(001) substrates [179],
and Fe(001) films grown on bee Cu(001) [47]. After depositing 3 ML of Ni the Ni/Fe
bilayers exhibited a major structural change from a body centered tetragonal struc-
ture to a face centered structure which better approximated the stable fcc phase of
Ni(001). The resulting network of rectangular lattice defects was perhaps similar to
those observed by Wulfhekel et al. [79]. For these Ni/Fe bilayers not only the magnetic
damping had a large anisotropy, but also the in-plane four-fold anisotropy field was
enhanced to several kOe which is significantly above the corresponding Fe bulk value

% kOe. Coercive fields of several hundred Oe were observed due to the presence of
enhanced anisotropy and lattice defects and dependent on the Ni film thickness [180].
The angular dependence of the FMR linewidth indicated that the defect lines were
oriented along the (100) directions of Fe(001). Another example of such behavior are
bee Fe/Cu(001) layers grown on Ag(001) substrates. In this case, the bee Cu(001)
layer went through a lattice transformation after the thickness of the Cu layer ex-
ceeded 10 ML. Again, a strong anisotropy in AH was observed for the Fe(001) films
grown on these lattice transformed Cu(001) substrates. The angular dependence in-
dicated that the defect lines in the Cu(001) layers and the symmetry axes of magnetic
defects in Fe(001) are directed along the (100) crystallographic directions. In these
samples, however, no significant enhancement of the in-plane four-fold anisotropy was
found.

All these FMR studies have shown that the presence of angular dependent damp-
ing and frequency dependent anisotropies is in general a ‘smoking gun’, indicating
lattice defects. In no instance has an in-plane angular dependent intrinsic damping
been observed.

In Fig. 5.14, the effective FMR linewidth due to two-magnon scattering AH?*™
measured at 24 GHz has been plotted against the coercive fields for all the samples
discussed in this section (Pd/Fe/GaAs, NiMnSb/InP, and Cr/Fe/GaAs). It is remark-
able that the strength of the two-magnon scattering in all samples can be described
by the same linear relationship between AH?™ and H., as shown in Fig. 5.14. This
clearly indicates that the defects that lead to an increase of the coercive fields are at

the same time responsible for two-magnon scattering.
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Figure 5.14: AH due to two-magnon scattering measured at 23.9 GHz versus the

coercive fields for the 3 thicknesses of NiMnSb/InP(001) shown in Fig. 5.13a (o), a
20Cr/16Fe/GaAs(001) sample (V), and a 200Pd/30Fe/GaAs(001) sample (0).



Chapter 6

Time-Resolved MOKE

Measurements

Time-resolved magneto-optic Kerr effect microscopy (TRMOKE) is a stroboscopic
technique with which magneto-dynamics can be investigated with pico second time
resolution and sub micron spatial resolution. The TRMOKE studies were carried out
in Regensburg with Professor Back’s group and in Edmonton with Professor Freeman’s

group. For details of the experimental setup see section 3.3.2.

6.1 Gilbert damping: (Au, Pd)/Fe/GaAs(001)

Fig. 6.1 shows the time evolution of the measured perpendicular (polar) compo-
nent of the magnetization in a 20Au/16Fe/GaAs"/GaAs" sample, obtained with the
TRMOKE setup in Regensburg. The magnetization was excited by the magnetic in-
plane field associated with a photo current generated by illumination of the Fe/GaAs
Schottky barrier (86, 181]. In addition to the magnetic pump field pulse the specimen
were subjected to a uniform dc bias field, Hpg, applied in the plane of the magnetic
film. In response to the magnetic field pulse the magnetization was triggered to a free
FMR-like precession resulting in an oscillatory TRMOKE signal. In Fig. 6.1 raw data
are shown (open circles) for Hg = 1 kOe applied parallel to the easy axis ([110]ge).
The electro-optic effects (due to the pump beam) and the quasi magneto-static com-
ponent of magnetization (related the the field pulse shape) cause a mostly linear signal
background (see Fig. 6.1). This background was removed by subtracting a running

average value from the data, as shown in Fig. 6.1. The size of the averaging window

115
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Figure 6.1: This figure illustrates how the background was removed from the raw data (o).
The solid line corresponds to the average background value of (o) with an averaging window
of one oscillation period (90 ps). (e) symbols represent the data without the background.
The sample was 20Au/16Fe/GaAs”(001) with a bias field Hg = 1 kOe || [110], leading to
oscillations of the magnetization at f = 14.8 GHz.
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Figure 6.2: Time resolved magnetization data for (a) 20Au/16Fe/GaAs" with the bias field
Hp = 500 Oe || [110]pe (f = 11.8 GHz) and (b) 20Au/25Pd/16Fe/GaAs® with Hp = 500
Oe || [110]re (f = 12.0 GHz). The solid lines are fits obtained using Eq. 6.3.

was synchronized to one oscillation period of the magnetization to avoid oscillations
in the running average. The time evolution of the magnetization was measured for

several magnetic bias fields between 0 and 1 kOe, applied parallel to the easy axis
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([110]ge). In Fig. 6.2 two examples (20Au/16Fe/GaAs and 20Au/25Pd/16Fe/GaAs)
with Hg = 500 Oe are shown.

6.1.1 Data analysis

For homogeneous precession of the magnetization (single spin approximation) the
spin dynamics can be analyzed in two ways: (i) Numeric integration of the LLG
(e.g. by the Runge Kutta method). (ii) Analytic solution of the LLG that is valid
for small angle motion. The amplitude, damping constant, and magnetic anisotropy
fields are adjusted to achieve the best fit. Since the pump fields were only of the order
of 20 Oe and the samples had in-plane anisotropy fields of the order of ~ 500 Oe
the precessional angle in all TRMOKE measurements was less than 0.5°. Therefore
my < Mg and small angle solutions are fully justified.

For small angle motion in a coordinate system in which the static magnetization is
parallel with the X-axis the LLG is given by a set of two coupled differential equations
in mif and m which can be easily transformed into a single second order differential

equation for a damped harmonic oscillator in m?,

(14 a®)iing = —va(Beg + Ner) 1z — 7> Net Berm., (6.1)

where my is the rf component of the magnetization normal to the specimen plane.

Using the oscillator ansatz of the form my; = m%e™! in Eq. 6.1, one gets

iva(%eﬁ + f.)eff) 72@2(%61:[, + ~661?)2 VQ%eﬁﬁeff
A= — : (6.2)
2(1+ a?) 4(1 + a?)? 14+ a?
In the small damping limit o« < 1 one can write for free FMR precession
mz(t) = mz(0)e™* coswt, (6.3)

where 7 is the decay time 7 = and w is the angular frequency of the

2

aV(%eff+57Jeff)

precession w = v/ BegHer. The effective magnetic induction B.g and effective field

Herr include magnetic anisotropies and external bias field and were defined in section

2.3.1. In the special case of Hg and Mg parallel to the easy direction ([110]g,) one
I I i

has BIY = Hp + 4n Mg + 5L and 11 = [, — 20 _ 20

Mg Mg Mg *

6.1.2 Discussion

Fits to the data using Eq. 6.3 and numeric solutions of the LLG are indistinguish-
able and describe the data well. The results of both kinds of analysis (analytic
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Figure 6.3: The damping parameter o determined for different bias fields (frequencies)
for the 20Au/16Fe/GaAs () sample and the 20Au/25Pd/16Fe/GaAs (e0) sample. The
filled symbols were obtained from fits using numeric solutions of the LLG equations and the

open symbols were obtained from fits using the analytic function described by Eq. 6.3.

and numeric) are identical and the corresponding damping parameters are shown
in Fig. 6.3. The frequency independence of the damping parameter o in Au/Fe/GaAs
and Au/Pd/Fe/GaAs samples clearly shows that the damping is intrinsic. The mag-
nitude of the damping in the 20Au/16Fe/GaAs sample determined by TRMOKE was
found to be 10% smaller than that found by a standard FMR technique in the same
sample': arpvoxe = 3.2+ 0.2 x 1073, apyr = 3.8 £ 0.2 x 1073. The additional
damping due to spin-pumping in the 20Au/25Pd/16Fe/GaAs sample was found to be

aadd 2884 — 3.0 £ 0.2 x 1072 in excellent agreement with that found using standard

FMR; a20d:25Pd = 2.9 4 0.2 x 1073 (cf. Fig. 4.19).

Fig. 6.4 is a Fourier transformation of the time domain data set shown in Fig. 6.2a.
Due to the finite length of the time scan (2 ns) the frequency resolution of the Fourier
transformation is limited to 500 MHz. The Fourier transform in Fig. 6.4 appears to
have a better resolution because the time scan was artificially extended to 20 ns by

filling it with zeros (zero padding) prior to the Fourier transformation. In the same

In the samples with Schottky barrier the annealing of the GaAs™/GaAs™ (001) substrate af-
ter hydrogen cleaning was avoided and led to a 15 % smaller damping constant (linewidth) when

compared to samples grown on annealed GaAs, cf. Tab. 4.2.
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Figure 6.4: (o) symbols are a Fourier transform of the TRMOKE data shown in Fig. 6.2a.
The solid line corresponds to the microwave absorption spectrum of the same sample with

the same bias filed measured using a network analyzer. The broadening of the peak in the

TRMOKE data is caused by the finite length of the optical delay (2 ns).

figure, a FMR spectrum measured on the same sample with the same bias Field, using
a network analyzer, was superimposed to illustrate the true frequency linewidth of
the sample. The frequency linewidth is narrower than that obtained from the Fourier
transformed TRMOKE data and given by A fpyr = 90 MHz. Using Af/f = 2« this
results in @ = 3.7 £ 0.1 x 1072 and is in perfect agreement with conventional FMR
measurements performed at higher frequencies.

The bias field dependence of the precessional frequency with (Hg || [110]r.) can be
used to determine the g-factor and 4w Meg. This was done for the 20Au/16Fe/GaAs
sample by combining TRMOKE and network analyzer data measured on the same
sample and resulted in g = 2.10 + 0.01 and 47 Mz = 17.0 £ 0.2 kOe (see Fig. 6.5).

There are two reasons why the FMR measurements were more suitable (when com-
pared with TRMOKE) to determine magnetic parameters such as g-factor, 47 Mg,
and anisotropies. In TRMOKE the range of accessible frequencies was small (only
from 7 to 14 GHz), in addition the precessional frequency cannot be determined very
accurately due to the finite length of the time scan (uncertainty ~ 100 MHz). These

disadvantages resulted in a bigger error.
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Figure 6.5: Resonance frequency as a function of applied bias field with Hg || [110]p. in
the 20Au/16Fe/GaAs" (eo) and 20Au/20Cr/16Fe/GaAs™ (k) films. The filled points
were obtained using FMR data acquired by means of a network analyzer, while the open
points were obtained using TRMOKE. The solid lines are fits allowing one to determine the
g-factor and 4w Meyg. The results of this fitting procedure yielded g = 2.10, 47 Mg = 17.0
kOe for 20Au/16Fe/GaAs and g = 1.79, 4m Mg = 18.4 kOe for 20Au/20Cr/16Fe/GaAs.
The dotted line was calculated for the 20Au/20Cr/16Fe/GaAs sample using g = 2.09 and
d7n Mg = 18.4 kOe.

6.2 Two-Magnon Scattering: Cr/Fe/GaAs

6.2.1 Measurements on Cr/Fe/GaAs

Based on a good understanding of the TRMOKE data for the samples with Gilbert
damping it is now interesting to compare these results with those obtained using sam-
ples which exhibited strong two-magnon relaxation in FMR. The 20Au/20Cr/16Fe/-
CaAs"/GaAs™" (001) sample provides such a case. In Fig. 6.6 the data for this sam-
ple were measured for four different bias fields directed along the [110]g. direction.
Clearly, the relaxation appears to be much faster compared to the samples with intrin-
sic damping. In Fig. 6.8 the relaxation corresponding to this series of measurements
was put into context with the FMR measurements on the same sample (relaxations

are represented by the effective damping parameter, aeg ZAH. The apparent damping
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Figure 6.6: Four data sets showing the time evolution of the magnetization in the
20Au/20Cr/16Fe/GaAs sample with Hp || [110]p at four different bias fields (a) Hg = 0
Oe (f = 6.1 GHz), (b) Hp = 250 Oe (f = 8.6 GHz), (¢) Hp = 500 Oe (f = 9.4 GHz), and
(d) Hg = 750 Oe (f = 11.3 GHz). Note that the apparent damping in (d) is significantly

reduced. The effective damping parameters determined from all fits are shown in Fig. 6.8.

in the TRMOKE measurements is always smaller than is obtained from the FMR re-
sults. Under certain experimental conditions (bias field, focussing of the pump beam)
the two-magnon contribution to the damping was reduced by approximately 80%, as
shown in Figs. 6.6d and 6.8 (open star at 11.3 GHz), and as shown in Fig. 6.6b the
measured oscillations suddenly changed their phase. To understand these two unex-
pected features one has to consider the spatial and time dependence of the magnetic
pulse field created by the Schottky diode switch.
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6.2.2 Pump field inhomogeneity

Since the photo current flows perpendicular to the '
Fe/GaAs" interface, its corresponding magnetic field \
is oriented in the film plane with circular field lines

centered around the spot of the pump beam, as illus-

Amplitude [a.u.]

trated in Fig. 3.17a. On the circle all angles from 0

to 27 between pump field direction and the direction »

of M are realized. The direction of M was fixed by 2 X ?um] 2

the bias field to be parallel with [110]p.. This exci- Figure 6.7: Cross-section of the
excitation profile generated by

the Schottky diode, where z is
parallel to M.

tation field configuration is similar to that used in
experiments at SLAC [182, 183] (see also appendix
A). As illustrated in Fig. 3.17a at points, where the
pump field direction is perpendicular to the magnetization the exciting torque reaches
a maximum, and in places where M is parallel or antiparallel to the pump field no
excitation takes place. Since the pump beam and the corresponding photo current
have a Gaussian profile, the field amplitude as a function of distance r from the pump

spot center is given by [87]
]_ 2 2
h~—<1—e*T /R), (6.4)

,
where R is the radius of the pump spot. The magnetic excitation is sickle shaped on

both sides of the pump spot and is antisymmetric. The spatially most inhomogeneous
Fourier component of the excitation is parallel to M and can be reasonably well
described by a k-vector corresponding to k* = 27/(4R) with k* || M, as shown in

Fig. 6.7. This result can be used for the discussion of magnon scattering.

6.2.3 Scattering of inhomogeneous modes

In Fig. 6.9 the spin wave dispersion spectra for in-plane k-vectors were calculated
for f = 6.1 and 11.3 GHz with magnetic parameters corresponding to the 16 ML Fe
film. Based on this figure one can understand why the strength of the two magnon
scattering critically depends on the bias field and the diameter of the laser pump beam
focal spot. At f = 11.3 GHz the excited mode has a k-vector close to the minimum
(bottom) of the spin wave band. In this case there are obviously fewer degenerate
magnons available compared to the lower bias fields where the initial excitation can

find many degenerate spin waves, as illustrated by the intersection of the horizontal
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Figure 6.8: Effective damping parameter as a function of the frequency for the
20Au/20Cr/16Fe/GaAs sample. (0) data points were obtained using FMR [167] and (O)
are the results from the TRMOKE fits. In these experiments the applied field was || [110]e.
The () symbols correspond to FMR measurements in the perpendicular configuration and

represent the Gilbert damping.

dotted line with the spin wave manifold in Fig. 6.9. In addition the magnon group
velocity (Ow/0k) is zero at the bottom of the spin wave band. These two effects
explain the decreased relaxation which was observed in Figs. 6.6d and 6.8 [184].

The presence of out-of-phase oscillations in Fig. 6.6b might be a consequence of a
mode-mode coupling phenomenon where a significant amount of the initial excitation
scatters into a spin wave mode which is out-of-phase with the initial excitation at the
probed position.

In Fig. 6.8 the relaxation corresponding to this series of measurements was put into
context with the FMR measurements on the same sample [167] (the FMR linewidth
was expressed by an effective damping parameter: a.z = AH ). The effective damp-
ing in the TRMOKE measurements is significantly smaller than that obtained from
FMR at the same frequency (10 GHz). This is probably a consequence of the reduced
number of available spin wave states for scattering in the TRMOKE experiment com-

pared to the FMR experiment, as shown in Fig. 6.9.
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Figure 6.9: Spin wave dispersion band (spin wave manifold) for a 16 ML Fe film calculated
for Hg = 0 (f = 6.1 GHz) and Hg = 750 Oe (f = 11.3 GHz) corresponding to the
measurements shown in Figs. 6.6a and 6.6d. The family of curves in the spin wave manifold is
obtained using different angles 1), between the magnetization the spin wave (M and q). The
bottom of the spin wave band corresponds to q || M. The dashed vertical line represents the
k-vector of the initial excitation of the magnetization ~ 7 /2R in the TRMOKE experiment
and the (o) symbols highlight the position of this excitation within the spin wave band. Note
that at f = 6.1 GHz many degenerate spin waves are available for scattering (horizontal
dotted line) while at f = 11.3 GHz their number is substantially reduced.

6.2.4 Magnetic frustration and coercive fields

The Cr cap layer not only causes increased relaxation due to two-magnon scattering,
but it also increases the coercive field from 4 Oe (for 20Au/16Fe/GaAs) to 30 Oe
(20Au/21Cr/16Fe/GaAs), and strongly changes the magnetic anisotropies. These
phenomena are very likely a consequence of antiferromagetic step induced (roughness
driven) frustration effects at the Fe/Cr interface [168, 169, 178].

The increase of the coercive field as a function of the Cr thickness was measured
using static Kerr microscopy on a sample with a wedged Cr cap layer. One side of
the wedge corresponded to 20Au/16Fe/GaAs(001), and the other side of the wedge
corresponded to 20Au/20Cr/16Fe/GaAs(001), as illustrated in Fig. 6.10. The wedge
from 0 to 20 ML Cr was as wide as the Kerr microscope’s field of view of ~ 350

pm. This wedge was produced by a shadow mask inside the MBE chamber during
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Figure 6.10: (a) Shows a series of domain images (200 pmx350 pum) for a wedged 20Au/0-

20Cr/16Fe/GaAs(001) sample. The black and white arrows indicate the magnetic domains
and the arrow on the right shows the direction of the applied field. (b) Sample reflectivity
and the corresponding thickness of the Cr wedge across the vertical direction of the images.
(c) The coercive fields as a function of the Cr thickness deduced from the series of domain

images in (a) along with a cartoon of the wedged sample.

the growth of the Cr layer. The Cr thickness as a function of the position was
obtained from the changing sample reflectivity (assuming a linear relation between
the reflectivity and the Cr thickness), as can be seen in Fig. 6.10b. A domain wall was
injected from the 20Au/16Fe/GaAs(001) side into the wedge. 20Au/16Fe/GaAs(001)
samples have small coercive fields and the domain walls can be easily controlled in
the field of view of the Kerr microscope by means of an external magnetic field. The
injected domain wall had a zig-zag configuration (head-on) because the slope of the
wedge was parallel to the easy axis of the film ([110]g.). This wall was driven into the
Cr covered part of the sample and the position of the domain wall was measured as
a function of the applied magnetic pressure. This procedure allowed one to infer the
coercive field as a function of the Cr cap layer thickness (shown in Fig. 6.10¢). From
this experiment one can conclude that the increase of the coercive field due to the Cr

cap layer saturates at a thickness of 7 ML of Cr.
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6.2.5 Field dependent magnetic properties

The measurement of the resonance frequency as a function of the bias field, shown in
Fig. 6.5, directly illustrates how profoundly the magnetic parameters of the 16Fe layer
are affected by the Cr cap layer. Two samples are shown: 20Au/16Fe/GaAs™ (eo)
and 20Au/20Cr/16Fe/GaAs” (3 [J). Both samples were grown on the same substrate
using a shadow mask inside the MBE chamber. One can therefore attribute the
difference in magnetic properties directly to the different cap layers. In the case of
the Cr cap, the g-factor that describes the data well has the unreasonable value:
g = 1.79, and is at variance with the FMR results obtained at higher frequencies
[167], as shown in Fig. 6.5. This implies that the Cr cap layer gives rise to field or

frequency dependent magnetic anisotropies.

6.3 Single layer measurements in Edmonton

Using the experimental TRMOKE setup in Edmonton, the experiments were repeated
with a transmission line to excite the magnetic film (see details in section 3.3.2). The
magnetic field pulse was delivered using a slotline tapered down to a gap of 10 um (see
Fig. 3.17b). A GaAs based photo conductive switch generated the ps current pulses.
Compared to the Schottky diode driving used in the Regensburg experiments this
represents a more homogeneous excitation profile having an excitation wavelength of
the order of 10 pm. This method of excitation is more versatile than the Regensburg
technique since it does not require optical transparency of the magnetic film or a
Schottky barrier. A disadvantage, however, is the impedance mismatch between the
transmission line and the photoconductive switch which leads to a partial reflection
of the pump pulse which returns to the sample many several times and effectively re-
excites the sample during the free precession. As a result these pulse reflections have
to be considered in the analysis of the data. Fig. 6.11 shows typical data obtained with
this setup. The presence of pulse reflections is evident in the jumps occurring every
370 ps (indicated by the arrows). The data were analyzed using numerical LLG simu-
lations which include the presence of the reflected pulses. The actual magnetic pulse
shape (including the pulse reflections) was obtained from the quasi magneto-static re-
sponse of the sample. The quasi magneto-static response was measured by applying
the highest possible bias field (4 kOe) and filtering the resulting TRMOKE data with
a running average window (see solid line in Fig. 6.11a). For the 20Au/16Fe/GaAs
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Figure 6.11: TRMOKE measurements using a stripline for (a) 20Au/16Fe/GaAs in the
presence of a bias field Hg = 1 kOe (f = 15.2 GHz) and (b) 20Au/21Cr/16Fe/GaAs with
Hp = 1.2 kOe (f = 14.0 GHz). In each case Hp was applied along the [110]p, direction.
The solid line is a numeric fit using the LLG equation which takes the reflections of the
pump pulse into account. The magnetic parameters used for the calculation are shown in
Fig. 4.5 for (a) and listed in [167] for (b). In (a) the excitation field shape used for the fits
is shown in the thick solid line. This shape was obtained by filtering TRMOKE data which
were measured with a higher bias field (see explanation in the text). The vertical arrows
indicate the times at which the the pump pulse reflections were incident on the specimen.

The inset in (a) has an expanded time scale to demonstrate the quality of the fit.

sample this analysis resulted in the damping constant o = 3.7£0.1 x 1073, This is in
agreement with the damping parameter observed in FMR and 10% bigger than that
measured using the TRMOKE setup in Regensburg. In the 20Au/20Cr/16Fe/GaAs
sample the damping parameter was found to be o = 1.8 & 0.1 x 1072 and again 30%
smaller compared to the value obtained using FMR at the same frequency, as shown
in Fig. 6.8.

Since easy and hard directions of the magnetic anisotropies are known, the pre-
cessional frequency as a function of the bias field along easy [110]g. and hard [110]g.
directions can be used to determine not only ¢ and 4w Mg, but also the magnetic
in-plane anisotropies K l‘ and Kl”], by comparing the data with calculations. The fre-
quency dependence for fields applied in directions close to the [110]g, axis was already
calculated for this sample in a previous section (Fig. 4.8) where the presence of K {‘
and K. (@ leads to 3 separate FMR peaks with increasing applied field at 9.5 GHz. If
Hp is applied close to the hard magnetic axis the magnetization rotates from the
[110]pe direction to the [110]g, direction as the field is increased from Hp = 0. The
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Figure 6.12: Frequency vs. bias field for the 20Au/16Fe/GaAs sample. (e) symbols were
obtained with Hp || [110]g. and (o) symbols correspond to Hp || [110]g.. The solid lines were
calculated using the following parameters: 4wM.g = 17.0 kOe, g = 2.09, Kﬂ = 2.5 x 10°
erg/cm?, and K(”J = —5.4 x 10° erg/cm®. A misalignment of Hp with respect to the [110]p.

direction of dpg = 1.15° was used for the calculation of the hard axis curve.

frequency versus bias field curve has a characteristic shape with a maximum and a
minimum when Hp is applied close to [110]p, determined by the size of K ﬂ and K, [H]
The maximum occurs at Hg = 2Kl| /Mg and the position of the frequency dip is
given by 2(K {' - K g,) /Mg ([110]g, is the hard direction for both magnetic anisotropies
and Ky is negative). The data with Hp oriented along the [110]g, direction shown
in Fig. 6.11 are consistent with an in-plane misalignment of the field of dpy = 1.15°
with respect to the [110]g. direction. This misalignment is the reason why the preces-
sional frequency does not drop to zero when the anisotropy fields are compensated at
Hp =2(K) — K))/Ms.

6.4 Summary

The dynamic properties of magnetic single layers with Gilbert damping determined
from FMR measurements were well reproduced in TRMOKE experiments. In both
TRMOKE configurations (Schottky diode and transmission line) the magentization
was excited very inhomogeneously. Counil et al. [185] recently addressed the high
frequency response of a spatially inhomogeneously excited magnetic film and found

an appreciable increase in the measured frequency linewidth at low frequencies for a
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50 nm Permalloy film due to dephasing of the excited spin waves. This effect was
not observed in the samples discussed in this section because the magnetic films were
very thin (~ 2 nm). In ultrathin films this effect is weaker because the qjtp term in
Eq. 2.48 is small. In this case the frequency spread of the excited spin wave band is
very narrow (a few MHz) compared to the intrinsic frequency linewidth (~ 100 MHz)
and does not cause significant dephasing.

In the Cr/Fe/GaAs samples which exhibit a strong two-magnon relaxation, the
dynamic response of these samples was clearly affected by the inhomogeneous excita-
tion. When the wave vector of the initially excited spin wave was close to the bottom

of the spin wave dispersion band the two-magnon relaxation was significantly reduced.



Chapter 7
Conclusions

High quality epitaxial single crystalline Au/Fe/GaAs(001) multilayers having sharp
interfaces were grown by means of molecular beam epitaxy and characterized using
refection high energy electron diffraction (RHEED), scanning tunnelling microscopy
(STM) and cross-sectional transmission electron microscopy (TEM). The magnetic
properties of Au/Fe/GaAs(001) single layers were investigated using ferromagnetic
resonance (FMR). The homogeneity of these ultrathin magnetic films resulted in
nearly ideal behavior (i.e. no extrinsic contributions to the FMR linewidth) and al-
lowed for reproducible studies of the effect of cap layers on the ferromagnetic relax-
ation.

This study led to four important results:

(1) For Au/Fe/Au/Fe/GaAs(001) double layers a large increase in the Gilbert
damping was observed. The additional damping scaled inversely with the Fe film
thickness, i.e. the presence of a second ferromagnetic layer resulted in an additional
interface Gilbert damping. This effect was explained in terms of a spin-pump/spin-
sink model. A crossover of the FMR fields of the two Fe layers allowed this model to be
tested in detail. Theory and experiment were found to be in excellent qualitative and
quantitative agreement. For the first time a spin current was observed in absence of a
charge current. This effect may lead to a new type of electronics which is independent
of electric charge transport.

(2) The spin-sink effect was studied in normal metals (NM) using NM/Fe/-
GaAs(001) samples, where NM=Au, Ag, Cu, and Pd. The Au, Ag, and Cu cap
layers with NM thicknesses of up to 80 nm did not result in a measurable additional

FMR linewidth. This is consistent with the expected large spin diffusion length in
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Au, Ag, and Cu. Samples with Pd cap layers behaved differently. Pd cap layers above
10 nm acted as a perfect spin-sink with the strength of spin-pumping close to that
expected from the density of free electrons in Pd. Pd is a NM that exhibits strong
spin electron-electron correlations which result in paramagnons. It is argued that the
spin-sink effect in Pd is due to the dissipation of the pumped spin current by the
interaction with spin fluctuations inherent to Pd. The experimental result implies
that the relaxation of spin momentum in Pd occurs in the ballistic limit, that is the
spin mean free path is shorter than the momentum mean free path.

(3) A self organized network of misfit dislocations was identified by RHEED, plan
view TEM, and STM in the lattice strained Pd/Fe/GaAs system. The magnetic
relaxation in such samples increased and was strongly anisotropic; the anisotropy was
observed to exhibit the rectangular symmetry of the misfit dislocation network. It
was shown that this system provides a classical example of two-magnon scattering
and that the angular dependence of the extrinsic relaxation can be explained by the
channelling of scattered spin waves parallel to the misfit dislocations.

(4) A Cr/Fe/GaAs sample was used to test the effect of two-magnon scattering
in the time domain using a time-resolved Kerr effect experiment. For this sample the
effective relaxation constant was strongly dependent on the experimental conditions.
The wave vector of the initial excitation of the magnetization was always constant,
but the wave vector corresponding to the bottom of the spin wave dispersion band
was changed by a variable magnetic bias field. When the wave vectors of the initial
excitation of the magnetization and the bottom of the spin wave dispersion band
coincided the two-magnon contribution to the relaxation was nearly switched off.
This striking result shows that the apparent magnitude of two-magnon scattering
depends on the size of the probe involved in the measurement as well as the wave

vector that is used to excite the magnetization.
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Appendix A

SLAC experiment

The dynamic properties of Au/Fe/GaAs(001) magnetic single layers were discussed
in chapters 4 and 6. FMR and TRMOKE however only explore the dynamics in the
limit of small precessional angles. For many device applications it is important to
understand the magnetic relaxation at large precessional angles. The Au/Fe/GaAs
magnetic single layer samples described in section 4.2 with their well defined intrinsic
properties provide a model case. The generation of short magnetic field pulses strong
enough to incline the magnetization in the Au/Fe/GaAs(001) samples by appreciable
angle is a major challenge.

Siegmann et al. [182, 186, 183] have demonstrated the possibility of using a pulsed
and focused 50 GeV electron beam in the Final Focus Test Beam (FFTB) section of
the Stanford Linear Accelerator Center (SLAC) as magnetic field source. This electron
beam was focussed to micrometer dimensions and provides field pulses of up to 200
kOe with 1-8 ps duration.

These are the strongest magnetic field pulses known. The principle of this exper-
iment is illustrated in Fig. A.1. The in-plane magnetic field pulse tilts the magnetiza-
tion instantaneously out of the plane and the relaxation proceeds by free precession. If
the out-of-plane tilt angle exceeds 12 ° for a 10Au/15Fe/GaAs(001) sample, then the
magnetization precesses at a very large cone angle (~ 78°) as illustrated in Fig. A.2
in the resulting demagnetizing field. The number of large angle precessions and hence
the final direction of the magnetization is determined by the size of the initial tilt
angle.

The initial tilt angle depends on the size of torque T = M X h exerted by the

pulse magnetic field pulse h. Since h is a circular field, and falls of as 1/r from the
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Figure A.1: Cartoon of the experimental configuration of the SLAC experiment.
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Figure A.2: 3D trajectory of the magentization in the 10Au/15Fe/GaAs(001) sample.
The magnetization (big arrow) was initially oriented parallel to [110]g.. In this example
the magnetization is tilted out of the plane by 12.5 © (dotted arrow) and precesses freely in

demagnetizing and anisotropy fields (switching twice) before settling in the [110]p, direction.

center of the electron beam the resulting domain configuration consists of oo shaped

contours each given by a nearly constant initial tilt angle.
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Figure A.3: Domain pattern written by a SLAC pulse into a uniaxial 10Au/15Fe/GaAs
sample. The pattern was imaged by SEMPA. The background shows a calculated mangeti-
zation pattern using the LLG equation using magnetic properties consistent with FMR, see
Fig. 4.5a, a damping coefficient &« = 0.017, and pulse amplitude and duration as determined

during the exposure.

A.1 Results

In collaboration with Professor Hans Siegmann experiments with the SLAC electron
pulses were performed with Au/Fe/GaAs(001) samples [187]. Fig. A.3 shows a switch-
ing pattern that was produced in a 10Au/15Fe/GaAs(001) sample by exposing it to a
single Gaussian electron pulse of width 7 = 2.3 ps. Prior to the arrival of the electron
bunch, the film was magnetized along its easy direction ([110]g.), as indicated by the
arrow labelled M. Subsequently, the Au cap layer was removed by sputtering, and
the pattern was imaged with a scanning electron microscope with polarization anal-
ysis (SEMPA). The dark regions are locations where the magnetization has switched
into the opposite direction while the light grey regions are the locations were the
direction of M either remained unchanged, or switched back to the initial direction
after multiple reversals. The switching pattern due to the focussed electron bunch
extends to large distances (in Fig. A.3 up to 300 um) from the center of the electron
beam. A circular damaged area appears around the place where the electron bunch
has passed. It is very likely caused by damage in the GaAs(001) substrate due to
the electric field accompanying the electron bunch. In GaAs the E-field cannot be
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screened on a ultrafast time scale and may produce cracks or other damage in the
ionic semiconductor crystal.

The gross features of the resulting magnetization pattern shown in Fig. A.3 can
be explained by uniform precession of the magnetization [188]. Specifically, the figure
8-shape of the pattern reflects the lines of constant precessional torque T = M x h.
Up to 10 switches of the magnetization back and forth can be distinguished as one
moves closer to the center of the electron beam. The calculated pattern in Fig. A.3
that fits the data allows one to determine anisotropies and damping constant. The
magnetic anisotropies obtained from the pattern agree with the FMR results in 4.5a.
On the other hand, the damping constant was found to be a« = 0.017 and hence 4
times larger than in FMR.

A.2 Discussion

Domain wall mobility measurements allow one to estimate the damping for 180° pre-
cession since the magnetic damping exerts a viscous force on a moving wall [9]. Leaver
and Vojndani [189] measured the domain wall mobility in Ni at 1 MHz. Their mobil-
ity is agreement with intrinsic damping for Ni measured by FMR [131]. Nibarger et
al. [190] recently measured damping constant as a function of the precessional angle
from 0 up to 40° and found the damping to be independent on the precessional cone
angle.

The crucial difference between these experiments and the SLAC experiment is the
precessional frequency. Nibarger et al. were only able to reach a precessional angle
of 40° at frequencies as low as 400 MHz. In the SLAC experiment the free precession

occurs at almost 8 GHz.

A.3 Multi-magnon scattering

Recently, Dobin et al. [191] addressed large angle precession at high frequencies (fields)
from a theoretical point of view. It was found that intrinsic three and four-magnon
processes, which are similar to Suhl instabilities at high microwave power levels [192],
can contribute to the relaxation rate of the magnetization. For a Fe film of 2 nm
thickness with a bias field of 1 kOe at a precessional cone angle of 45°, they find a

relaxation time of 0.3 ns corresponding to o = 0.019 (see Fig. 3 in [191]). These con-
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ditions are actually very close to the SLAC experiment since the 10Au/15Fe/GaAs
and 10Au/10Fe/GaAs samples have effective bias fields of 500 and 800 Oe built-in
(due to anisotropies). According to Dobin el al. [191] the magnon scattering effects
are smaller for smaller applied fields, because the size of the k-space of initially de-
generate magnons (shown in Fig. 5.11) decreases. This model therefore does not
necessarily contradict the experiments by Nibarger et al. [190] and Leaver and Vojn-
dani [189]. In these experiments the magnon processes were not operative since the
fields (frequencies) were very small.

If multi-magnon scattering is responsible for the perceived increase in magnetic
damping is remarkable that a well defined switching pattern appears. According to
Dobin et al. the effective magnetization reduces by ~ 40% during the precession due
to the generation of spin waves with k # 0. It is remarkable that this does not lead

to chaos in the resulting switching pattern.



Appendix B

Fe/Pd L1, superlattices on
Au/Fe/GaAs(001)

L1y ordered alloy phases are attractive for some applica-
tions because of their large magnetic anisotropy perpendic-
ular to the film surface can lead to perpendicularly magne-
tized films. A sketch of the atomic structure of this phase
is shown in Fig. B.1; this ordered alloy consists of alternat-
ing layers bee and fce materials, e.g. Fe and Pd. It is well

known, however, that high substrate temperatures during

growth or high annealing temperatures around ~ 400 °C  Figure B.1: L1 structure:
are required to reach the ordered L1, phase. On GaAs (0):Pd, (e):Fe,
substrates these high temperatures would cause unfavor-

able interdiffusion of Ga and As with metallic film structures.

B.1 Growth

In order to avoid high temperatures alternate Pd and Fe monolayer deposition was
used. Fe/Pd superlattices were grown on 40Au/10Fe/GaAs(001) templates. The
template was prepared as described in section 4.1. Alternating 1 ML thick Fe and
Pd layers were grown using two furnaces [193, 194]. The flux from the two sources
arriving at the sample was out-of-phase and controlled by the pneumatic shutters of
the furnaces. 5 and 10 multilayer repetitions were grown and capped by 20 ML Au

for ambient protection.
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Figure B.2: Cross-sectional TEM image of the 20Au/[FePd];o/40Au/10Fe/GaAs(001) layer
system as illustrated on the right. The dislocations in the [FePd]; film are indicated by the

white symbols.

B.2 TEM

Fig. B.2 shows a cross-sectional TEM image of the 20Au/[FePd],(/40Au/10Fe/GaAs(001)
structure. One can count the superlattice repetitions between the Au cap and buffer
layers. Due to the big lattice mismatch (6.8 %) between Au (a = 4.08A) and FePd
(a = 3.83A ) [195] lattice relaxations occur at both Au/FePd interfaces and have an
average separation of ~ 3 nm. This corresponds to ~ 6.6 % relaxation in FePd and
means that almost all the lattice strain is relived right at the interfaces. The inserted
lattice planes on top and bottom interfaces often occur in pairs and are connected
via the {111} glide planes. (112) partial Shockley dislocations nucleate at the surface
and glide along the {111} plane down to the interface with the Au buffer [195] and
cause stacking faults in FePd which are recognizable in Fig. B.2. Due to the 6.8%
lattice mismatch the dislocation density is so high (average separation of 3 nm, see
Fig. B.2) that the exchange interaction is strong enough to average out their effect.

Therefore these defects do not cause two-magnon scattering.
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Figure B.3: (a) The left figure shows a FMR spectrum of the 20Au/[FePd]-
10/40Au/10Fe/GaAs(001) sample. (o) symbols correspond to the measurement and the solid
line is a calculated FMR spectrum for the bilayer system including all magnetic anisotropies.
Note that the slight asymmetry of the data was caused by the microwave cavity. (b) © —20
x-ray diffraction scan of the 20Au/[FePd]19/40Au/10Fe/GaAs(001) sample. The wavelength
was A = 1.54A (Cug,). Due to the finite crystal thickness the multilayer peaks are intrin-
sically broadened; e.g. the intrinsic broadening of a 20 ML Au film results in A20 = 4° and
A20 = 8° for the Au(002) and Au(004) peaks, respectively.

B.3 FMR

The FMR spectra of the FePd layer were given by narrow Lorentzian lines. The
magnetic in-plane anisotropies observed in FMR were extremely weak. From the
linear frequency dependence of the FMR linewidth with no zero frequency offset one
can conclude that the damping is only intrinsic and enhanced by the spin pumping
contribution due to vicinity of the 10 Fe seed layer. For the [FePd]q layer the following
magnetic parameters were found: 4r M.z = 10.1 kG, K(”] = —1 x 10° erg/cm?, and
K| =o0.

By direct comparison of the FMR peaks of the 10Fe layer and the [FePd]y layer
one can determine the magnetic moment of [FePd];g. The moment was estimated by
superimposing calculated and measured FMR lines (see Fig. B.3). Because the 10Fe
layer has a known magnetic moment, the moment of the [FePd];o layer was adjusted
to get the best fit. This procedure resulted in ME{*P? = 1180 4- 60 emu/cm?, which is
in very good agreement with other values reported for FePd [196, 197].

First principles calculations for the FePd structure by Stoeffler [198] indicate that
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the magnetic moment per Pd atom should be 0.3 ug. If one correlates this with
the measured saturation magnetization this results in a strongly enhanced magnetic
moment for Fe 3.0 £ 0.1 pp. This enhancement was also predicted and is related to
the atomic volume increase for Fe in the L1, structure. Similar enhancements were
reported for Fe in other L1 structures [199).

Since 47 Mg was nearly independent of the thickness of the superlattice the dif-
ference between 47 M g and 47 Mg is a bulk effect with K = 3 x 10° erg/cm?®. This
perpendicular uniaxial anisotropy is much weaker than it should be for the well or-
dered L1, phase [200]. Gehanno et al. [197] obtained a 5 times larger value for K
in FePd(001) films deposited at 300 °C on MgO(001).

One can get an estimate of the order in the FePd superlattice from out-of-plane
x-ray diffraction (XRD) measurements. Wide angle radial scans across the recipro-
cal lattice normal to the growth direction provide information about the structural
coherence.

The one dimensional chemical order parameter S is defined as [201]

TFe — TFe  TPd — T
g _TE re _ TPd = Tpd (B.1)

Ypd YFe
where Tpepa)y = % is the atomic fraction of Fe(Pd) in the sample, ypepa) = % is the

fraction of Fe(Pd) atomic sites, and rpe(pay is the fraction of Fe(Pd) sites occupied by
the correct species. S = 1 for a perfectly ordered film of stoichiometric composition
FesoPdso. In x-ray diffraction (XRD) this order parameter can be related to the
relative ratio of the FePd fundamental (002) peak and the satellites peaks FePd(001)
and FePd(003). One can write [194]

SQ — [[Fepd(OOQ)/[FePd(OO?))]observed

- . B.2
[Trepd(oo2)/ 1 FePd(003)]§Jclulated 52)

Fig. B.3b shows a 6 — 260 scan of the 20Au/[FePd|;/40Au/10Fe/GaAs(001) sample.
One can recognize peaks corresponding to GaAs, Au, and FePd. The measured ratio
between FePd(002) and FePd(003) leads to S = 0.4 £ 0.2 (using Irepa(o03)/ Irepd(002)
calculated for S =1 for the FePt structure [193]).

B.4 Conclusion

Well ordered FePd superlattices with perpendicular magnetization cannot be prepared

at RT even by monolayer modulated MBE. The L1, phase is preferred only at high
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temperatures and the disorder from low temperature preparation results in a per-
pendicular anisotropy that is too small to compensate the demagnetizing field. This
is a general behavior of the L1y phase and in agreement with results found for other
L1y superlattices [193, 194, 201]. A feature the 20Au/[FePd],,/40Au/10Fe/GaAs(001)
bilayer system that may be useful for spintronics applications is that both magnetic
layers are uniaxial with their easy axes parallel to each other and along the [110]g,

direction.



Appendix C
Theory of Spin-Pumping

At this time there is no citable reference detailing the justification of the spin-
pumping theory. The following derivation of the spin-pumping theory as introduced

by Tserkovnyak et al. [116] is based on lecture notes provided by Prof. Evgen Siméanek.

C.1 Diagonalization of the Hamiltonian

Figure C.1: Coordinate system

The Hamiltonian of conduction electrons in the laboratory system is given by
2 h 2 ni=\ | 9 5 S(=
H = —2—V + V)| 1+ (6-m)VE(F) (C.1)
m
where V"(7) is the spin-independent and V*(7) is the spin-dependent (exchange)
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potential. The unit and Pauli matrices are

- (10 0 1 0 -1 1 0
i= G, = 6, = b= : (C.2)
0 1 10 1 0 0 —1

and the unit vector of the magnetization is

N sin @ cos ¢
m = 7 = | sinfsing |, (C.3)
cos 6

where 6 and ¢ are cone and phase angle of m respectively. In order to diagonalize H

a unitary matrix that rotates the z-axis parallel to m is defined

U= (COS-( )e _Sin(g>efig> (C.4)
S1n 2

e’z e
9 i< S p—y
-1 cosze'2  singe '? (C.5)
0 ’Lg 0 % . .

— sin 5€'2  cosge

N

N[

with the inverse

The Schrodinger equation (SE) in the laboratory system is given by
HU = E, (C.6)
where U is a spinor. After a rotation about z
b= 06, and fy = 010 1)
one obtains the SE in the rotated System
Hy® = ED. (C.8)

Diagonalizing the exchange part of H from C.3 one has

A ( cosf sinfe”" ¢> (C9)

sinfe’®  —cosd

Using C.4, C.5, and C.9 it follows that

. . 1 0
U*A4m7:( )::@. (C.10)
0 —1
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The resulting Hamiltonian in the rotated system is thus diagonal in the spin (s = 1/2)

space of the conduction electrons:
2 h 2 n 1 A S (=
Hy = —ﬁv + V(P | 14 6. V(7). (C.11)

The spinor transformation in components (s = +1/2) is:

A A

U, = U,,9,, (C.12)

D, = O(7) (é) ;D= d(F) (?) . (C.13)

where

FoLN

Figure C.2: Cartoon illustrating the meaning of the F/N interface scattering coeffi-

cients.

The reflection matrix is defined as

Tn Xm P F iknx nm ¢ —ikmx
\Ds = Z \/]i—m) [685/677,77’7,55/6 g + Tt fs/e ¥ ) (Cl4)

m,s’
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where the x(p) = x(y, z) are the transverse modes. In the rotated system Eq. C.14

reads )
2n Xm 1Y A iknx nm ¢ —ikmT
P = E —_— [57~8/ mmSuse " +rygSuse T C.15
' m,s’ \/E gU, v €U7 ( )

From C.12, C.14, and C.15 it follows

Fos = (UrgU ™). (C.16)

Proof of C.16: Since C.15 is a solution in the rotated (diagonalized) system (see C.11),

éU,T = ((1)> and éUai = (?) (Cl?)

According to C.12, the spinor &y (in C.14) in the laboratory system is

the spinor

~

gs’ = US/UEU,O" (ClS)

Inserting C.18 into C.14 results in

Vil Xm p j - iknT AT 2 —ikmx
\IIS = Z \/li—m> [553/5nmUS/O'§U7O'€ k + Vgt S’U€U,Ue k :| (Clg)

Multiplying C.15 on the left by the matrix U,, and using C.12 yields

i oan X" (p)
\Ijs = US’Y(I)T‘ = Z \/k}_

The reflection terms of C.19 and C.20 should be equal to each other. This implies

2 F iknx St oanm £ —ikmx
|:US’Y(ST‘S/ nmgU,Sle + UsrrU7,YSI£U7S/e ] . (CQO)

(dropping m, n indices):
f’ss’ Us’ogU,o - Us'yrAU,'ys’éU,s —let s'—o Usvf’U,yogU,o (CQ].)

Equation C.21 implies

A

Post Usy = Usy Tt (C.22)

Multiplying C.22 on the right by U 0_51 and summing over o results in

~

Fost Us U = Upy e U (C.23)
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But UU~! = 1, so that

UsoU =04 5. (C.24)
Using C.24 in C.23, one obtains
Fos = (UfUU‘1> . (C.25)

which proves relation C.16.

Since U is a function of the # and ¢ angles of M relation C.16 allows one to
calculate the effect of precession of the magnetization on 7y, (=reflection matrix in
laboratory system) from the knowledge of 7y (=reflection matrix in system where

m | ).

C.3 Reflection without spin-flip (rotated system)

Assume
f‘U,ss’ = 585,72117857 (C26>
this gives
(UfUUfl) R
SS
= SO’fU,a'crU;; (CQ?)

= UagUp tug + Ug Uyt

Now one can evaluate the matrix element USTU _8,1 from:

2 2 o . 9
7o Uy U\ [cos Be=i? —sinfe™2 d
- U U - <0 2 0 2 an
17 1l S ;€2 COSs ;€2

-1 fr— 9 i i 0 —i2
71— UTTl UTll [ cosZez  singe "2 (C.28)
o\t )\ —sinfeit cosfeit )] '
1T 1 2 2
hence
PN 0
UnUsl = 2
i 1M COS 5
=1 v . 0 —ig
UnU; = cos 5 singe (C.29)
A 0 0 .
UpnUr' = cos=sin—e”
i 1" COS 5 S1n 26
PN 0
U”Uﬂl = sin2 =,

2
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this determines

Ao cos? cos & sin ge~"
Ust 18l T 0 8 it 9 9 and
cos §sin Se sin
s,s’
in2 @ _gin ? 0 ,—id
L0 = sin”® & sin § cos Ze
S . ; °
—sin  cos £e™ cos? & ,
S,8

Egs. C.30 and C.31 can be expressed more compactly as
040 = 5 (i+em)
ST91sr = 2 s,s’

A 1 /. ~
U0 = 5 (1-am) .

C.4 Spin projection operators

Define
() 1<A 2, _,)
U = —(14+0c-m
2
1 /4 ~
i = o (1-5m)
2

The operator & -1 has the property

~ 2 R
(am) ~ i

because the Pauli matrices fulfill the following theorem:

(5.4) (5-B) = (4-B) 1 +i6- (4 < B)
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(C.30)

(C.31)

(C.32)

(C.33)

(C.34)

(C.35)

(C.36)

(C.37)

and by setting A = B = ) and noting | = 1. This implies that @*) and 4(~) are

projection operators. In order to consider their projection properties the state vector

is defined as

5 (Un
e <¢i> |

Then define

(C.38)
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Using C.33 in C.39 one finds the explicit form of the vector D)

A = (5(1 +cosf)  gsinfe ) (%) . (C.41)

Isinfe’® (1 —cosf) ) \,

Egs. C.39 and C.41 imply

(+) L
P = (%H) = (%gl + Coff)% 1% sinfe” %y ) - (C.42)
3sinfe' ) 5(1 —cosb),

Multiplication of C.39 on the left by & -m and using C.36 yields

(-m) = (5-m) 3 1+

Hence WH is an eigenvector of (3 . Tﬁ) with eigenvalue +1. Similarly

ST

-m)y?: % (&.mi)@:w). (C.43)
(& ~ m) D) = ), (C.44)

ie. ;/A)(*) is an eigenvector of <cA? . 7”71) with eigenvalue —1. Note that the projection
properties of 4(*) and 47 are a consequence of identity C.36. This result is valid for

any operator. 4(*) and 4~ are called spin projection matrices.

C.5 Transmission matrix (laboratory system)

The outgoing wave in the laboratory system \if’; is defined as

T Xm(p) mmEikma
=y T frme etkme (C.45)

while the outgoing wave in the rotated system is @Z

Fn Xm(p) mm ¢ ikm
=D " e (C.46)

The spinor fsz satisfies C.18. Since the RHS of C.45 and C.46 has a form similar to
C.14 and C.15, respectively, one can follow steps C.19-C.25, and show

tegr = (UtUUil)ss/. <C47)
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Hence the transformation laws for ¢ and 7 are the same (see C.16). Now consider

electron transmission without spin-flip (in the rotated system). Assume
tAU,ss’ = 53,5’£U,ss' <C48>
Similar to C.27 one can deduce from C.48

(UEUU”) = Ua U o + U Uy (C.49)

From Egs. C.16, C.27, C.32, C.33, C.47, and C.49 one can determine the transforma-
tion for the reflection and transmission matrices:
I o A A (C.50)

A A

= g™ + g at). (C.51)

Although the 7 and #; matrices are diagonal in spin space, the 7 and ¢ matrices are
not (due to the spin projection operators 4(*) and @(7)). This means even without

spin-flip in the rotated system there is spin-flip in the laboratory system.

C.6 The scattering matrix for the N/F /N-sandwich

Now the scattering due to a ferromagnetic layer (F) inserted between two normal metal

(N) layers will be treated. Left and right N layer will be called L and R respectively.
The scattering matrix in (L,R) is defined by

g (S Sw) (7o) () (©52)
SLR SLL t t

where the third equality is due to symmetry; L. and R are assumed to be identical

4>

>

paramagnets meaning ¢ =t and 7 = 7.
One needs to perform the transformation of S from the laboratory system into

the rotated system. Using C.51 one has (skipping n, m labels)

- (e a0

NG L O CHT ) = Syt 4+ Sy al)) (C.53)
o + g e g at 4+ gy al )>
where

R P . R 7 t
Sy = [P TWIY ang gy, = (UM T (C.54)
tugr Tum luy, Tull
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C.7 Current induced by modulation of the chemi-

cal potential

The theory of Tserkovnyak et al. [116] is based on the following equation:

) on(l) dX (t)

pump (zy _ 2T GARY)
[P (t) = e = (C.55)

where [P is the matrix current (2 X 2 matrix in s=1 space), X () is a parameter

that modulates the scattering matrix S , and

~ 1 ~ .
o) OSumit & 4 he. (C.56)

0X  4ri 0X

mn,l’

is the matrix emissivity into lead .

Eq. C.55 is a generalization of the theory of Biittiker et al. [115] which considers an
ac-electric current induced by an oscillating chemical potential. This theory has been
extended by Brouwer [114] to show that a dc-current can be pumped through a quan-
tum dot by periodically varying two independent parameters X; and X,. Eq. C.55

generalizes this concept to the (spin dependent) matrix current.

C.7.1 Review of the Biittiker theory

In the following a two probe conductor is considered. The Hamiltonian for the elec-

trons is given by
H = Hy+ H;. (C.57)
HO is

HO = Z [almaam(Ema - MO) + blmbam(Ema - MO)L (C58)

mao
where a,,, annihilates an incident electron in contact « (in our case @ = L, R) and
channel m corresponds to the transverse mode x,,(p). Operator b,,, refers to an
outgoing electron. The perturbation H; is due to the modulation of the chemical

potential at contact «

Hy = = pa(t) [al,,00m + bl bam] - (C.59)
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Time evolution of @, (t): From the Heisenberg equation of motion one has

() = 3 [Ho + Hy, (1), (€:60)

using Eq. C.57 - C.59 and the Fermion commutation rules one has

an(t) = s (0) exp {1 /0 "t B — o — 0a(0)]}. (C.61)
Since only linear response is considered (assuming d/, to be small), one can expand
am(t) =2 a0 (1) (1 — 14 (1)) (C.62)

where
010 = tam @) exp {1 [t (B = ) (C.63)

is the unperturbed time evolution, and

1 t
Dalt) = — /0 5o tdt (C.64)

is the phase-shift acquired at time ¢.

The current incident in channel m at contact « is given by the operator

I = 50 ()aam(t). (C.65)

The outgoing current operator is

190 = S ()b (). (C.66)

am h am

Note that Eqs. C.65 and C.66 are resembling rather charge than current densities.
This can be fixed by a special normalization of the operators a,,, and b,,,. The net

current in contact « is

in ou €
IE!(t) - Z []am(t) - ]cwrt(t)} - ﬁ Z [aLm(t>aam(t) - biym(t)bam(t)} . <C67)
For the sake of later introduction of the scattering matrix one defines the vectors

o =Y GomCn and by =Y bamCn, (C.68)

m
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where ¢, is a unit vector for channel m. Using C.68, allows to write C.67 as

() = % [agm@)aa(t) . I;L(t)ga(t)] . (C.69)

For an oscillating chemical potential
o (t) = 0pa(0) cos (wt) (C.70)

it is useful to write C.70 in terms of Fourier transformed operators. One has

Gy (t) = / h %e_iEtﬁa(E) (C.71)

—00

and
®dE [ dE . , o, -
_ —i(E—E"t [t S ooy 7t /
I,(t) e/_oo o /_OO o e [aa(E)aa(E) bl (E)bo(E )] . (C.72)

Inverting C.71 and using C.62, one gets

Ao (E) = / h dEe'P'd, (1) = / h dEeP a0 () (1 — i®,(1)). (C.73)
Using C.64 and C.70 one obtains the phase shift:
D, () = —0pa /Ot dt cos (wt) = _5Msinm(:ut) = _252'[7;; (e —e™™") (C.74)
introducing C.74 in the RHS of C.73 results in:
iy (E) = ad"(E) + ;5;;; Z a0 (t)e'™ (e —e™™") dt. (C.75)
after performing the time integration, Eq. C.75 yields the perturbed vector:
dn(E) =2 d"(E) + gihi [@O(E + hw) — dO(E — hw)] . (C.76)

Now one can Fourier transform [,(t). Let

L(w) = /_ et (1) (C.77)

0o . © JE © JF' , . .
= o[ e [T 52 [T @ (), (8) - BE)LB)).

the t-integration yields
1 oo

2 ) o

dte’ HE=EV — §(hw + E — E). (C.78)
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From C.77 and C.78 and the E’ integration one obtains the expectation value of I, (w):

(I(w)) = e/_oo % [@L(E)&a(E + hw)) — (B (E)ba(E + hw)}} . (C79)

[e.e]

In linear response, using C.76 one can calculate to order d,

(@ (B)da(E + hw))

12
~

_w g0 (E+hw)_%a< E - hw)](C.SO)

‘l() _ Ota o)
Sl (B + 2hw) — T2af (E)>

w

where the result (valid for unperturbed vectors @°)(E)) was used
(@"(E)a) () = o5, f(E), (C.81)

and f(FE) is the Fermi function. The scattering matrix transforms incoming electrons

into outgoing electrons:

— ~

bo(E) = Supin(E). (C.82)

Here (a, ) refer to the contacts (R or L). In components (channels), Eq. C.82 reads

gam(E) - gmn,aﬁaan(E) (CS?))
this corresponds to the result obtained in C.53, which is generalization of Smn’aﬁ to
a 2 X 2 matrix in spin s = % space. Paying attention to the transverse modes (m,n),
one can now use C.82 and C.83 to evaluate the second term on the RHS of C.79:

(b} (E)ba(E + hw)) =) (bl (E)bam(E + hw)). (C.84)

m

Eq. C.83 implies

bl (E) = Zs;mﬂ )@, (E) and (C.85)
bam(E + hw) = ZSmkanE—i—hw)ann(E—i—hw). (C.86)
k.n

Introducing C.86 into C.84 one has

(B (E)ba(E + hw)) = Y > ST 6(E) Sy (B + hw)(ah, (E)yu(E + hw)) (C.87)

mn,3 k,n
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Using C.76 and C.80, yields

(@ (B)i (B + ) = 22 [F(E + h) f(E)] b (C.59)
This result substituted in C.87, and summing over 1 and k results in

BLENu(E + 1)) = 3 81 o(B) Sy (B -+ i) [f(E -+ hi) £ () % (C.89)

mnf3

With the use of C.80 and C.89, Eq. C.79 can be rewritten as

o) =e 3 o [ IELEZIE 5 5= ] (E)Smaa(B + )] (C90)

47‘(‘ hw mn,of3

mn, 3 o0

Now perform a low frequency (small w) expansion:

Nz Y dus [ I E) [fmndns — Shuncs(B) (s (B) + S ap(E)] (C1

mn,3

where f'(E) and S'(E) denote derivatives with respect to energy. With the ac-
excitation (~ g cos(wt)), only the term which is proportional to w is C.91 is relevant.

Denoting this term as §(I,(w)), one has

5{In(w)) = —hwe 3 b1 / O F(B)S s (B)Shnaa(B). (C.92)

mn,(3

Now the T=0 K limit is considered:
f'(E)=—6(F — EF). (C.93)
Symmetrizing C.92 and using the unitarity of the S matrix

SHE)S(E) = 1
= SHE)S'(E) = —SM(E)S(E). (C.94)

Combining C.93 and C.94 in C.92, one gets
5<[a(w)> Z 6lu’ﬂ |: mn a,@(EF)Smn aﬁ(EF) Smn a,@(EF>Smn,Oéﬁ(EF> <C95)
Noting that S7S = (S75")*, C.95 can be rearranged as:

0{Io(w)) = =— Y dupIm Psgg"ﬁ St nas(E )} . (C.96)
3 E=FEp
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This was first derived by Biittiker et al. [115]. Now one can consider a time dependent
current 0(1,(t)). Eq. C.77 implies

1 o0

0(la(t)) = o= dwé( W(w))e et
T Pt
- —ﬁ%%wmmm [“ggaﬂs;mﬁ< >]EE 97

The RHS of C.97 is now in the form used by Brouwer [114] and Tserkovnyak [116]. In

order to transform Eq. C.97 into Brouwer’s notation one needs to make the following

replacements:
aSaﬂmn aSa,an
dp(t) = X(t d : = . C.98
p(e) = X(0) ana Eoen| O (©.98)
Making these replacements in C.97 yields Brouwer’s result [114]:
L) =-——3"1 : By &2 .
S0) =~ 3 tm | T 0)| (©.99)

The question which arises is whether C.98 is valid for any parameter X, that mod-
ulates Sy Note that as long as X(¢) is the deviation of the chemical potential
from the equilibrium, Eqs. C.98 are consistent to each other. The point is that the

0S0p.mn/OF term originates from the expansion in w

aSmn,ozﬁ

Smn,ocﬁ(E + hW) - Smn,aﬁ(E) + hw OF ;

(C.100)

where w is the frequency of dpg(t).

C.8 Generalization to “matrix current”

The important point behind the current matrix Iin Eq. C.99, is that it incorporates
both charge and spin flow. Since any 2 x 2 matrix may be expanded in terms of the

three Pauli matrices and the identity matrix, one can write I as sum:

A I N
[ = 701—0 Ig(h) (C.101)
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The quantities I and I s are actually expectation values. In a classical picture, these
expectation values are integrals over the momentum p of the conduction. They are

conveniently obtained using the Wigner distribution function (a 2 x 2 matrix):

F(7,p) = % [fl(ﬁp”)i + f(7p) - E?] : (C.102)

The matrix I, for current flow along the z-axis is

I, = h3 Ppo, F(F, P) = e(v, F), (C.103)
using C.102 and C.103 one obtains
fr:e<vx (fli—cif'f) > (C.104)

From a comparison of Eqs.C.101 and C.104, one finds
Io =elv.f1) and Is = —h{v.f1), (C.105)

showing that /- and I s in Eq. C.101 are the charge and the spin current, respectively.
From C.101, one can see that

A

Te(l) = I, (C.106)

where Tr denotes the trace in spin space. In C.106 the fact that the Pauli matrices

are traceless was used. Next, consider the spin part, using C.101:

1 2
Tr(o,0) = S1cTe(5:) - —Tr azzo—jfsj - ——Tr(a Is;) = Ze(fs,j). (C.107)

Hence the i-th (i = z,y, z) component of the spin current is given by

h - h_ o~
Ig; = —Q—Tr(azl) or Ig =—=Tr(d1). (C.108)
e e

The generalization of C.99 to a matrix current is obtained by replacing the LHS as

follows:

I, (1) = I(1), (C.109)
and the scattering matrix on the RHS by

Sapmn = Sapmn- (C.110)

The quantity C.110 can be identified as the scattering matrix 3,,, ;v given in Eq. C.53

(for the case of “no spin-flip” at the interface).
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C.9 Spin current pumped by M(t)

Following Tserkovnyak et al. one can start from Eqs. C.55 and C.56 where the pa-
rameter X (t) was identified with the azimuthal angle of M(t) (see C.3):

X(t) = 6(t). (C.111)

Using C.111 in C.55 and C.56, the current pumped into lead [ is:

i on(l) 0¢(t)
pump _
1) 6 ot (C.112)
where
on(l) 1 OByt .4
a(b - 4—7T'Z Z ( a(b Smn,ll’ =+ hC) . (C113)

mnl’

Now consider the relation between the matrix emissivity and I (t)pumP. Using Eq. C.54

8§mn 1 8925 1 GuT (991) ! 8ul 8¢ 11 1]
w09 _ , w00 114
96 ot (Smm” 96 ot S gy g ) TS A, (CAL)

where the (mn, [l') indices are dropped for a moment. Using C.34 and C.35, one has:

1., om 1., om
=cq. 2 =g 11
U =50 — and 4 50 (C.115)

Using C.53 and C.114 in C.112 and C.113, one obtains the pumped current which is
written schematically as:
fepme = ST [(sTal + stat) (sl + sthat) (C.116)

81
mn,l’

+ (sTul + stat) (sTal + sthat)).
There are 8 products on the RHS of C.116 which can be grouped into 4 pairs:

Fpemr = % S [sTst (ilul —alil) + stst (abut —utat) (€117
e
mn,l’

+ slst (@'t —ulad) 4+ stsT (@l — utal) +]

The products of 4" and u!' are 2 x 2 matrices to be evaluated with use of C.34,
C.35, and C.115. Note that @'! and u!! are non commuting matrices; this reflects the

quantum nature of the pumped current. The first pair on the RHS of C.118 is:

11~ . . . .
uTuT—uTuT:Z[(5-m)(5-m)(5-m)(5-m) :%5-(7?”“%) (C.118)
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where identity C.37 was used. Consider the next pair:
it —utit = =g - (mox m). (C.119)

The emergence of the Gilbert term, m X m on the RHS of C.118 and C.119 becomes

obvious. The last two pairs in C.118 are:

it —uldd = 5(3.@)_%3.@%) (C.120)
1 -~ . .
itul — kil = =25 (i) - %5. (171 x 171). (C.121)
Using C.118-C.121, yields
frame(y) = % (5711 + stsl — sTsl — bl T) G- (17 x 1)
T
mn,l’
© Telt _ sl (5.1 C.122
+ 87Timnl,(85 sts!h) (@ - m). (C.122)

In what follows the focus will be on the evaluation of the first sum in C.122, since it
yields Gilbert damping. According to C.53 and C.54

Fugr
’ Yo Tun

P #
s' = Spw = Sun = <AU’“ U’”) - (C.124)

oy Tull

These relations can be schematically rewritten as:

t t
st= " ") and st= ("t " : (C.125)
ty Ty ty

One can proceed to evaluate the matrix in (in (L,R)-space) of the summand in C.122.

(shs! + stslt — sTslt — shslT) = T, (C.126)
where
. r r
= " TR (C.127)
e T'or

Using C.125, the matrix elements of T" are:

Crr = r1pl* + plpbs — plple el Tx + 4T + phbx g Tpbe gl (C‘128)
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and
I'ip = Irr. (C.129)

The off-diagonal elements are not needed for the following reason: If one looks at the

net current emitted into L and R, one has from the first term of C.122

~ e - .
fpump pump __ % > —
PP = g I] g - (m x m) (C.130)
l 167
E T Tt ! 1t T 1t ! Tt
X <Smn,ll’8mn,l’l + Smn,ll’smn,l’l - Smn,ll’smn,l’l - Smn,ll’smn,l’l )
mn,ll’

where the symmetry property
sl =sl (C.131)

mn,ll’ mn,l’l
stemming from Eqs. C.54 was employed. The RHS of C.130 now involves traces (over
L,R space) such as

Z <5;nvu/$2n7l,l) ete. (C.132)

w
Hence the pumped net current C.130 is proportional to:

Z TrL,R (fmn> Z (FLL mn + FRR mn =2 Z FRR mn (C133)

mn

with the use of C.128 and C.133, the net current C.130 becomes
7 um € o b N
](t)get b= 8_77'0 ’ (m X m) Z {’Tjnn - rrlrm|2 + |tlnn - t%rmF} : (0134)

On comparing C.134 with the expansion, C.101, one obtains the spin current

h d
g = =4, (m x —m) (C.135)
dt
where A, is the interface scattering parameter
1 2 2

Returning to Eq. C.122, the contribution to ]?;ump of the second term is:

h  dm
fpump) =t C.137
( s 2nd term 47 dt ( )

where

Egs. C.135-C.138 agree with Wlth the result first derived by Tserkovnyak et al. (Egs.
(4-6) in [116]).
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C.10 Excess Gilbert damping constant

The Landau-Lifshitz-Gilbert (LLG) equation reads

dm ~ dm

— = —ym X H, X —, C.139

7 M X Heg + am X o ( )
where « is the Gilbert damping constant. The excess Gilbert constant o’ due to the
N/F/N interfaces, is obtained from the net spin current C.135 by recalling the spin
conservation law:

s

= (C.140)

where S is the total spin in the ferromagnetic film. It is related to the total magnetic

moment ]\7[t0t of the film by:

Mtot = ﬁl(t)MtOt = ’yg, where Y= gL;;B (0141)
Hence,
dm JLitB ds JLUB
—_— =— — =— e, C.142
dt AM,; dt AMpr ( )
Introducing Eq. C.135 for ﬁgump, one has from C.142:
dm , dm
2 am X — 14
= A — (C.143)
where o is the excess Gilbert damping constant, given by:
, 9gLpBA,
== C.144
“ 41 Mo ( )

This is equivalent to Eq. 10 in [116] which involves the magnetic moment M in units

of HUB.

C.11 Peristaltic pumping of spins

According to Webster[202]: peristaltic=“the rhythmic, wavelike motion of the walls
of the alimentary canal and certain other hollow organs, consisting of alternate con-
tractions and dilations of transverse and longitudinal muscles that move the contents

of the tube onward”.
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Closest to this concept is the so-called “Thouless pump” [203]. This example
considers adiabatic pumping of electrons in a one-dimensional channel, subjected to

a periodic potential U(x + a) = U(x). If the potential moves with a small velocity v:
Uz, t) =U(xz — vt). (C.145)

The potential U(x,t) at each point z varies periodically with time. If the electrons

follow adiabatically this variation of U(x,t), a dc-current
I = ngq.v (C.146)

is induced, where n is the electron density, ¢. is the electron charge, and v is the
velocity. The important point is that Eq. C.145 represents a travelling wave, which

can be decomposed into two standing waves: Assuming a sinusoidal U (z)

2
U(x) = Upsin ix, (C.147)
a
one gets:

. 27

U(x —ovt) = Upsin—(z — vt)
a

2 2mut 2r . 2mut

= Upsin —ux cos — Up cos —x sin (C.148)
a a

a
Note that the time dependence of the two standing waves differs by a phase shift
7/2. Thus, two independent parameters are needed to realize pumping of electrons.
A single standing wave does not generate a dc-current. This is consistent with the
“singe parameter theory” by Biittiker et al. [115], which derives an ac-current in a
lead as a response to an ac-variation of the chemical potential. From this point of
view, it is surprising that dc-spin current results from Eq. C.55 by using a single
parameter X (t) = ¢(t). As pointed out by Tserkovnyak et al. [116], the explanation

is that precession of M (t) involves actually two parameters
M,(t) = M, coswt (C.149)
M,(t) = M,sinwt (C.150)

which are independent in the sense that there is a phase shift of 7/2 (see Eq. C.148).
Now an expression for the spin current will be derived by setting X (¢) = m,(t) in

C.55. Assume that the unit vector m is

mi(t) = (my(t),0,m.), (C.151)
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which corresponds to strictly linear polarization. One can follow Eqs. C.107-C.136 to

evaluate the spin current

A on(l)
[(t)pume = . C.152
(2) o, " ( )
The main difference lies in Eqs. C.109 and C.110 which now take the form:
ul = §&xmzui = —50atha (C.153)
Using C.35,C.35 and C.55,C.56, one has (see C.113):
: . Lr. . 2 = R b o
alu! —u'la! = 1 (6,112) (0 -y ) — (G- m)(axmx)] =30 (m xm) (C.154)
The same result follows for
abut — ulad = %3- (17 % 7). (C.155)

Egs. C.154 and C.155 imply that the form of Gilbert damping term is not affected
by the choice: X (t) = m,(t). In other words, Eq. C.152 yields the spin current fgump
given again by Eq. C.135. This is not a de-current if X (¢) = m,(¢) which can be shown
explicitly, by taking the time-average of C.135 under assumption C.151. Eq. C.135 in

components reads:

h

Ig7" = A (myrhe —meriy) =0 (C.156)
’ ™
h

I§" = A (maivg — matin.) #0 (C.157)
h

I = 4_Ar (Mgt — mytig) = 0. (C.158)
’ 7

The only nonzero component of [:Eump is I, for
mg(t) = myocoswt and m, = m.g (C.159)

where T = 27” is the period. Hence there is no dc-spin current pumped by linearly

polarized oscillation of m. This is consistent with the general principle of peristaltic

pumping. Now elliptical polarization will be assumed

= (Mo cos wt, myo cos(wt — @), M) - (C.161)
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p

With this ansatz, all components Ig""" are nonzero, but only 75" has a nonzero

time average:

h T
g = —w—Armxomyo/ dt (coswt sin (wt — ) — cos (wt — ) sinwt)
’ AT 0
wh ,
= M—TAmeomyo sin . (C.162)

For the spin-pumping proposed by Tserkovnyak et al. [116], ¢ = 7, mzo = myo, i.e. the
time-evolution of the transverse vector (m, (), m,(t)) is described by a circle (circular
polarization). For a general case, where ¢ # § and mgyo 7# myo the transverse vector
evolves on an ellipse, which for ¢ = 0 reduces to a line. Eq. C.162 shows that W is
proportional to the enclosed area in the 2-parameter space. This illustrates the area

theorem for de-pumped current [114].
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