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Abstract

Ultrafast Magnetization Dynamics in Ferromagnetic Thin Films

and Heterostructures

Yongfeng Guan

With the development of magnetic information storage technology, es-

pecially when data rates approach 1 GHz and above, new insight into the

magnetization dynamics in ferromagnetic materials becomes a more pressing

need. In this thesis, our recent studies of the ultrafast magnetization dy-

namics in ferromagnetic thin films and heterostructures using various mea-

surement techniques are presented.

We present our static transmission-mode x-ray magnetic circular dichro-

ism (XMCD) characterization of element-specific moments in ferromagnetic

thin films. Sum rules analysis are further used to extract the projected

element-specific spin and orbital moments. A very low projected Tb mo-

ment in the 6% Tb-doped Ni81Fe19 thin film, which nonetheless reverses

with low applied fields, indicates a sperimagnetic alignment with respect to

the Fe and Ni elements in the alloy. The nearly unchanged orbital-to-spin

moment ratio of Fe over the measured range of 0≤x≤0.15 in the Fe1−xVx

thin films, compatible with known magnetization behavior as well as spec-

troscopic splitting g-factor data in the alloy by means of a two-sublattice

model, confirms that the very low Gilbert damping attained through the

introduction of V into epitaxial Fe1−xVx thin films does not result from the

reduction of orbital moment content in the alloy.

We also present our synchrotron-based development of time-resolved x-

ray magnetic circular dichroism (TR-XMCD) technique. With this tech-

nique, we have demonstrated the first element- and layer-resolved magneti-

zation dynamics with temporal resolution of 2-5 ps and angular resolution
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down to 0.1◦. Coupled motion of Fe and Ni moments are verified in Ni81Fe19

thin film, indicating a strong exchange coupling between Fe and Ni moments

in the alloy. The influence of weak ferromagnetic interlayer coupling, diffi-

cult to identify in conventional FMR measurement, is clearly revealed in a

pseudo-spin-valve structure of Ni81Fe19/Cu/Co93Zr7. Lagged phase behav-

ior is observed between top and bottom layers in a (Ni81Fe19)Tb1/Co93Zr7

bilayer. Moreover, Fe, Ni, and Tb moments are seen to be coupled within

experimental resolution in a (Ni81Fe19)Tb1 alloy.

Moreover, it is described how we use all-optical pump-probe technique

to investigate enhanced damping in Ni80Fe20/NM bilayer structures. The

enhancement of both the damping constant α and the relaxation rate G are

found to be dependent on the thickness of Ni80Fe20 layer as well as the choice

of normal metal (NM) capping layers. The data can be well explained by

the existing theory for spin pumping from the Ni80Fe20 layer into the NM

capping layer.

We finally describe our development of a novel dual-frequency ferro-

magnetic resonance (FMR) technique to explore the possibility of “gating”

damping in a trilayer via pumped spin currents. In addition, composi-

tional dependence of saturation magnetization and ferromagnetic relaxation

in polycrystalline (Ni81Fe19)1−xCux magnetic thin films has been measured

using broadband CPW-based FMR technique, where both the ferromagnetic

damping α and relaxation rate G increase despite the marked decrease in

saturation magnetization µ0Ms. The results can be used to make an engi-

neered trilayer structure of Ni81Fe19/Cu/(Ni81Fe19)1−xCux to get resonance

frequencies to cross for further understanding of spin pumping mechanism

using the dual-frequency FMR technique.
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Chapter 1

Introduction

1.1 Introduction

Ferromagnetic resonance (FMR) is a venerable topic in the study of mag-

netism. FMR precession of ferromagnetic thin films and heterostructures

is technologically important since it determines the performance of many

magnetoelectronic devices. Since the discovery of giant magnetoresistance

(GMR) effect in 1988 by P. Grünberg et al.[1] and A. Fert et al.[2], “spin-

tronics” has emerged as a new multidisciplinary field which exploits the

quantum spin states of electrons as well as their charge states. The in-

creased data density of magnetic memories is achieved using the giant mag-

netoresistance (GMR) and tunnel magnetoresistance (TMR) effects in the

read heads. Novel spintronic devices, such as magnetoresistance-based new

magnetic random access memory (MRAM), would have the potential ad-

vantages of nonvolatility, increased data precessing speed, decreased electric

power consumption, and increased integration densities compared with con-

ventional semiconductor devices[3].

The speed of all novel spintronic devices will be eventually limited by

the switching characteristics of the magnetic layers. With the development

of magnetic information storage technology, especially when data rates ap-

proach the GHz-regime where faster read and write speeds are required to

keep data access time reasonable, new insight into the magnetization dy-
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namics is highly demanded as precessional relaxation phenomena will begin

to dominate the switching process of both the storage medium and the read

heads. Therefore, fundamental research on the ultrafast magnetization dy-

namics has become a major area of growing interest from both scientific and

technological aspects.

Ferromagnetic relaxation (damping) is the physical process through which

precessional (GHz) magnetization motion comes to a stop. Understanding

and controlling ferromagnetic damping or relaxation, a basic phenomena

in magnetization dynamics, is thus important for novel spintronic devices.

Materials-based techniques to control ferromagnetic damping raise questions

about the microscopic roles of different magnetic moments (layer, element,

and spin/orbital) in the ferromagnetic thin films and heterostructures.

Many synchrotron radiation techniques have been developed in the last

two decades for investigating the magnetic properties of thin-film materials.

The most attractive properties of synchrotron radiation are its energy tun-

ability and its time structure, which allow the development of time-resolved

x-ray magnetic circular dichroism (TR-XMCD) technique for element- and

layer-resolved studies of magnetization dynamics. It has been predicted

that ferromagnetic damping arises from a phase lag between two different

moments in precession: spin and orbital moments for pure metals, impu-

rity and host moments for alloys, and moments confined to layers for het-

erostructures. The high temporal and rotational sensitivity of the new devel-

oped TR-XMCD technique could be used to directly observe those relevant

precessional phase lags between two different moments, which could pro-

vide further understanding of the microscopic mechanisms of ferromagnetic

damping.

The application of ultrafast laser pulses was another major breakthrough

in time-resolved studies of magnetization dynamics. Using the magneto-

optical Kerr effect (MOKE), the laser-induced magnetization relaxation dy-

namics can be directly investigated by the all-optical pump-probe technique.

The coherent precession of magnetization could provide the information of

ferromagnetic damping associated with the energy dissipation process, which

is important for future magneto-optical information storage applications.
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1.2 This thesis

In this thesis, the magnetization dynamics of ferromagnetic thin films and

heterostructures is mainly investigated using the ferromagnetic resonance

(FMR), time-resolved x-ray magnetic circular dichroism (TR-XMCD), and

the all-optical pump-probe TR-MOKE techniques.

A theoretical description of magnetization dynamics and ferromagnetic

damping is given in chap. 2, including the modeling details of the Landau-

Lifshitz (LL) and Landau-Lifshitz-Gilbert (LLG) equations in the limit of

small-angle magnetization dynamics. Several relevant microscopic mecha-

nisms of intrinsic ferromagnetic damping are also discussed in this chapter.

Several relevant measurement techniques are discussed in chap. 3 for

investigating both static magnetic properties and magnetization dynamics

of ferromagnetic thin films and heterostructures. Detailed descriptions of

underlying principles and experimental setup are presented for each individ-

ual measurement techniques, where we focus on the x-ray magnetic circular

dichroism (XMCD) and the ferromagnetic resonance (FMR) techniques.

In chap. 4, static transmission-mode x-ray magnetic circular dichro-

ism (XMCD) characterization of element-specific moments are presented

for polycrystalline Tb-doped Ni81Fe19 and Fe1−xVx magnetic thin films.

The use of transmission geometry measurements has allowed the extrac-

tion of absolute projected element-specific spin and orbital moments in the

ferromagnetic alloys using sum rules analysis, which could provide useful

information for further understanding of the origins of engineered damping.

For Tb-doped Ni81Fe19 thin film samples, a very low projected Tb moment

at 6% doping level, which nonetheless reverses with low applied fields, indi-

cates a sperimagnetic alignment with respect to the Fe and Ni elements in

the cosputtered alloy. For polycrystalline ultrathin Fe1−xVx samples over

the range of 0≤x≤0.15, it is found that the orbital-to-spin moment ratio

of Fe is nearly unchanged over the measured range. The data are found to

be compatible with known magnetization behavior as well as spectroscopic

splitting g-factor data in the alloy by means of a two-sublattice model. The

results confirm that the very low Gilbert damping, attained through the
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introduction of V into epitaxial Fe1−xVx films and found by FMR, does not

result from the reduction of orbital moment content in the alloy.

Chap. 5 presents our synchrotron-based development of time-resolved

x-ray magnetic circular dichroism (TR-XMCD) technique, from the ini-

tial reflectivity-mode TR-XMCD with pulsed-field excitation to the new

transmission-mode TR-XMCD with continuous-wave(CW) rf field excita-

tion. By applying the new TR-XMCD technique to trilayers, bilayers, and

alloys with controlled damping, we have demonstrated very sensitive mea-

surements of element- and layer-resolved magnetization dynamics with tem-

poral resolution of 2-5 ps and angular resolution down to 0.1◦. Coupled

motion of Fe and Ni moments are verified in a single layer of Ni81Fe19 thin

film, indicating a strong exchange coupling between Fe and Ni moments

in the alloy. The influence of weak ferromagnetic interlayer coupling, diffi-

cult to identify in conventional FMR measurement, is clearly revealed in a

pseudo-spin-valve structure of Ni81Fe19/Cu/Co93Zr7. Lagged phase behav-

ior is observed between top and bottom layers in a (Ni81Fe19)Tb1/Co93Zr7

bilayer. In addition, Fe, Ni, and Tb moments are seen to be coupled within

experimental resolution in a (Ni81Fe19)Tb1 alloy. The new TR-XMCD tech-

nique could potentially provide a fresh perspective to address longstanding

mysteries regarding the origins of damping in ferromagnetic thin films and

heterostructures, which would be necessary to further understand the best

paths of materials engineering to create novel ferromagnetic materials with

controlled damping.

In chap. 6, all-optical pump-probe investigations of enhanced ferromag-

netic damping are presented for Ni80Fe20 thin films of variable thickness

(4-20 nm) covered by various normal metal (NM) capping layers (NM = 8

nm Au, Ta, Cr, and Pt), where femtosecond laser pulses are used to measure

the time-resolved transient magnetic response. The enhancement of both the

damping constant α and the relaxation rate G is found to be dependent on

the thickness of Ni80Fe20 layer as well as the choice of NM capping layers.

The additional damping found in these bilayer systems can be well explained

by the existing theory of spin pumping from the Ni80Fe20 layer into the NM

capping layer. The measurements could provide further understanding of
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the nonlocal damping effect associated with the laser-induced magnetiza-

tion relaxation process in ferromagnetic thin films and heterostructures.

The last chapter (chap. 7) presents our development of a novel dual-

frequency ferromagnetic resonance technique, which is able to excite differ-

ent FMR modes simultaneously and independently in ferromagnetic thin

films and heterostructures, while separating the properties of each modes.

It also presents compositional-dependent measurements of saturation mag-

netization and ferromagnetic relaxation in polycrystalline (Ni81Fe19)1−xCux

magnetic thin films using broadband CPW-based FMR technique. Despite

the marked decrease in saturation magnetization µ0Ms, in good agreement

with Slater-Pauling values, the ferromagnetic damping α and relaxation rate

G increase. The results can be used to make an engineered trilayer structure

of Ni81Fe19/Cu/(Ni81Fe19)1−xCux to get resonance frequencies to cross for

further understanding of spin pumping mechanism using the dual-frequency

FMR technique. In addition, it is also discussed that the dual-frequency

ferromagnetic resonance technique could be used to explore the possibil-

ity of “gating” damping in a trilayer structure via pumped spin currents,

which could potentially allow novel integrated, frequency-domain magnetic

devices, with tunable frequency and bandwidth.
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Chapter 2

Theory of Magnetization

Dynamics

In this chapter, we first introduce the theoretical background of magne-

tization dynamics by deriving the Landau-Lifshitz (LL) and the Landau-

Lifshitz-Gilbert (LLG) equations of magnetization motion. Then we present

the modeling details of LL/LLG equations in the limit of small-angle mag-

netization dynamics. We finally discuss several relevant microscopic mecha-

nisms of intrinsic damping in ferromagnetic thin films and heterostructures.

2.1 Precessional magnetization dynamics

2.1.1 Foundations of magnetization precession

The dynamical behavior of a spin is determined by the equation of motion,

which can be derived from quantum mechanics. The Schrödinger equation

describes that the time evolution of the mean value of spin as operator[4]:

i~
d

dt
〈S〉(t) = 〈[S,H(t)]〉, (2.1)

where H(t) represents the Hamiltonian of a spin under the action of a mag-

netic field.

If the spin is submitted to the sole action of a time-dependent external
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magnetic field H(t), the Hamiltonian can be simply expressed as the Zeeman

term:

H(t) = −µ0γS · H(t), (2.2)

where γ, the absolute value of gyromagnetic ratio, is equal to

γ =
gµB

~
, (2.3)

where µB is the Bohr magneton, and g is the gyromagnetic splitting factor.

Using the commutation rules for spin operators:

[Si, Sj] = i~ǫijkSk, (2.4)

the x component of the right-hand side of Eq. (2.1) can be derived as

[Sx,H(t)] = −µ0γ[Sx, SxHx(t) + SyHy(t) + SzHz(t)]

= −µ0γ(Hx(t)[[Sx, Sx] + Hy(t)[Sx, Sy] + Hz(t)[Sx, Sz])

= −µ0γi~(Hy(t)Sz − Hz(t)Sy). (2.5)

Similarly, corresponding expressions can be derived for the other two com-

ponents of the spin:

[Sy,H(t)] = −µ0γi~(Hz(t)Sx − Hx(t)Sz); (2.6)

[Sz,H(t)] = −µ0γi~(Hx(t)Sy − Hy(t)Sx). (2.7)

Therefore, the equation of motion for a spin can be rewritten containing a

torque on the right-hand side as

d

dt
〈S〉(t) = −µ0γ(〈S〉(t) × H(t)). (2.8)

Eq. (2.8) is based on a general time-dependent H(t), however it is valid

for our special case, a constant external magnetic field H as well. Denoting
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the magnetic moment of the spin as

µ = −gµBS = −γ~S, (2.9)

its dynamics can be described by the equation:

dµ

dt
= −µ0γ(µ × H). (2.10)

2.1.2 Macrospin model

Experimentally, we always measure the dynamics of a ferromagnetic sample

which contains an ensemble of spins. When the ferromagnet is exposed to

a uniform effective magnetic field, the macroscopic magnetization dynamics

may then be dominated by a collective precession of the entire ferromagnetic

order parameter. Restricting the ferromagnetic degrees of freedom to this

collective precession mode is often referred to as the macrospin model.

The derived equation of motion for one spin, Eq. (2.10), can be further

generalized for the case of homogeneous magnetization within the macrospin

model, considering the relation between the magnetization M of a macrospin

and the magnetic moment µ of a single spin:

M =
∑

µi. (2.11)

Therefore, expanding Eq. (2.10) from the moment of one spin to the full

magnetization will result in a dynamics of precessional nature for the macrospin:

dM

dt
= −µ0γ(M × H). (2.12)

Assuming a time-independent magnetic field H, multiplying Eq. (2.12)

successively by M and H, leads to

d

dt
[M(t)]2 = 0; (2.13)

d

dt
[M(t) · H] = 0. (2.14)
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Eq. (2.13) states that the absolute value of the magnetization does not

change during the precession around a constant external magnetic field. Eq.

(2.14) implies that the angle between the magnetization and the external

magnetic field also remains constant as a function of time during rotation.

Eqs. (2.13) and (2.14) therefore describe a precessional motion of the mag-

netization around the applied magnetic field, as sketched in Fig. 2.1, in

which the top of the magnetization vector marks out a circle around H.

The angular precessional frequency, also known as the Larmor frequency, is

a linear function of the magnetic field:

ω = µ0γH. (2.15)

Figure 2.1: Precessional magnetization dynamics without ferromagnetic
damping or relaxation. Arrows illustrate the motion of M in response to
an effective field Ht.

The derived equation of motion for the magnetization under the sole

action of an external magnetic field H, Eq. (2.12), can also be general-

ized for the case in which the anisotropy field and the exchange interaction
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contribute to the magnetic energy by simply replacing H with the effective

magnetic field Heff . Eq. (2.12) can thus be rewritten as

dM

dt
= −µ0γ(M × Heff). (2.16)

2.1.3 Introducing damping

The equation of motion for the magnetization under the action of an effective

magnetic field Heff , Eq. (2.16) derived from the fundamental considera-

tions, indicates a precessing magnetization without dissipation. It means

that the magnetization, once taken out of the equilibrium position, pro-

cesses around the effective magnetic field Heff infinitely long. In reality,

though, the magnetization does relax to the new equilibrium direction, as-

sociated with an energy minimum, thus the Eq. (2.16) has to be extended

with a dissipation term. As shown in Fig. 2.2, the amplitude of the magne-

tization precession is gradually reduced until the magnetization eventually

aligns with the effective field direction.

This new dissipation term was first added to Eq. (2.16) by Landau and

Lifshitz[5] in the form of a mathematical construction of a torque component

proportional to M × (M × Heff). This torque acts in the plane formed

by M and Heff , orthogonal to the precessional torque, forcing the magne-

tization to align with the field. With this, the equation of motion for the

magnetization is given by the landau-Lifshitz (LL) equation:

dM

dt
= −µ0γ(M × Heff) − λ

M2
s

[M × (M × Heff)], (2.17)

where λ, a factor for the damping term, is called the LL relaxation rate in

sec−1; Ms is the saturation magnetization.

The damping term of the LL equation satisfies the need for a dissipation

mathematically. However, there is no clear physical explanation behind this

extension and the definition of the LL relaxation rate λ itself is still vague

so far.
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Figure 2.2: Precessional magnetization dynamics with ferromagnetic damp-
ing or relaxation. Arrows illustrate the motion of M in response to an
effective field Ht.

2.2 The Landau-Lifshitz-Gilbert equation

2.2.1 The Landau-Lifshitz-Gilbert equation

After Landau and Lifshitz, Gilbert introduced the dissipation term in Eq.

(2.16) with a more convenient form[6]. He interpreted the dissipation as

an additional contribution next to the effective field, proportional to and

aligned with the time variation of the magnetization:

Heff −→ Heff − α

µ0γMs

dM

dt
, (2.18)

where α is a dimensionless phenomenological Gilbert damping parameter,

which determines how fast the energy of the magnetization precession is

dissipated from the system. This substitution transforms Eq. (2.16) into

dM

dt
= −µ0γ(M × Heff) +

α

Ms
(M × dM

dt
). (2.19)
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Eq. (2.19) is known as the Landau-Lifshitz-Gilbert (LLG) equation of mag-

netization motion.

There are two terms on the right-hand side of the LLG equation. The

first term represents the precession torque induced by the effective magnetic

field Heff . The second term is the Gilbert damping torque which governs

the relaxation towards equilibrium.

Using the LLG relaxation rate G in sec−1, the LLG equation can be

written in another form as

dM

dt
= −µ0γ(M × Heff) +

G

µ0γM2
s

(M × dM

dt
), (2.20)

where the LLG relaxation rate G can be related to damping parameter α

by

G = µ0γMsα. (2.21)

The LLG equation can also be easily transformed into the equivalent

Landau-Lifshitz form by using M to cross multiply both sides of Eq. (2.19):

dM

dt
= − µ0γ

1 + α2
(M × Heff) − µ0γα

Ms(1 + α2)
[M × (M × Heff)]. (2.22)

Comparing Eq. (2.22) to Eq. (2.17), we find that the LL equation and the

LLG equation are equivalent for a small damping value of α ≪ 1. In this

case, we have G ≈ λ.

2.2.2 Energy functional

In the LLG equation, the effective field Heff is given by

Heff = − 1

µ0

dF

dM
, (2.23)

where the free-energy functional F [M ] consists of the Zeeman energy, anisotropy

energy, demagnetization field energy, and exchange energy[7].

Zeeman energy
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The interaction of the magnetization and the external magnetic field

Hext gives the Zeeman energy:

Ez = −µ0

∫

Ω
M · HextdV , (2.24)

where Ω is the whole body of the ferromagnetic sample.

Anisotropy energy

There are several different types of anisotropy which contribute to the

free energy of the ferromagnet, such as magneto-crystalline anisotropy, shape

anisotropy, and magneto-elastic energy. The most common type of anisotropy

is magneto-crystalline anisotropy, which is caused by the spin-orbit interac-

tion of the electrons due to the reorientation of orbitals and the creation of

crystallographic axes. The anisotropy energy tends to align magnetization

along certain directions, which are referred to as easy directions.

The magnetization unit-vector m = M/Ms can be expressed in spherical

coordinates as

m = mxex + myey + mzez, (2.25)

where,

mx = sinθcosφ, (2.26)

my = sinθsinφ, (2.27)

mz = cosθ. (2.28)

The anisotropy energy density fani(m) can be seen as a function of the

spherical angles θ and φ, and the anisotropy energy can be written as

Eani(m) =

∫

Ω
fani(m)dV . (2.29)

Based on Eq. (2.29), it turns out that the easy directions correspond to the

minima of the anisotropy energy density, whereas the maxima of fani(m)

determine the hard axes.



2.2. The Landau-Lifshitz-Gilbert equation 14

For uniaxial crystal anisotropy, fani(m) will be rotationally-symmetric

with respect to the easy axis and will depend only on the relative orientation

of m with respect to this axis. Assuming the easy direction is along the

cartesian axis z, m can be expressed by[8]

fani(m) = K0 + K1sin
2θ + K2sin

4θ + K3sin
6θ..., (2.30)

where K1, K2, K3, ..., are the anisotropy constants in J/m3.

We limit our analysis to the case where Eq. (2.30) is truncated after the

sin2θ term:

fani(m) = K0 + K1sin
2θ. (2.31)

When K1 > 0, the anisotropy energy has two minima at θ = 0 and θ = π,

which implies that the magnetization lies along the ±z axis. This case is

often referred as easy axis anisotropy. When K1 < 0, the anisotropy energy

is minimized at θ = π/2, which means that any direction in x − y plane

corresponds to an easy direction. This case is often referred as easy plane

anisotropy.

In general, for uniaxial crystal anisotropy, the anisotropy energy can be

written as

Eani(m) =

∫

Ω
K1[1 − (eani(r) · m(r))2]dV , (2.32)

where the constant term associated with K0 has been neglected, and eani(r)

is the easy axis unit-vector at the location r.

Demagnetization field energy

Demagnetization field energy is also known as magnetostatic energy or

shape anisotropy energy. The energy attributed to the demagnetization field

can be given by

Ed =
1

2
µ0

∫

Ω∞

H2
ddV , (2.33)

where Ω∞ is the whole space. Hd is the demagnetization field which only

exists within the sample space Ω:

∇ · Hd = −∇ · M . (2.34)
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Eq. (2.33) can thus be rewritten as

Ed = −1

2
µ0

∫

Ω
M · HddV . (2.35)

For any arbitrary shaped sample, the demagnetization field Hd can be

approximate by

Hd = −N · M , (2.36)

where N is called the demagnetization tensor.

In case of a homogeneously magnetized thin film which lies in x−y plane,

N can be written with only one non-zero component of Nzz = 1, and the

demagnetization field is thus given by

Hd = −Mzez = −Msmzez. (2.37)

Exchange energy

The tendency of spins to align themselves parallel or antiparallel to

each other is attributed to exchange interaction, which originates from the

Coulomb interaction between electrons and the antisymmetry of the wave

function given by the Pauli principle. The exchange interaction can be de-

scribed by the Heisenberg Hamiltonian Hex:

Hex = −
∑

i,j

JijSiSj , (2.38)

where Jij denotes the exchange integral. Si and Sj are spin operators asso-

ciated to sites i and j. The value of Jij decreases rapidly with the increase of

the distance between the atoms. Therefore, Eq. (2.38) can be approximated

by considering only the nearest neighbors and replacing Jij by the nearest

neighbor exchange integral J .

Using an integral over the ferromagnetic sample to replace the sum-

mation in Eq. (2.38), the following expression for the exchange energy is

derived:

Eex = A

∫

Ω
[(∇mx)2 + (∇my)

2 + (∇mz)
2]dV , (2.39)
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where the exchange constant A is the material constant and can be related

to the nearest neighbor exchange integral J by

A =
2JS2

a
, (2.40)

where S is the spin magnitude and a denotes the lattice constant.

Based on Eqs. (2.24), (2.32), (2.35) and (2.39), the effective field Heff

can be given by the sum of external applied magnetic field Hext, the anisotropy

field Hani, the demagnetization field Hd, and the exchange field Hex:

Heff = − 1

µ0

dF

dM
= Hext + Hani + Hd + Hex, (2.41)

where the anisotropy term and the exchange term can be related to the

magnetization unit-vector m through the following equations:

Hani =
2K1

µ0Ms
eani(r)(eani(r) · m(r)), (2.42)

Hex =
2A

µ0Ms
∇(∇ · m) =

2A

µ0Ms
∆2m. (2.43)

2.3 Small-angle magnetization dynamics

2.3.1 Single-domain dynamics

Linearized single-domain LL model

Using the magnetization unit-vector m = M/Ms, the Landau-Lifshitz

(LL) equation, Eq. (2.17), can be rewritten as

dm

dt
= −µ0γ(m × Heff) − λ

Ms
[m × (m × Heff)]. (2.44)
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Evaluating m × Heff gives

m × Heff = (myH
eff
z − mzH

eff
y )ex + (mzH

eff
x − mxHeff

z )ey

+(mxHeff
y − myH

eff
x )ez. (2.45)

For small-angle displacements about an equilibrium magnetization di-

rection along ex, as my ≪ 1, mz ≪ 1, and mx ≃ 1, Eq. (2.45) can be

approximated by

m × Heff ≃ (mzH
eff
x − Heff

z )ey + (Heff
y − myH

eff
x )ez. (2.46)

Taking a similar approximation, we can obtain:

m × (m × Heff) ≃ (mzH
eff
x − Heff

z )ez + (myH
eff
x − Heff

y )ey. (2.47)

Finally, we can rewrite Eq. (2.44) with homogeneous and inhomogeneous

terms in Heff
x and Heff

y :

[

ṁz

ṁy

]

≈









−λHeff
x

Ms
µ0γHeff

x

−µ0γHeff
x −λHeff

x

Ms









[

mz

my

]

+Heff
y

[

−µ0γ
λ

Ms

]

+Heff
z

[

λ
Ms

µ0γ

]

.

(2.48)

This is the most general form valid for small-angle precessional magnetiza-

tion dynamics within the single-domain approximation.

Isolated thin film with in-plane magnetization

The effective field Heff will be modified for a isolated thin film mag-

netized in plane. In the following analysis, we take our coordinate system

with the film in the x − y plane, and the surface normal points along ez.

The effective demagnetization field becomes

Hd = −Mzez = −Msmzez. (2.49)
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Because of the strong demagnetization field, the magnetization will be mostly

suppressed within the film plane. Here we consider the case of small-angle

displacements about an equilibrium magnetization direction along ex.

Assuming no other demagnetization fields are present except Hd, and

Heff represents all the other effective fields except demagnetization fields.

Eq. (2.48) can thus be rewritten as

[

ṁz

ṁy

]

≈









−λ(Heff
x

Ms
+ 1) µ0γHeff

x

−µ0γ(Heff
x + Ms) −λHeff

x

Ms









[

mz

my

]

+Heff
y

[

−µ0γ
λ

Ms

]

+ Heff
z

[

λ
Ms

µ0γ

]

. (2.50)

By neglecting the last two inhomogeneous terms in Eq. (2.50) (for the case

of free magnetic motion), and using the fact that Heff
x /Ms ≪ 1 in the low

frequency limit, we can obtain:

[

ṁz

ṁy

]

≈







−λ µ0γHeff
x

−µ0γ(Heff
x + Ms) −λHeff

x

Ms







[

mz

my

]

. (2.51)

We can write my and mz in spherical coordinates as small deviations of

the magnetization along the x-axis: my = sinθsinφ and mz = cosθ, where θ

is the magnetization angle away from the z-axis, and φ is the magnetization

angle away from the x-axis in the x − y plane. In addition, θ ≈ 90◦ and

φ ≈ 0◦. Using Θ = θ−90◦ and Φ = φ to denote the small precessional angles

around the equilibrium magnetization along the x-axis, we can obtain:

my = sinθsinφ ≈ φ = Φ, (2.52)

mz = cosθ ≈ 90◦ − θ = −Θ, (2.53)

ṁy = sinφcosθθ̇ + sinθcosφφ̇ ≈ φ̇ = Φ̇, (2.54)

ṁz = −sinθθ̇ ≈ −θ̇ = −Θ̇. (2.55)
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Eq. (2.51) can thus be rewritten as

[

Θ̇

Φ̇

]

≈







−λ −µ0γHeff
x

µ0γ(Heff
x + Ms) −λHeff

x

Ms







[

Θ

Φ

]

. (2.56)

Based on Eq. (2.56) and considering Heff
x ≪ Ms, a second-order differential

equation in Φ(t) alone can be obtained as

d2Φ(t)

dt2
+ λ

dΦ(t)

dt
+ ω2

0Φ(t) ≈ 0, (2.57)

where ω0 is given by

ω0 = µ0γ

√

Heff
x (Heff

x + Ms). (2.58)

Eq. (2.58) is often referred as Kittel relation for thin films with in-plane

magnetization along ex, and ω0 is called as Kittel frequency [9].

Solving Eq. (2.57) using Φ(t) = Φ0e
iωt = |Φ0|ei(ωt+δ), then

ω2 − iλω − ω2
0 = 0,

ω =
i

τ
± ω0

√

1 − (ω0τ)−2, (2.59)

where τ is the characteristic relaxation time and can be related to the LL

relaxation rate as τ−1 = λ/2. In general, (ω0τ)−1 ≪ 1. Therefore,

Φ(t) ≈ Φ0e
iω0te−t/τ = |Φ0|ei(ω0t+δ)e−t/τ . (2.60)

Eq. (2.60) can also be rewritten as

Φ(t) ≈ φ0 + β0sin(ω0t + ϕ)e−t/τ . (2.61)

where φ0, β0, and ϕ are constants.

According to Eqs. (2.60) and (2.61), the magnetization angle Φ(t) con-

verges to the new equilibrium exponentially, with a characteristic decaying
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time given by 2/λ. The higher λ, the faster the alignment.

Linearized single-domain LLG model

Alternatively, we can use the magnetization unit-vector m = M/Ms to

rewrite the Landau-Lifshitz-Gilbert (LLG) equation, Eq. (2.19), as

dm

dt
= −µ0γ(m × Heff) + α(m × dm

dt
). (2.62)

For small-angle displacements about an equilibrium magnetization direction

along ex, as my ≪ 1, mz ≪ 1, and mx ≃ 1, we can obtain:

α(m × dm

dt
) ≈ αex × (ṁyey + ṁzez) =

[

0 α

−α 0

][

ṁz

ṁy

]

. (2.63)

Using Eqs. (2.46) and (2.63), and including the same demagnetization field

term as Eq. (2.49), we can rewrite Eq. (2.62) as

[

1 −α

α 1

][

ṁz

ṁy

]

≈







0 µ0γHeff
x

−µ0γ(Heff
x + Ms) 0







[

mz

my

]

+Heff
y

[

−µ0γ

0

]

+ Heff
z

[

0

µ0γ

]

, (2.64)

where Heff represents all other effective fields except demagnetization fields.

Eq. (2.64) can be further rewritten as

[

ṁz

ṁy

]

≈ (I − C)−1D

[

mz

my

]

+ (I − C)−1Heff
y

[

−µ0γ

0

]

+(I − C)−1Heff
z

[

0

µ0γ

]

, (2.65)

where

C =

[

0 α

−α 0

]

, (2.66)
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(I − C)−1 =

[

1 −α

α 1

]−1

=
1

1 + α2

[

1 α

−α 1

]

, (2.67)

D =

[

0 µ0γHeff
x

−µ0γ(Heff
x + Ms) 0

]

. (2.68)

Therefore,

(I − C)−1D =
1

1 + α2

[

−αµ0γ(Heff
x + Ms) µ0γHeff

x

−µ0γ(Heff
x + Ms) −αµ0γHeff

x

]

, (2.69)

(I − C)−1

[

−µ0γ

0

]

=
1

1 + α2

[

−µ0γ

αµ0γ

]

, (2.70)

(I − C)−1

[

0

µ0γ

]

=
1

1 + α2

[

αµ0γ

µ0γ

]

. (2.71)

As shown before, for a small damping value of α ≪ 1, we have:

αµ0γ ≈ λ

Ms
. (2.72)

Using Eq. (2.72), Eq. (2.65) and Eq. (2.50) are thus equivalent to each

other, which implies that the linearized single-domain LL model and LLG

model predict the same results for small-angle magnetization dynamics.

2.3.2 Two-particle dynamics

Now we can consider a bilayer system with the presence of two magnetic

moments: Ma = Ma
s a and Mb = M b

sb. The LLG equations for Ma and

Mb can be written by

da

dt
= −µ0γa(a × Heff

a ) + αa(a × da

dt
), (2.73)

db

dt
= −µ0γb(b × H

eff
b ) + αb(b × db

dt
). (2.74)

Uncoupled system
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In the case of uncoupled system, Ma and Mb are independent of each

other. Using the linearized LLG model, we can write:













ȧz

ȧy

ḃz

ḃy













≈ (I − C)−1D













az

ay

bz

by













+ (I − C)−1E













Heff
z,a

Heff
y,a

Heff
z,b

Heff
y,b













. (2.75)

Similar to single-domain dynamics, C, D, and E can be expressed by

C =













0 αa 0 0

−αa 0 0 0

0 0 0 αb

0 0 −αb 0













, (2.76)

D =













0 µ0γaH
eff
x,a 0 0

−µ0γa(H
eff
x,a + Ms,a) 0 0 0

0 0 0 µ0γbH
eff
x,b

0 0 −µ0γb(H
eff
x,b + Ms,b) 0













,

(2.77)

E =













0 −µ0γa 0 0

µ0γa 0 0 0

0 0 0 −µ0γb

0 0 µ0γb 0













. (2.78)

In addition, Heff
y,z is independent of ay,z and by,z.

Exchange-coupled system

When two ferromagnetic layers are exchange coupled to each other through

a non-magnetic interlayer, the exchange energy can be expressed with the

following Heisenberg form:

Eex = −Aexa · b, (2.79)
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where Aex is the exchange energy constant per unit surface area, in units

of J/m2. The sign of Aex is chosen so that it is positive (ferromagnetic

coupling) for an parallel coupled system and negative (antiferromagnetic

coupling) for an antiparallel coupled system. The exchange-coupling field

can thus be expressed as

Hex
a =

Aex

µ0Ms,ata
b ≈ Aex

µ0Ms,ata
(ex + byey + bzez), (2.80)

Hex
b =

Aex

µ0Ms,btb
a ≈ Aex

µ0Ms,btb
(ex + ayey + azez). (2.81)

Therefore,













Hex
z,a

Hex
y,a

Hex
z,b

Hex
y,b













≈















0 0 Aex

µ0Ms,ata
0

0 0 0 Aex

µ0Ms,ata
Aex

µ0Ms,btb
0 0 0

0 Aex

µ0Ms,btb
0 0



























az

ay

bz

by













. (2.82)

Assuming that no other exchange-coupling fields are present, Heff rep-

resents all other effective fields except the demagnetization fields and the

exchange-coupling fields, we can finally obtain:













ȧz

ȧy

ḃz

ḃy













≈ (I − C)−1(D + Dex + E · F )













az

ay

bz

by













+ (I − C)−1E













Heff
z,a

Heff
y,a

Heff
z,b

Heff
y,b













,

(2.83)

Where C, D, and E take the same expressions as shown in Eq. (2.74),

(2.75), and (2.76), respectively. Dex and F can be expressed by

Dex =















0 γaAex

Ms,ata
0 0

− γaAex

Ms,ata
0 0 0

0 0 0 γbAex

Ms,btb

0 0 − γbAex

Ms,btb
0















, (2.84)
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F =















0 0 Aex

µ0Ms,ata
0

0 0 0 Aex

µ0Ms,ata
Aex

µ0Ms,btb
0 0 0

0 Aex

µ0Ms,btb
0 0















. (2.85)

Dynamic exchange-coupled system

Recently, a long-range dynamic interaction between ferromagnetic films

separated by normal-metal spacers is reported, which is communicated by

nonequilibrium spin currents[10]. The effect is measured by ferromagnetic

resonance and can be understood by an adiabatic spin-pumping theory[11,

12, 13, 14], a reciprocal effect to spin momentum transfer or spin torque[15,

16, 17]. When both magnetic moments Ma and Mb are allowed to precess,

the LLG equations for Ma and Mb, Eqs. (2.73) and (2.74), will be expanded

to include the spin-pumping-induced spin torque term[10]:

da

dt
= −µ0γa(a × Heff

a ) + αa(a × da

dt
) + α

′

a[a × da

dt
− b × db

dt
], (2.86)

db

dt
= −µ0γb(b × H

eff
b ) + αb(b × db

dt
) + α

′

b[b × db

dt
− a × da

dt
], (2.87)

where α
′

a and α
′

b are the additional Gilbert damping constants arising from

spin pumping effect. The detailed derivation of spin pumping theory as well

as the expression of the additional Gilbert damping constant α
′

can be found

in a review paper by Tserkovnyak et al.[14], which will be briefly discussed

in sec. 2.4.3.

Including the dynamic exchange interaction into the two-particle dy-

namics, we can replace C by (C +Csp) appeared in Eqs. (2.75) and (2.83),

where Csp is equal to

Csp =













0 α
′

a 0 −α
′

a

−α
′

a 0 α
′

a 0

0 −α
′

b 0 α
′

b

α
′

b 0 −α
′

b 0













. (2.88)
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Linearized two-particle LL model

In the following analysis, we derive a linearized two-particle LL model

for an exchanged-coupled trilayer system.

We begin with Eq. (2.83), convert LLG damping constant α into LL

relaxation rate λ, and evaluate the matrix inversion analytically.

Using Eqs. (2.72) and (2.76), we can obtain:

(I − C)−1 ≈















1 λa

µ0γaMs,a
0 0

−λa

µ0γaMs,a
1 0 0

0 0 1 λb

µ0γbMs,b

0 0 −λb

µ0γbMs,b
1















. (2.89)

Using Eqs. (2.77), (2.78), (2.84), and (2.85), we can obtain:

D + Dex + E · F =












0 µ0γaH̃a 0 −µ0γaHex,a

−µ0γa(Ms,a + H̃a) 0 µ0γaHex,a 0

0 −µ0γbHex,b 0 µ0γbH̃b

µ0γbHex,b 0 −µ0γb(Ms,b + H̃b) 0













,(2.90)

where,

Hex,i =
Aex

µ0Ms,iti
, (2.91)

H̃i = Heff
x,i + Hex,i ≪ Ms,i. (2.92)

Using Eqs. (2.78), (2.89) and (2.90), we can finally rewrite Eq. (2.83)

and obtain the linearized two-particle LL model, written as













ȧz

ȧy

ḃz

ḃy













≈ A













az

ay

bz

by













+ B













Heff
z,a

Heff
y,a

Heff
z,b

Heff
y,b













, (2.93)
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where A and B can be expressed by

A ≈















−λa µ0γaH̃a
λa

Ms,a
Hex,a −µ0γaHex,a

−µ0γa(Ms,a + H̃a) − λa

Ms,a
H̃a µ0γaHex,a

λa

Ms,a
Hex,a

λb

Ms,b
Hex,b −µ0γbHex,b −λb µ0γbH̃b

µ0γbHex,b
λb

Ms,b
Hex,b −µ0γb(Ms,b + H̃b) − λb

Ms,b
H̃b















,

(2.94)

B ≈















λa

Ms,a
−µ0γa 0 0

µ0γa
λa

Ms,a
0 0

0 0 λb

Ms,b
−µ0γb

0 0 µ0γb
λb

Ms,b















. (2.95)

2.4 Microscopic mechanisms of intrinsic damping

As shown in Eq. (2.19), Gilbert implemented the damping parameter α

in the Landau-Lifshitz-Gilbert (LLG) equation in analogy to a Rayleigh

energy dissipation function based on thermodynamic principles. Damping

consists of intrinsic contributions, always present in a particular material,

and extrinsic contributions, which can be suppressed through control of

microstructure.

An experimental technique to separate intrinsic damping from extrinsic

damping is often referred as ferromagnetic resonance (FMR)[18], which will

be further described in sec. 3.2.1. Through the field-swept peak-to-peak

ferromagnetic resonance linewidth ∆H of variable-frequency in-plane FMR

measurements, damping constant α can be obtained by[18]

µ0∆H(ω) = µ0∆H0 +
2√
3

αω

γ
. (2.96)

As shown in Eq. (2.96), the ferromagnetic resonance linewidth broad-

ening comes from two different kinds of contributions. One is the inho-

mogeneous linewidth broadening, described by ∆H0, which is caused by

magnetic inhomogeneities in the sample. These inhomogeneities come from

microstructural defects and complex geometrical features in the sample and
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they can in principle be reduced. Damping arising from these contribu-

tions is thus called as extrinsic damping. The other kind of contributions

is the homogeneous linewidth broadening, which is proportional to resonant

frequency ω. The damping arising from these contributions are called as

intrinsic damping, described by the dimensionless damping constant α.

Many microscopic theories have been developed for the intrinsic damping

in metals. In pure metals, even in Ni where damping is best understood, the

picture afforded by prior FMR studies is still quite incomplete. In alloys,

there is no general theory, but some prior theories on magnetic impurities

in insulating garnets may be relevant. In heterostructures, a novel nonlocal

damping mechanism, referred as spin pumping, has been proposed recently,

where spin-polarized currents are pumped out of precessing layers and are

absorbed in adjacent layers, causing an additional damping. In the following,

we will describe briefly several relevant intrinsic damping mechanisms, with

the focus on the spin pumping mechanism.

2.4.1 Pure metals: spin-orbit damping

We start by describing the most fundamental relaxation process in metals,

present even in elemental single crystals, such as Fe, at low temperatures.

In formal considerations of damping, precession describes a spin wave with

infinite wavelength (uniform mode). These spin waves are quantized and

represented as magnons, bearing a single ±µB of spin moment. The number

of uniform-mode (q = 0) magnons excited determines, proportionally, the

precessional cone angles θ. Damping is the process where q = 0 magnons

are destroyed, closing the cone angle to zero.

Spin-orbit damping involves a scattering mechanism which conserves an-

gular momentum, crystal momentum, and energy in magnon annihilation[19,

20, 21, 22, 23]. The scattering process, posited by Kambersky[21, 23], which

is thought to give rise to damping is the absorption of a magnon by a one-

electron spin-flip acceleration. In general, this can be written as

Electron|k,
1

2
↑〉 + Magnon|q, ↓〉 → Electron|k + q,

1

2
↓〉. (2.97)
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In this process, total (spin) angular momentum and crystal momen-

tum are conserved. Energy conservation is more subtle. For a uniform

mode (q = 0) magnon, most important for FMR, an empty spin-down fi-

nal state with equal k must be available above the spin-up initial state by

~ω, the uniform mode magnon energy. However, the uniform magnon en-

ergy (~ω ≈ 4.1µeV/GHz × f) is far smaller than the exchange splitting

(∼1 eV) which separates similar spin-up and spin-down states. Some addi-

tional mechanism is required to allow scattering into states closer in energy.

The spin-orbit interaction enters here, coupling states of different spin close

in energy. Based on this mechanism, Heinrich has proposed the following

expression for the LLG relaxation rate G as[24]

G ≈ ~γ2〈S〉2ξ2(
1

2π
)3

∫

d3k
∑

α,β,σ

〈β|L+|α〉〈α|L−|β〉

×δ(Eα,k,σ − EF )
~/τM

(~ω + Eα,k,σ − Eβ,k+q,σ)2 + (~/τM )2
, (2.98)

where 〈S〉 is of order unity, ξ is the spin-orbit interaction parameter, α and

β describe different energy bands, indexed to local orbitals, σ is spin, and

τM is the momentum scattering time for electrons. τM contains the main

temperature dependence in Eq. (2.98), with τ−1
M ∝ T .

2.4.2 Doped metals: impurity relaxation

It has been known for some time that magnetic moments on impurity

sites can contribute strongly to ferromagnetic damping. Understanding

of the effect of rare-earth (RE) residual impurities was in fact one of the

steps which enabled low ferromagnetic resonance linewidths in yttrium-iron-

garnet (YIG) samples[25]. The impurity damping mechanism was a matter

of some debate during the 1960’s[26, 27, 28, 29], and a substantial literature

exists on the topic.

The primary experimental feature which motivated theoretical treat-

ments was an observed temperature peak in the damping, maximum near

nitrogen temperatures. There are two main impurity relaxation mechanisms:
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the slow-relaxing impurity mechanism and the fast-relaxing impurity mech-

anism. These two mechanisms posit relaxation which is mainly transverse

to m, and fast compared with the precession, or longitudinal to m, and slow

compared with the precession[25]. The phase lag between the precession of

the impurity moment (RE) and the host moment (TM) is predicted in both

slow- and fast-relaxing impurity models, but has never been evaluated or

observed directly.

2.4.3 Heterostrcutures: spin pumping

Recently, the spin pumping model has been proposed by Tserkovnyak et al.

as a novel mechanism for the nonlocal Gilbert damping in weakly excited

magnetic heterostructures[11, 12, 13, 14]. A moving ferromagnetic magneti-

zation emits spins into adjacent conductors, exerting a relaxation torque and

transferring an angular momentum out of the ferromagnet. The ejected spin

angular momentum can either scatter back, relax in a nonmagnetic spacer,

or be absorbed by a second ferromagnet. In the first case, the magnetization

dynamics are not affected; in the second case, the magnetization motion is

(nonlocally) damped by spin-flip scattering processes in the normal metal;

and in the last case, the two ferromagnets become coupled by an exchange

of itinerant spins, which may result in collective excitation modes[13]. The

spin-pumping concept has proven to be fruitful in the understanding of both

the nonlocal damping mechanism and dynamic exchange interaction in hy-

brid FM/NM systems. The nonlocal relaxation and coupling can be large

and even dominant compared with other mechanisms in ultrathin films, and

can be engineered by composition, geometry, and magnetic configuration of

hybrid F/N systems[13].

Enhanced damping in FM/NM systems

Consider a FM/NM bilayer shown in Fig. 2.3[13]. When the magnetiza-

tion starts precessing under the influence of an applied magnetic field, a spin

current I
pump
s is pumped out of the ferromagnetic layer (FM) into the non-

magnetic normal metal layer (NM). When the ferromagnetic film is thicker
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than its transverse spin-coherence length λsc, this current depends on the

complex-valued interfacial mixing conductance parameter g↑↓ = gr↑↓+ ig↑↓i

by[13, 14]

Ipump
s =

~

4π
(g↑↓r m × dm

dt
− g↑↓i

dm

dt
), (2.99)

where g↑↓i ≪ g↑↓r . In addition, the inverse mixing conductance has to be

corrected for the normal-metal Sharvin contribution:

1

g̃↑↓
=

1

g↑↓
− 1

2gSh
N

, (2.100)

where the tilde denotes the renormalized conductance, gSh
N = Sk2

F /4π is the

dimensionless Sharvin conductance (number of transport channels) of the

normal metal. Disregarding g̃↑↓i , Eq. (2.99) can thus be rewritten as

Ipump
s ≈ ~

4π
(g̃↑↓r m × dm

dt
). (2.101)

Figure 2.3: A simple illustration of spin pumping in a FM/NM bilayer[13].
Precession of the magnetization of the FM layer pumps spins into the adja-
cent NM layer by introducing a spin current I

pump
s . This leads to a position-

dependent buildup of spin accumulation in the NM layer which either relaxes
by spin-flip scattering or flows back into the FM layer as Iback

s .
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The total spin current, across the FM/NM interface also has a backflow

contribution Iback
s , in addition to the pumped current, Ipump

s . The total spin

transfer in the steady state can thus be written as

Is = Ipump
s − Iback

s , (2.102)

where Iback
s is governed by the spin accumulation at the interface and de-

pends on the properties of the adjacent normal metal layer. Implicity it

is:

Iback
s = βg̃↑↓r Is, (2.103)

with the backflow factor β defined as[14]

β =
τsfδsd/h

tanh(L/λsd)
, (2.104)

where τsf is the spin-flip scattering time, L is the thickness of the normal

metal, λ is the spin-flip diffusion length of the normal metal, and δsd denotes

the effective energy-level spacing of the states that participate in the spin-flip

scattering.

The spin current out of the ferromagnet carries angular momentum

perpendicular to the magnetization direction, corresponding to a torque

τ = −Is on the ferromagnet. Disregarding interfacial spin flips, this torque

is entirely transferred to the magnetization, which is described by a gener-

alized LLG equation as (in cgs units)

dm

dt
= −γ(m × Heff) + α0(m × dm

dt
) +

γ

MsV
Is, (2.105)

where V is the volume of the ferromagnet. Together with Eqs. (2.101)-

(2.103), Eq. (2.105) can be rewritten as

dm

dt
= −γ(m × Heff) + (α0 + α

′

)(m × dm

dt
), (2.106)

where, α
′

is the additional damping term originating from the energy dissi-

pation due to non-local damping processes at the F/N interface and depends
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directly on the renormalized mixing interfacial conductance g̃↑↓r , expressed

by

α
′

=
γ~

4πMsV

g̃↑↓r

1 + βg̃↑↓r

. (2.107)

The largest α
′

is observed when β → 0, which means, that all pumped spin

relax in the NM layer and the backflow Iback
s vanishes. This is the case for

a perfect spin sink.

For most normal metals with a low impurity concentration, the backflow

factor β can be estimated as[14]

β ≈ [g̃↑↓r

√
ǫtanh(L/λsd)]

−1. (2.108)

ǫ is the spin-flip probability of the normal metal, expressed by

ǫ =
τ

τsf
∝ Z4, (2.109)

where Z represents the atomic number. Eq. (2.107) can thus be rewritten

as

α
′

=
γ~

4πMstFM

g̃↑↓r S−1

1 + [
√

ǫtanh(L/λsd)]−1
, (2.110)

where tFM is the ferromagnetic layer thickness, and g̃↑↓r S−1 is the real part

of the normalized interfacial spin-mixing conductance parameter given in

units of m−2. Based on Eq. (2.110), the spin-pumping-induced damping

enhancement depends on the ferromagnetic layer thickness as well as the

choice of the adjacent normal metal layer.

Dynamic coupling in FM1/NM/FM2 systems

Consider a FM1/NM/FM2 trilayer structure shown in Fig. 2.4[13],

where the spin pumping causes qualitatively different effects in addition to

the ones described for FM/NM bilayer system. Assuming the spins of elec-

trons are transferred between the two ferromagnets ballistically, the total
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spin current pumped into the normal metal is given by[13]

Ipump
s ≈ ~

4π
(g̃↑↓r,1m1 × dm1

dt
+ g̃↑↓r,2m2 × dm2

dt
), (2.111)

where contributions come from both FM1/NM and NM/FM2 interfaces:

I
pump
s1 and I

pump
s2 .

Figure 2.4: A simple illustration of spin pumping in a FM1/NM/FM2 tri-
layer structure[13]. When both magnetization precess, spin currents I

pump
s1

and I
pump
s2 are pumped into the NM layer, which leads to a total pumped

spin current I
pump
s . The spin-dependent chemical-potential imbalance in

NM layer causes the backflow of spin currents Iback
s1 and Iback

s2 , which leads
to a total backflow of spin currents Iback

s .

In a collinear configuration, the spin accumulation µs induced by the

spin pumping is perpendicular to the magnetizations, which simplifies the

expression for the bias-driven spin current to

Iback
s =

g̃↑↓r,1 + g̃↑↓r,2

4π
µs. (2.112)
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A steady state is established when the two spin currents cancel each other:

Iback
s = I

pump
s . The spin accumulation is then given by

µs =
4π

g̃↑↓r,1 + g̃↑↓r,2

Ipump
s . (2.113)

In general, Is,2 = −Is,1 by the conservation of angular momentum. How-

ever, the net spin current Is,i = I
pump
s,i − Iback

s,i across a single interface does

not vanish and can be expressed by

Is,i ≈
~

4π

g̃↑↓r,1g̃
↑↓
r,2

g̃↑↓r,1 + g̃↑↓r,2

(mi ×
dmi

dt
− mj ×

dmj

dt
). (2.114)

Using Eqs. (2.105) and (2.114), when both magnetizations are allowed to

precess, the LLG equation can thus be expanded to include the spin torque

as (in cgs units)[10]

dmi

dt
= −γi(mi ×Heff,i) + α0

i (mi ×
dmi

dt
) + α

′

i(mi ×
dmi

dt
−mj ×

dmj

dt
),

(2.115)

where the additional damping α
′

i can be expressed by

α
′

i =
γi~

4πMs,iVi

g̃↑↓r,1g̃
↑↓
r,2

g̃↑↓r,1 + g̃↑↓r,2

. (2.116)

Therefore, a long-ranged dynamic exchange interaction exists between

two ferromagnetic films coupled via normal metals. Precessing magneti-

zations feel each other through the spacer by exchanging nonequilibrium

spin currents[10]. When the resonance frequencies of the ferromagnetic lay-

ers differ, their motion remains asynchronous and net spin currents persist.

However, when the ferromagnets have identical resonance frequencies, the

coupling quickly synchronizes their motion and equalizes the spin currents.

Since these spin currents flow in opposite directions, the net flow across

both FM1/NM and NM/FM2 interfaces vanishes in this case, and the life-

time of the arising collective motion is limited only by the intrinsic local

damping[10].
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Chapter 3

Experimental Technique

In this chapter, we present the details of several relevant experimental tech-

niques for investigating static and dynamic magnetic properties of ferromag-

netic thin films and heterostructures. A special focus will be given on the

x-ray magnetic circular dichroism (XMCD) and the ferromagnetic resonance

(FMR) techniques.

3.1 Static magnetic property characterization

Some of the most sensitive techniques to measure the global magnetic re-

sponse of a sample to external magnetic fields are vibrating sample mag-

netometry (VSM), superconducting quantum interference device (SQUID)

magnetometry and alternating gradient force magnetometry (AGFM). There

are also some other techniques for investigating the local magnetic proper-

ties of materials on microscopic or nanoscopic scales, including magneto-

optical Kerr effect (MOKE) spectroscopy, x-ray magnetic circular dichroism

(XMCD) spectroscopy and magnetic force microscopy (MFM). Here, we

discuss the details of VSM, MOKE and XMCD techniques.

3.1.1 Vibrating sample magnetometry (VSM)

Vibrating sample magnetometry (VSM), first developed in 1956 by Simon

Foner[30], has become a widely used instrument for determining the mag-
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netic properties of materials.

Fig. 3.1 shows the diagram of the homemade VSM setup in our lab. In

this setup, the sample is attached to the end of a rod, centered in a pair of

pick-up coils between the poles of a Fe core electromagnet. The other end of

rod is fixed to a loudspeaker cone (mechanical vibrator). Driven through an

audio power amplifier, the loudspeaker cone vibrates the rod and the sample

sinusoidally. A magnetic flux change is thus induced in the pick-up coils, and

the coils will pick up a voltage corresponding to the flux change according to

Faraday Laws of magnetic induction. The pick-up voltage is proportional to

the magnetization of the sample. The greater the magnetization, the greater

the induced pick-up voltage.

The pick-up voltage is detected using lock-in amplification. The applied

magnetic field produced by the Fe core electromagnets is directly measured

using a Gauss probe. The various components are hooked to a computer

interface, and the system can thus be controlled and monitored by a vi-

sual basic program. With calibration using a specimen of known saturation

magnetization Ms, the value of the magnetization of the sample is extracted

as a function of the applied magnetic field, called as a hysteresis loop. By

measuring the hysteresis loops along both easy and hard axes of the sample

using VSM, we can obtain a great deal of information about the magnetic

properties of the sample, including the coercivity field Hc and the saturation

magnetization Ms.

3.1.2 Magneto-optical Kerr effect (MOKE) spectroscopy

Magneto-optical Kerr effect (MOKE) is the optical phenomenon by which

the polarization of light changes in a magnetization-dependent way when

reflected from a magnetic material. By measuring the polarization of a re-

flected laser beam, magneto-optical Kerr effect (MOKE) spectroscopy pro-

vides information on the magnetic state of a material.

Fig. 3.2 shows the experimental layout of the homemade longitudinal

MOKE spectroscopy setup in our lab. In the longitudinal mode MOKE,

the magnetization Ms is in the plane of the film surface and parallel to the
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Lock-in amplifier

Gaussmeter

signal in sine out

Power out

Loudspeaker

DC magnet

Sample

Pick-up coils

Figure 3.1: A block diagram of the VSM setup. Vibration of a magnetic
sample will induce a magnetic flux change in the pick-up coils, which will
generate a voltage in the coils. The induced voltage is proportional to the
magnetic moment of the sample.
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plane of the optical incidence. The sample sits on a sample holder with a

Gauss probe attached to its back. External magnetic field, generated by

a magnet with coils around and measured by the Gauss probe, is directed

parallel to the surface of the sample. Incident light from the laser goes

through a polarizer, a photoelastic modulator (PEM), reflects at an angle

from the reflection surface of the sample and not normal to it, then goes

through another polarizer called the analyzer, and finally arrives at a pho-

todiode detector. The polarizer and the analyzer only allow light polarized

at a specific angle to pass through. The reflected light intensity reading

from the photodiode detector is filtered through a lock-in amplifier, which

guarantees that only reflected light with the state of polarization modulated

at a fixed frequency set by the PEM is detected. The various components

are hooked to a computer interface, and the system can thus be controlled

and monitored by a visual basic program.

S

Photodiode detector

Polarizer

PEM

Polarizer

Laser

Magnetic coils

Figure 3.2: A block diagram of the MOKE setup. MOKE is the optical
phenomenon by which the polarization of light changes in a magnetization-
dependent way when reflected from a magnetic material.
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Kerr effect can occur for radiation incident in either the P-plane (elec-

trical field E parallel to the plane of the incidence) or the S-plane (electrical

field E perpendicular to the plane of the incidence). Linear polarized light

itself can be considered as a combination of left- and right-handed circularly

polarized light. Left- and right-handed circularly polarized light beams have

different reflection coefficients for a ferromagnetic material, with the differ-

ence being dependent on the magnetization. Linearly polarized light, inci-

dent in either of those linearly polarized state (s-polarized or p-polarized),

will thus experience a rotation in its polarization axis (Kerr rotation) and

will gain an ellipticity (Kerr ellipticity) upon reflection from such a ferromag-

netic sample. The magnitude of the Kerr rotation is directly proportional to

the magnetization of the sample[31]. Therefore, by measuring the reflected

light intensity as a function of external magnetic field using MOKE, easy

and hard hysteresis loops can be obtained for the sample. Coercivity field

Hc can be extracted from easy-axis loop and anisotropy field Hk can be

estimated from the hard-axis loop.

3.1.3 X-ray magnetic circular dichroism (XMCD) spectroscopy

X-ray magnetic circular dichroism (XMCD) spectroscopy is a relatively new

technique that probes atomic magnetic properties utilizing the absorption of

circularly polarized x-rays. Different from traditional magnetic characteri-

zation methods such as VSM and MOKE, XMCD offers the great advantage

of elemental specificity. In addition, XMCD provides direct and independent

measurement of spin and orbital magnetic moments (mspin and morb).

The concept of XMCD was first proposed by Erskine and Stern in

1975[32] when they calculated the core-to-valence resonance absorption spec-

tra of circularly polarized light as a function of Ni magnetization. The ex-

perimental demonstration of XMCD spectroscopy was pioneered by Schütz

et al. in 1987[33]. The general XMCD theory was recently developed by

Thole et al.[34] and Carra et al.[35], which allowed direct and quantita-

tive measurements of ground state orbital and spin magnetic moments with

XMCD.
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Principle of XMCD

Fig. 3.3 shows a simple illustration of the principle of XMCD, where

XMCD can be understood most easily as a two-step process[36]. In the first

step, 2p core level (L edge) acts as a source for electrons with spin polarized

along the direction of x-ray polarization. The L edge is split into L3 and

L2 due to strong spin-orbit coupling, where L3 and L2 absorption edges

correspond to opposite electron spin orientations (l± s), with different total

angular momentum (2p1/2 and 2p3/2), respectively. Circularly polarized x-

rays are used to trigger core-to-valence (2p → 3d) excitation of the atom.

Right-handed and left-handed polarized x-rays can transfer +~ or −~ of

angular momentum, respectively, to the excited photoelectrons originating

from these states; some part of the angular momentum can be transferred to

the spin through the spin-orbit interaction. At the L3 edge, since l and s are

parallel, right-handed polarized light generates mostly electrons with spin

along the polarization axis; at the L2 edge, where l and s are antiparallel,

right-handed polarized light produces more electrons with spin opposite to

the polarization direction.

The magnetization dependence arises in the second step due to the spin-

split electronic 3d states in 3d ferromagnets. X-ray absorption does not

occur unless a final state is available for the photoelectron. Furthermore,

selection rules require ∆m = −1 for the excitation induced by left-handed

polarized photoelectrons, and ∆m = +1 for the excitation induced by right-

handed polarized photoelectrons. The imbalance in the spin-up and spin-

down moments in the 3d valance band electrons thus leads to a difference in

the absorption of left- and right-handed polarized photoelectrons, which is

called magnetic circular dichroism. Typical x-ray absorption spectra (XAS)

and the corresponding magnetic circular dichroism (MCD) spectra are also

plotted in Fig. 3.3 as a function of the photon energy. Absorption differences

are clearly seen in both the L3 and the L2 edges, which lead to the dichroism,

opposite in sign, at the L3 and the L2 edges.

By tuning the photon energy to the absorption edges of the core-to-

valance transitions for individual elements, XMCD peaks can provide element-
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Figure 3.3: A simple illustration of the principle of x-ray magnetic circular
dichroism (XMCD)[36]. Left: circularly polarized x-rays are absorbed in
core-to-valance transitions; the absorption energy (for L2,3 transitions here)
provides elemental resolution. Right: typical x-ray absorption spectra(XAS)
and the corresponding magnetic circular dichroism (MCD) spectra are plot-
ted as a function of photon energy; the helicity dependence of the absorption
(dichroism) provides an element-specific measure of magnetization. Using
sum rules analysis, the spin and orbital moments can be obtained separately
from linear combinations of areas A and B, which are the integrals of the
MCD spectra at L3 and L2 edges.

specific measure of magnetization. Furthermore, using sum rules analysis[34,

35], element-specific spin and orbital moments can be determined quantita-

tively and separately from linear combinations of areas A and B, which are

the integrals of the MCD spectra at L3 and L2 edges. Details of sum rules

analysis will be further discussed in sec. 4.1.3. With these features, XMCD

becomes an ideal tool for identifying the magnetism from different atoms

present in magnetic alloys and multilayer structures.

Detection of XMCD

In XMCD technique, circularly polarized soft x-rays are delivered to a
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magnetic thin flim sample, where the soft x-ray absorption spectra (XAS) are

obtained by measuring the photon flux transmitted through or reflected from

the sample using a x-ray sensitive photodiode. For XMCD measurements,

a magnetic field is applied in the sample plane, where the XMCD data

are taken by alternating between two opposite directions of a saturation

electromagnetic field at each photon energy level. If there is a nonzero

spin or orbital moment in the valance band, these two absorption spectra

obtained by magnetization switching will be different from each other, where

the difference is the MCD spectrum. MCD spectra can also be obtained from

the absorption difference on helicity switching.

XMCD measurements can be taken in both total electron yield (TEY)

mode and transmission mode. The static experimental characterization of

elemental spin and orbital moments using transmission-mode XMCD is the

subject of chapter 4 of this thesis, where the XMCD measurements were

carried at the Beamline line U4B of the National Synchrotron Light Source

(NSLS), Brookhaven National Laboratory.

3.2 Magnetization dynamics investigation

Different techniques are used to investigate magnetization dynamics. They

can generally be classified into techniques on the frequency domain and

techniques on the time domain. The frequency-domain techniques, such as

ferromagnetic resonance (FMR) and Brillouin light scattering (BLS), follow

the magnetization dynamics by measuring the frequencies of the coherent

magnetization precession based on spectroscopic principle. The time-domain

techniques are generally based on the stroboscopic principle with the pump-

probe scheme, such as pulsed inductive microwave magnetometry (PIMM),

time-resolved magneto-optical Kerr effect (TR-MOKE), time-resolved pho-

toelectron emission spectroscopy (TR-PEES), time-resolved x-ray magnetic

circular dichroism (TR-XMCD) and time-resolved second harmonic genera-

tion (TR-SHG). Time-domain techniques address the question of how fast a

nonequilibrium magnetization relaxes. Here, we discuss the details of FMR,

PIMM, TR-MOKE and TR-XMCD.
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3.2.1 Ferromagnetic resonance (FMR)

Ferromagnetic resonance (FMR) is an effect based on exciting the uniform

mode of magnetization precession in the microwave frequency range in a

forced and resonant way, where the Gilbert damping in each period of the

precession is compensated by absorption of external microwave energy to

maintain a constant precessional amplitude.

FMR technique was developed in 1940s by Griffiths[37] and Kittel[38]. In

FMR technique, a static external bias field HB is applied to define the initial

direction of the magnetization. The magnetization equilibrium state is then

changed by applying a weak, radio-frequency (RF) alternating magnetic field

Hrf (t) = Hrfeiωt perpendicular to the direction of HB , where |Hrf | ≪
|HB |. The magnetization precesses in the effective magnetic field and the

resonant absorption takes place when the microwave frequency ω equals the

magnetization precession frequency ωp. In field-swept FMR, the resonant

absorption spectrum is featured by a Lorentzian-shape absorption line that

is centered around a resonance field Hres, with a finite linewidth ∆H. The

power absorption is proportional to the imaginary part of the magnetic

susceptibility χ
′′

of the sample[18].

Assuming small-angle magnetization motion, the resonant frequency ωp

can be given by Kittel formula, determined from linearized LL or LLG equa-

tion as shown in sec. 2.3.1. For out-of-plane FMR measurement[9]:

ωp ≈ µ0γ(Hres − Ms), (3.1)

where surface anisotropy field is neglected. For in-plane FMR measurement[9]:

ωp ≈ µ0γ
√

(Hres + Hk + Ms)(Hres + Hk), (3.2)

where Hk denotes the in-plane anisotropy field.

The FMR linewidth ∆H of the Lorentzian-shape absorption line, given

by the microwave losses, can be correlated with the dimensionless Gilbert

damping constant α by[18]

∆H =
αω

µ0γ
. (3.3)
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Conventional cavity-based FMR

Conventional cavity-based FMR spectrometer is a device measuring the

absorbed RF power by a magnetic sample in a microwave cavity. Fig. 3.4

shows the diagram of the conventional cavity-based FMR setup in our lab.

The cavity operates in the TE01n mode, which has the rf electrical field

circulating about the cavity’s long axis and the rf magnetic field radially

symmetric and covering both of the flat end-walls[39, 40]. For 10 GHz

cavity operation, a Wiltron RF sweep generator generates a microwave with

frequency adjustable between 8 and 12.4 GHz, which travels down an E&M

Laboratory waveguide which is operational between 8.2 and 12.4 GHz. The

rf power is coupled into the cavity through a small hole in the upper end wall

of the cavity, which is located about halfway between the cavity axis and the

cavity wall. Some of the energy is absorbed by the sample and the cavity

wall. The reflected rf power is directed by a 10 dB microwave directional

coupler to a negative-type diode crystal detector for FMR signal detection.

A frequency sweep with zero applied field is always performed before each

FMR measurement to find the exact operation frequency for the cavity.

The external DC applied field is supplied by a pair of Fe electromagnets,

where the field strength is measured by a Gauss probe. In order to empha-

size the small variations of the diode voltage due to the sample absorption,

the applied field is modulated at a low frequency in the range of 100−200 Hz

by a pair of Helmholtz coils attached to the pole pieces of the Fe electromag-

nets. A lock-in amplifier is used to detect and amplify the corresponding

AC component of the diode voltage. By sweeping the applied magnetic field

H, the measured FMR signal using the lock-in amplifier detection is propor-

tional to the field derivative dχ
′′

/dH. The resonance field Hres corresponds

to the zero crossing of dχ
′′

/dH. The FMR peak-to-peak linewidth ∆Hpp

is given by the field interval between the extrema of dχ
′′

/dH, and can be

related to the dimensionless Gilbert damping constant α by[18]

∆Hpp ≈ 2√
3

αω

µ0γ
. (3.4)
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Figure 3.4: A block diagram of the conventional cavity-based FMR setup,
which measures the absorbed RF power by a magnetic sample in a microwave
cavity. The resonant frequency of the cavity used here is around 10 GHz.

In this conventional cavity-based FMR setup, the Fe electromagnets can

be rotated up to 180◦ to provide out-of-plane angular dependent FMR mea-

surement. Furthermore, the sample mounting stage in the resonant cavity

can also be rotated through a manipulator, which can provide in-plane an-

gular dependent FMR measurement, from which the anisotropy constant

can be extracted.

Broadband CPW-based FMR

Using a coplanar waveguide (CPW) instead of the microwave cavity,

broadband CPW-based FMR spectrometer is useful for variable-frequency

FMR measurements, which can separate the extrinsic and intrinsic contribu-

tions of broadened FMR linewidth and then determine the intrinsic Gilbert

damping[18].

Fig. 3.5 shows the top view of the broadband CPW-based FMR setup

in our lab[41]. The ferromagnetic thin film sample is placed film side down
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onto the top of the center of the CPW, with a thin layer of photoresist

spin coated onto the film to prevent it from shorting the CPW. The CPW,

placed inside a pair of Fe electromagnets, is lithographically fabricated on the

GaAs substrates with 250 nm Cu deposited on the top. A Wiltron RF sweep

generator is used to generate low-power microwave at the frequency range

of 10 MHz−40 GHz, which is delivered to the sample through the CPW.

Some of the rf energy will be absorbed by the sample and the CPW. The

transmitted rf power is detected by a microwave detector with operational

range of 0.01−18 GHz.

RF Source 

Lock-in Amplifier 

Gaussmeter
RF diode

DC magnet

 CPW

Sample

Signal in Sine out

rf output

Modulation coils

output

AC Power Supply

Figure 3.5: A block diagram of the broadband CPW-based FMR setup,
which uses a coplanar waveguide (CPW) instead of a microwave cavity[41].
The setup used here can measure FMR at the frequency range of 10 MHz−40
GHz.

The external DC applied field, generated by the pair of Fe electromagnets
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and measured by a Gauss probe, is weakly modulated at a low frequency

in the range of 100−200 Hz by a pair of Helmholtz coils attached to the

pole pieces of the electromagnets. The AC component of the rf detector

voltage is detected using a lock-in amplifier. Field-swept FMR can thus be

measured with the signal proportional to the field derivative dχ
′′

/dH. The

resonance field Hres corresponds to the zero crossing of dχ
′′

/dH and the

FMR peak-to-peak linewidth ∆Hpp is given by the field interval between

the extrema of dχ
′′

/dH. By tuning to different microwave frequency ω,

variable-frequency FMR can be measured. Furthermore, ∆Hpp(ω) can be

related to the dimensionless Gilbert damping constant α by[18]

∆Hpp(ω) = ∆H0 +
2√
3

αω

µ0γ
. (3.5)

3.2.2 Pulsed inductive microwave magnetometry (PIMM)

Pulsed inductive microwave magnetometry (PIMM) is an inductive tech-

nique for the measurement of ultrafast magnetic phenomena in ferromag-

netic thin films, which was developed by Silva et al. in 1999[42]. Inno-

vations in this technique include modern high-speed sampling technology,

lithographic waveguide fabrication, and digital signal processing[42, 43].

Fig. 3.6 shows the diagram of PIMM setup in our lab[41]. The magnetic

thin film sample, coated with photoresist as an insulating layer, is placed

film side down onto the top of the center of the CPW with the easy axis

along the longitudinal direction of the CPW. The CPW is connected in

transmission between a fast step pulse generator and a high-speed sampling

digitizing oscilloscope. 10 V pulses with 45 ps risetime and duration of 10 ns,

generated by the step pulse generator, is delivered to the CPW to produce

a weak pulsed fringing field transverse to the film easy axis. The sampling

oscilloscope has an 18 GHz bandwidth, a maximum trigger signal of 2V,

and a jitter time of less than 2 ps rms. With the sampling time interval less

than 8 ps, 4096 sampled waveforms is averaged to reduce any possible noise

effect during the PIMM measurement.

A DC bias field up to 80 Oe generated by a pair of Helmholtz coils is
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Figure 3.6: A block diagram of the PIMM setup, including fast step pulse
generator, high-speed sampling oscilloscope, orthogonal magnet subsystem,
and coplanar waveguide with sample on the top[41].

applied along the film easy axis. A saturation field of ∼110 Oe generated by

another pair of Helmholtz coils is applied transverse to the film easy axis.

A reference waveform with the transverse field on was obtained in which no

dynamic activity occurs. This waveform is subtracted from another acquired

ones with the transverse field off, allowing the observation of precessional

effects. With this method, the inductive voltage signal Vind is proportional to

dM/dt and thus proportional to dΦ/dt for small-angle precession, where M

is the component of magnetization transverse to the longitudinal direction

of the CPW, and Φ is the precessional angle[42].

Therefore, the measured inductive voltage signals can be fitted to the

exponentially decaying sinusoidal function as shown in Eq. (2.61). Both

the precessional frequency fp = ωp/2π and the LL relaxation time λ = 2/τ

can be determined from the fitting. In addition to time-domain fitting, the

PIMM data can be transformed to the frequency domain by a fast Fourier

transform. Frequency spectra yields the peaks which are not apparent from

the time-domain fitting, and the peak features of the magnetization preces-

sion are thus identified.
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3.2.3 Time-resolved magneto-optical Kerr effect (TR-MOKE)

Time-resolved magneto-optical Kerr effect (TR-MOKE) is a time-domain

technique to investigate magnetization relaxation dynamics relying on stro-

boscopic measurement of the magneto-optical Kerr effect (MOKE) with a

pump-probe scheme. The pulse train from a short pulse laser is split into

two beams, where the “pump” beam is used to drive the sample’s magneti-

zation out of its equilibrium while the “probe” beam detects the response of

the magnetization. Time-domain measurements can be performed through

controlling the difference in the optical paths of the pump and probe beam,

where the relative time arrival of the two beams can be varied using an

optical delay line.

In TR-MOKE technique, various pump methods can be used to launch

the magnetization dynamics, including pumping with laser-triggered mag-

netic field pulse[44, 45] and pumping with direct laser heating[46, 47]. In

the magnetic field pump scheme, the magnetic field pulse can be generated

though laser pulse triggering a semiconducting photoswitch or an electronic

pulse generator[44]. Besides using the laser to trigger a current pulse in

lithographically patterned transmission line, the magnetic field pulse pump-

ing process can also be achieved for ferromagnetic layers on semiconductors

through laser excitation of the “built-in” Schottky diode, to generate a local

in-plane magnetic field transient circulating about the pump beam spot[45].

In the all-optical pump-probe scheme, a femtosecond intense laser excitation

is always used, where an ultrafast demagnetization happened immediately

after the absorption of the pump pulse, followed by a coherent precession of

magnetization on the 100 ps timescale[47]. In both schemes, the interaction

of probe beam with the sample’s magnetization, the magneto-optical Kerr

effect (MOKE), is used to monitor sample’s magnetization dynamics.

The experimental observation of enhanced damping in FM/NM bilayers

using all-optical pump-probe TR-MOKE is the subject of chapter 6 of this

thesis, where the TR-MOKE measurements were carried at the Ultrafast

Laser Lab in the Pittsburgh Research Center of Seagate Technology.
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3.2.4 Time-resolved x-ray magnetic circular dichroism (TR-

XMCD)

Several synchrotron-based x-ray techniques have been developed for study-

ing magnetism, but very few have been applied so far to magnetization

dynamics studies. In fact, synchrotron radiation has two properties that are

particularly attractive for these investigations: energy tunability and time

structure. The first property allows measurements in resonant conditions at

an absorption edge of each of the magnetic elements constituting the probed

sample, and the latter allows time-resolved measurements on subnanosecond

timescales.

Time-resolved x-ray magnetic circular dichroism (TR-XMCD) is a pow-

erful synchrotron-based x-ray technique for investigating element-selective

magnetization dynamics of ferromagnetic thin film samples, where the x-ray

magnetic circular dichroism (XMCD) is used to reveal the magnetic contrast

between the contributions to the total magnetization of the different atoms

of a complex sample and between the spin and orbital components.

The time resolution of the TR-XMCD measurements is achieved using a

pump-probe scheme, where the magnetic precession can be excited by fast

magnetic pulses or continuous-wave (CW) low-power microwaves(pump),

synchronized with the x-ray photon pulses (probe). With different pump

methods, the TR-XMCD measurements can be carried at reflection or trans-

mission mode[48]. Due to the element specificity of XMCD, element- and

layer-resolved magnetization dynamics can be observed directly by the TR-

XMCD technique with high temporal and spatial resolutions.

The experimental measurements of element- and layer-resolved magne-

tization dynamics using the TR-XMCD technique in both reflection and

transmission modes are the subject of chapter 5 of this thesis, where the

TR-XMCD measurements were carried at Beamline 4-ID-C of the Advanced

Photon Source (APS), Argonne National Laboratory.
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Chapter 4

Element-specific Moment

Characterization by

Transmission-mode X-ray

Magnetic Circular Dichroism

4.1 Introduction

4.1.1 Motivation

Rare-earth dopants for enhanced damping

Ni81Fe19 is a ferromagnetic alloy with excellent soft ferromagnetic prop-

erties, such as small anisotropy, small magnetostriction, low coercivity, high

permeability, and high saturation magnetization. Permalloy can thus pro-

vide excellent writing performance and has been widely used throughout the

magnetic information storage industry for recording heads for more than 40

years[49, 50]. When the data rates approach 1 GHz and above, faster switch-

ing time is required, and strategies to control the magnetization dynamics

in ferromagnetic thin films thus become a more pressing need.

Dilute concentrations of rare-earth (RE) dopant atoms can be used to

increase the damping of the precession in Ni81Fe19, speeding the return of
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magnetization to equilibrium[51, 52]. Terbium (Tb, 0-10%) has been shown

to provide roughly two orders of magnitude of enhancement in α, from

0.006≤ α ≤0.7[51]. The contributed damping has been found to be general

for lanthanide dopants Sm-Ho, with effectiveness scaling roughly with the

nominal orbital moment 〈LRE〉 of the dopant 4f shell[52]. Consistent with

this idea, and with early measurements of FMR linewidth in RE-substituted

YIG[26, 28], Gd dopants have shown no significant effect on damping.

Direct evidence has not been available previously to link RE impurity

magnetization states to precessional damping, either in YIG or in modern

thin-film magnetic systems. The rare-earth magnetization is usually ap-

proximated as that of an isolated 4f shell, occupied as 4fZ−57, where Z is

the atomic number of the RE impurity; spin, orbital, and total moments

are calculated using Hund’s rules. This approach yields moments which

agree well with experimental moments except for metallic lanthanides near

Eu[53]. Further measurement of magnetic character of RE impurity in a

metallic alloy is therefore worthwhile, and transmission-mode XMCD is an

ideally suited technique for this purpose.

In the first part of this chapter, we present our static transmission-mode

XMCD characterization of Fe, Ni, and Tb moment alignment in Tb-doped

Ni81Fe19 thin films, which has been published in [54]. A very low projected

Tb moment at 6% doping level, which nonetheless reverses with low applied

fields (40 Oe), indicates a sperimagnetic alignment with respect to the Fe

and Ni elements in the cosputtered polycrystalline alloy.

Reduced damping in Fe1−xVx

The Fe1−xVx binary alloy system is unique among metallic ferromag-

nets. Of the three ferromagnetic (FM) - paramagnetic (PM) alloys whose

moments adhere to the Slater-Pauling curve[8], only Fe1−xVx features a

strongly polarizable PM constituent. V impurity moments are sizeable,

∼1.0 µB/atom at small V concentrations, and oriented antiparallel to the

Fe host moments by Hund’s third rule[55, 56]. Cu impurities in Co or Ni

possess moments an order of magnitude smaller and parallel to those of the

host. Element-specific magnetism in the Fe1−xVx system has been studied
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over the years by neutron scattering[55, 57, 58, 59, 60, 61] and ab-initio

calculations[56, 62, 63, 64, 65], with inconsistent results.

Recently, we have found that Fe1−xVx has the lowest Gilbert damping

of any known metallic ferromagnet, to G = 35 MHz, 40% lower than that

known for pure Fe[66]. Low damping is beneficial for a host of applications in

modern spin electronics, from efficient operation in spin momentum transfer

(SMT) magnetic random access memory (SMT-MRAM)[17], to proposed

novel devices such as the spin torque transistor (STT)[67], to longstand-

ing devices such as integrated, tunable notch filters[68, 69]. Questions of

element-specific moments in the alloy gain new technological relevance.

Resolution of spin and orbital components of element-specific moments

is particularly relevant to understand the low Gilbert damping seen in

Fe1−xVx. A longstanding model by Kambersky[21, 23] relates the Gilbert

relaxation rate G to the effective spectroscopic splitting g-factor as

G ∝ (geff − 2)2, (4.1)

where geff is related directly to the spin and orbital moments in the system

as[70, 71, 72]
morb

mspin

∼= 1

2
(geff − 2). (4.2)

Based on Eqs. (4.1) and (4.2), G is related to the balance of spin and orbital

moments in the system, and zero damping is predicted for pure-spin type

moments. In Fe1−xVx, the balance of moments begins with a small orbital

component (∼10% of total) in Fe; its variation with increasing x in Fe1−xVx

is not well known. While we have addressed this interpretation through

species-averaged FMR-measured gyromagnetic ratios geff , finding nearly

constant values over the x range of interest[66], the role of the elemental

moments of Fe and V in reducing G is still not clear.

Transmission-mode XMCD is an ideally suited technique to answer these

questions. In Fe, Ni, and Co, element-specific orbital and spin moments

can be resolved through dichroism at L2,3 edges using sum rules[34, 35]. In

naturally paramagnetic elements, such as V and Cu, the orbital moment sum
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rule for induced moments is known to hold to good approximation generally;

however, the spin moment sum rule is more complicated for light elements,

such as V, due to the presence of strong core-hole correlation effects[73, 74].

In the second part of this chapter, we present our static transmission-

mode XMCD measurements of Fe and V at the L2,3 edges in polycrystalline

Fe1−xVx(5 nm) samples over the range of 0≤x≤0.15. Using sum rules, we

find a linear reduction of Fe moment as a function of increasing V con-

centration, which is compared with previous reported neutron scattering

measurements[55, 57, 58, 59, 60, 61] and ab initio calculations[62, 63, 64, 65].

In addition, we find that orbital-to-spin moment ratios for Fe are nearly un-

changed over the measured range. An overall picture for element-specific

spin and orbital moments of Fe and V in the alloy is discussed with re-

spect to known magnetization and geff data. An article[75] on this part is

submitted.

4.1.2 Transmission-mode XMCD

X-ray magnetic circular dichroism (XMCD) is an ideal technique to char-

acterize the element-specific magnetic character of ferromagnetic materials,

especially in separating orbital and spin moments on different elements in

a multicomponent material. The decomposition of the total magnetic mo-

ment of a multicomponent, heteromagnetic system into the orbital and spin

moment contributions of each element would be a tremendous advance in

further understanding the mechanisms underlying technologically important

aspects of multilayer and alloy magnetic materials. More details about the

basic principle of XMCD can be found in sec. 3.1.3.

Total electron yield (TEY) XMCD has been used previously to confirm

the nominal orbital-to-spin moment ratios of Tb and Gd dopants[76] using

sum rules. However, total projected moments could not be extracted by

TEY, as is typical, due to the surface-sensitivity of the measurement and

possible influence of an oxidized surface.

Transmission-mode XMCD[77] is known to be a superior technique for

quantitative extraction of total element-specific moments due to its minimal
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influence from surface oxidized layers (critical for RE species), its absence

of yield saturation effects and absence of field-induced background drift.

4.1.3 XMCD sum rules

The XMCD sum rules are derived under the assumptions of electrical dipole

transitions in a multi-electron atom or ion, with a partially filled valence

shell, placed in an arbitrary crystal-field symmetry; the initial state config-

uration at ln, where n is the number of electrons occupying the l subshell;

and the final state configuration at (cln+1), where c denotes the angular

momentum of the core hole. The core subshell is assumed to be full in the

ground state. XMCD determines the orbital and spin angular momenta of

the ln ground state. The core hole state is assumed to be spin-orbit splitting.

The quantitative magneto-optical sum rule for core-to-valence excitation

was developed by Thole et al.[34] and Carra et al.[35], where the ground-

state orbital and spin contributions to the total magnetic moments can be

separated. The ground-state expectation value of the orbital angular mo-

mentum per hole, 〈Lz〉, is related to an experimental measurable quantity

ρ by[34]

ρ =

∫

j++j−
dω(µ+ − µ−)

∫

j++j−
dω(µ+ + µ− + µ0)

=
1

2

l(l + 1) + 2 − c(c + 1)

l(l + 1)(4l + 2 − n)
〈Lz〉, (4.3)

where j± indicates spin-orbit coupling of the core hole (c ± 1/2), µ±(ω) is

the linear absorption coefficient of the circularly polarized (q = ±1) x-ray,

µ0(ω) is the absorption coefficient for the linearly polarized (q = 0) x-ray.

Furthermore, a measurable quantity δ is defined from the spin-orbit splitting

of the core shell, and is related to the ground-state spin momentum 〈Sz〉 and
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magnetic diple 〈Tz〉 expectation values by[35]

δ =

∫

j+
dω(µ+ − µ−) − [(c + 1)/c]

∫

j−
dω(µ+ − µ−)

∫

j++j−
dω(µ+ + µ− + µ0)

=
l(l + 1) − 2 − c(c + 1)

3c(4l + 2 − n)
〈Sz〉

+
l(l + 1)[l(l + 1) + 2c(c + 1) + 4] − 3(c − 1)2(c + 2)2

6lc(l + 1)(4l + 2 − n)
〈Tz〉, (4.4)

where the expectation value of the magnetic dipole operator 〈Tz〉 provides

a measure of the anisotropy of the field of the spins when the atomic cloud

is distorted, either by the spin-orbit interaction or by crystal-field effects.

Using 〈Lz〉 and 〈Sz〉 from XMCD sum rules, the orbital moment morb

and the spin moment mspin are thus obtained by (in units of µB/atom)

morb = −〈Lz〉, (4.5)

mspin = −2〈Sz〉, (4.6)

where the negative signs comes from the negative charge of the electron.

The total magnetic moment mtotal can then be expressed as

mtotal = morb + mspin = −〈Lz〉 + 2〈Sz〉. (4.7)

For the case of 2p → 3d transitions (L2,3 edges) when considering the

magnetic properties of 3d transition metals (e.g., Fe, Ni), l = 2 (d orbital

angular momentum) and c = 1 (p orbital angular momentum), morb and

mspin can thus be written as[34, 35]

morb = −
4
∫

L3+L2
dω(µ+ − µ−)

3
∫

L3+L2
dω(µ+ + µ−)

(10 − n3d), (4.8)
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mspin = −
6
∫

L3
dω(µ+ − µ−) − 4

∫

L3+L2
dω(µ+ − µ−)

∫

L3+L2
dω(µ+ + µ−)

×(10 − n3d)(1 +
7〈Tz〉
2〈Sz〉

)−1, (4.9)

where n3d is the 3d electron occupation number of the specific transition

metal atom. The L3 and L2 denote the integration range. In these equations,

we have replaced µ0(ω) by [µ+(ω) + µ−(ω)]/2[77].

For the case of 3d → 4f transitions (M4,5 edges) when considering the

magnetic properties of 4f rare-earth elements (e.g., Tb), l = 3 (f orbital

angular momentum) and c = 2 (d orbital angular momentum), morb and

mspin can thus be written as[34, 35]

morb = −
2
∫

M5+M4
dω(µ+ − µ−)

∫

M5+M4
dω(µ+ + µ−)

(14 − n4f ), (4.10)

mspin = −
5
∫

M5
dω(µ+ − µ−) − 3

∫

M5+M4
dω(µ+ − µ−)

∫

M5+M4
dω(µ+ + µ−)

×(14 − n4f )(1 + 3
〈Tz〉
〈Sz〉

)−1, (4.11)

where n4f is the 4f electron occupation number of the specific rare-earth

atom. The M5 and M4 denote the integration range. In these equations, we

have also replaced µ0(ω) by [µ+(ω) + µ−(ω)]/2[77].

4.2 Experiment

4.2.1 Samples

Two different types of samples were investigated in the study: Tb-doped

Ni81Fe19 thin film samples and ultrathin Fe1−xVx samples.

Polycrystalline Tb-doped Ni81Fe19 (100 nm) thin film samples, with dop-

ing level 0% and 6%, were grown onto commercially available, supported

semitransparent Si3Ni4 membrane windows (7.5 mm square and 100 nm
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thick) using UHV magnetron cosputtering from Ni81Fe19 alloy and elemen-

tal Tb targets under an applied field of 20 Oe and at a base pressure of

10−9 torr. All these films were capped with a thermally evaporated 3 nm

Au layer to prevent oxidation.

Polycrystalline ultrathin Fe1−xVx (5 nm) samples, with doping levels

of 0%, 5%, and 15%, were deposited onto commercially available, sup-

ported semitransparent Si3Ni4 membrane windows (1.0 mm square and 75

nm thick), by using UHV magnetron cosputtering from elemental Fe and V

targets at a base pressure of 4×10−9 Torr. All these films were grown with

a 5 nm Ti seed and a 2 nm Ti cap layer to improve growth and prevent

oxidation, respectively.

During cosputtering, atomic fluxes of each sputtering source to the sub-

strate, operating separately, were calibrated using a quartz crystal monitor,

located in front of the substrate position, immediately prior to film deposi-

tion. Rates for each alloy composition were subsequently calibrated using

ex-situ profilometry and the atomic force microscopy (AFM).

4.2.2 Transmission-XMCD characterization

Both Tb-doped Ni81Fe19 thin film samples and ultrathin Fe1−xVx samples

were characterized using transmission-mode XMCD, where the measure-

ments were carried at the Beamline U4B of the National Synchrotron Light

Source (NSLS), Brookhaven National Laboratory. Photon incidence was

fixed at 45◦ with respect to the sample normal. The samples were mounted

with magnetic easy axis along the applied field directions. The transmitted

intensity was read at a soft x-ray sensitive photodiode and normalized to an

incident intensity at a reference grid.

For Tb-doped Ni81Fe19 thin film samples, the XMCD data were taken for

fixed circular photon helicity, 70% polarization, with pulsed magnetization

switching (H ≈ ±40 Oe) at the sample. For ultrathin Fe1−xVx samples, the

XMCD data were taken in remanence (held at zero field) for fixed circu-

lar photon helicity, 70% polarization, with pulsed magnetization switching

(H ≈ ±280 Oe) at the sample.
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U4B at NSLS does not have the capability to reverse the photon helicity

in a simple way, which prevents the collection of all four combinations of

positive and negative field and helicity which would be optimal to avoid

the presence of XMCD artifacts. Therefore, transmission-mode XMCD

measurements with H + (M+) measured first and H − (M−) measured

second were averaged with measurements taken in reversed order (“duplex

mode”), to correct for any drift in the monochromator which may lead to

derivative-like artifacts in XMCD. XMCD measurements were divided by the

factor 0.70 cos 45◦ to correct for non-grazing incidence and incomplete cir-

cular polarization. Background spectra IS(ω)[77] from the bare membranes,

Si3N4(membrane)/Au(3 nm) for Tb-doped Ni81Fe19 thin film samples and

Si3N4(membrane)/Ti(7 nm) for ultrathin Fe1−xVx samples, were recorded

for each energy interval and applied in the background subtraction.

4.3 Transmission-mode XMCD measurements of

Tb-doped Ni81Fe19

4.3.1 Element-specific spin and orbital moments in Tb-doped

Ni81Fe19

Selected results of transmission-XMCD characterization of the local magne-

tization states on Fe, Ni, and Tb in polycrystalline Tb-doped Ni81Fe19 thin

films are shown in Figs. 4.1−4.3. Data analysis needed for the transmission

spectra have followed the method of Chen et al.[77].

The MCD spectra, µ+(ω)−µ−(ω), and the summed XAS spectra, µ+(ω)+

µ−(ω), and their integrals for Fe and Ni in the undoped Ni81Fe19 thin film,

are shown in Fig. 4.1 and Fig. 4.2. The MCD and summed XAS spectra

and their integrals for Tb in the 6% Tb-doped Ni81Fe19 thin film is shown

in Fig. 4.3. Compared with the MCD and summed XAS spectra obtained

in TEY mode[76], higher-quality spectra are obtained here, especially for Fe

and Ni.

The Tb MCD spectra obtained here (Fig. 4.3), which shows a net pos-

itive peak at M5 with a smaller negative peak on the low energy side and
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Figure 4.1: L2,3-edge transmission XAS and MCD spectra of iron at undoped
Ni81Fe19 thin film: (a) summed XAS spectra and its integration; (b) MCD
spectra and its integration.
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Figure 4.2: L2,3-edge transmission XAS and MCD spectra of nickel at un-
doped Ni81Fe19 thin film: (a) summed XAS spectra and its integration; (b)
MCD spectra and its integration.
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a small disturbance at M4, is consistent with elemental Tb MCD spectra

found by G. van der Laan et al.[78].

In Figs. 4.1−4.3, q denotes the integral of MCD spectra for the whole

range of L3 + L2 or M5 + M4; p denotes the integral of MCD spectra for

the L3 or M5 edge alone; r denotes the integral of summed XAS spectra

above background, for the whole range of L3 +L2 or M5 +M4. As shown in

the summed XAS spectra, a simple no-free-parameter two-step-like function

was adopted for removing the L3 and L2 edge jumps in order to obtain the

r values[77]. The thresholds for the two-step-like function were set to the

peak positions of the L3 and L2 white lines. The height of the L3 (L2) step

was set to 2/3 (1/3) of the average intensity of the last 10 eV of the summed

XAS spectra, according to its quantum degeneracy, 2j + 1. The r values

were found to be quite sensitive to the details of the two-step-like function

and the photon energy resolution.

Using q, p and r values to replace the integrals appeared in Eqs. (4.8)

and (4.9), orbital and spin moments at the L2,3 edges of 3d transition metals

(e.g. Fe and Ni) are given by sum rules as[34, 35]

morb =
−4q(10 − n3d)

3r
, (4.12)

mspin =
−(6p − 4q)(10 − n3d)

r
, (4.13)

where the 〈Tz〉/〈Sz〉 terms, very small for 3d transition metals, are neglected.

Similarly, using q, p and r values to replace the integrals appeared in

Eqs. (4.10) and (4.11), orbital and spin moments at the at the M4,5 edges

of rare-earths (e.g. Tb) are given by sum rules as[34, 35]

morb =
−2q(14 − n4f )

r
, (4.14)

mspin =
−(5p − 3q)(14 − n4f )

r
(1 + 3

〈Tz〉
〈Sz〉

)−1. (4.15)
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Fe(0%) Fe(6%) Ni(0%) Ni(6%) Tb(6%)

〈morb〉/〈mspin〉 0.05 0.02 0.08 0.014 0.54
〈morb〉 (µB/atom) 0.08 0.01 0.06 0.002 0.06
〈mspin〉 (µB/atom) 1.78 0.51 0.73 0.15 0.11
〈mtotal〉 (µB/atom) 1.86 0.52 0.79 0.15 0.17

Table 4.1: Projected orbital and spin magnetic moments of Fe, Ni in the
undoped Ni81Fe19 thin film (0%) and those of Fe, Ni and Tb in the 6%
Tb-doped Ni81Fe19 thin film (6%). For Fe and Ni, the experimental error
bars of the XMCD results are estimated to be 5% for morb/mspin, and 10%
for morb and mspin. For Tb, the experimental error bars are estimated to
be 40% for morb/mspin, and 50% for mspin and morb.

Therefore, the orbit-to-spin moment ratios of Fe and Ni are given by

morb

mspin
=

2q

9p − 6q
, (4.16)

and the orbit-to-spin moment ratio of Tb is given by

morb

mspin
=

2q

5p − 3q
(1 + 3

〈Tz〉
〈Sz〉

). (4.17)

For Tb, according to atomic calculations done by Jo et al.[79], 〈Tz〉/〈Sz〉
= -0.08. For n3d, we used elemental values of 6.5 for Fe and 8.5 for Ni. For

n4f , we used elemental value of 8 for Tb according to 4fZ−57. Thus, we can

determine the morb to mspin ratios, as well as the individual morb and mspin

values for Fe, Ni and Tb. Results are listed in Table 4.1.

4.3.2 Discussion

As shown in Table 4.1, we find morb/mspin estimates of 0.05 for Fe, 0.08 for

Ni, in the undoped Ni81Fe19 thin film; and of 0.54 for Tb in the 6% Tb-doped

Ni81Fe19 thin film. These values are in good agreement with those found

for elemental Fe and Ni thin films. The Tb result is close to the Hund’s

value of 0.5; difference can be attributed to the uncertain value of 〈Tz〉/〈Sz〉
in the alloy. We measure absolute spin moments of 1.78 µB/atom for Fe

and 0.73 µB/atom for Ni in the undoped case. In the 6% doped film, these
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values are reduced to roughly 25% of their undoped values, attributable to

the inability to saturate the material at 40 Oe. The degree of alignment of

Tb is far smaller, reaching only roughly 8% (0.11 µB/atom for spin moment)

that of Fe, Ni at 6% doping level. However, for Tb, the total moment is

only 2% of its ideal saturated level of 9.0 µB/atom[8].

Low levels of dichroism and low projected moment, observed on ran-

domly distributed Tb dopants in polycrystalline Ni81Fe19 can be interpreted

as an accurate reflection of a small averaged projected moment from Tb sites

in the alloy. Based on the experimental results of the low projected Tb mo-

ment, which nonetheless reverses with low applied fields, the ground state

of the alloy thus appears to be sperimagnetic[80] with a strong dispersion

angle of Tb moments, nonetheless aligned net antiparallel to Fe and Ni mo-

ments. Much higher applied fields (to several Tesla) will be necessary to

test whether saturation moments of Tb can be observed.

4.4 Transmission-mode XMCD measurements of

Fe1−xVx

4.4.1 Element-specific spin and orbital moments in Fe1−xVx

Fig. 4.4 shows Fe XMCD hysteresis loops for Fe1−xVx ultrathin films,

where Fe XMCD hysteresis loops were taken by setting the photon energy

to the L3 peak of Fe at 707.2 eV. The ratios of remanence-to-saturation

field (Mr/Ms) are estimated to be 0.65 for pure Fe, 0.92 for Fe0.95V0.05, and

0.73 for Fe0.85V0.15. The remanent fraction has an estimated error of ∼5%.

XMCD spectra were taken in remanence, so these ratios will be used as

calibration factors for calculation of Fe orbital and spin moments by means

of sum rules.

Including the calibration factor due to the in-remanence detection mode

into sum rules[34, 35] for transition metals (e.g. Fe and V), Eqs. (4.12) and

(4.13) can be rewritten as

morb =
−4q(10 − n3d)

3r
× Ms

Mr
, (4.18)
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Figure 4.4: Fe XMCD hysteresis loops for pure Fe (top), Fe0.95V0.05 (mid-
dle), and Fe0.85V0.15 (bottom) ultrathin films.
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mspin =
−(6p − 4q)(10 − n3d)

r
× Ms

Mr
, (4.19)

where Mr/Ms is the calibration factor due to the in-remanence detection

mode, obtained from the Fe XMCD hysteresis loops.

Fig. 4.5 shows the L2,3-edge MCD and summed XAS spectra of V and

their integrations calculated from the spectra for the Fe0.85V0.15 ultrathin

film. The branching ratio of the summed XAS spectra of V is close to 1:1

due to the presence of a strong electron core-hole interaction[73], similar to

that of the previous reported XAS spectra of V in the disordered Fe0.90V0.10

alloy measured by TEY-mode XMCD[81]. The L2,3 edges of V XAS spectra

partially overlap due to the small spin-orbit splitting (∼6.8 eV) of the core

states, which also leads to a complicated shape of the V dichroism. Contrary

to the Fe dichroism in the same sample shown in Fig. 4.8, the V dichroism

reveals a positive onset at the L3 edge and a negative intensity at the L2

edge, which indicates an antiparallel alignment between Fe and V moments,

in agreement with previous experiments[55, 81, 82].

Assuming a value of n3d = 3.56 for V[81], we apply sum rules[34, 35]

to the V XMCD spectra to determine the projected orbital (mV
orb) and

spin (mV
spin) moment values for V element. We find the induced V im-

purity moment in the Fe0.85V0.15 ultrathin film is composed of an orbital

part of 0.06±0.03µB/atom and an antiparallel aligned spin part of 2.5±1.7

µB/atom, with the experimental uncertainty estimated by taking p, q, and

r integrals over slightly different portions of the pre-edge and post-edge re-

gions. The experimental error bars of the application of sum rules to the

V XMCD spectra come primarily from the ambiguity of the p position, due

to the presence of a small spin-orbit splitting (∼6.8 eV) and a strong elec-

tron core-hole interaction which leads to apparent overlap of the L3 and L2

edges[73]. The observed V impurity moment (mV ), calculated by Eq. (4.22),

is larger than the value of -0.18µB/atom determined by TEY-mode XMCD

for a disordered Fe0.90V0.10 alloy[81]. The error bar of mV only catches the

edge of the value of -0.82µB/atom determined by polarized neutron diffuse

scattering for a polycrystalline Fe1−xVx sample with x = 0.15[55]. We be-

lieve that the discrepancy illustrates the difficulties in applying the spin sum
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Figure 4.5: L2,3-edge transmission XAS and MCD spectra of V in Fe0.85V0.15

ultrathin film: summed XAS spectra and its integral (top); MCD spectra
and its integral (bottom). The ambiguity of the p position are due to the
presence of a small spin-orbit splitting (∼6.8 eV) and a strong electron core-
hole interaction.
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pure Fe Fe0.95V0.05 Fe0.85V0.15

mFe
orb/m

Fe
spin 0.055 0.049 0.051

mFe
orb (µB/atom) 0.088 0.076 0.073

mFe
spin (µB/atom) 1.60 1.55 1.44

mFe (µB/atom) 1.69 1.63 1.51

Table 4.2: Projected orbital (mFe
orb) and spin (mFe

spin) magnetic moments of
Fe element in pure Fe, Fe0.95V0.05, and Fe0.85V0.15 ultrathin films, as well as
orbital to spin moment ratios (mFe

orb/ mFe
spin) and total projected Fe moment

of mFe = mFe
orb + mFe

spin. The experimental error bars are estimated to be

5% for mFe
orb/m

Fe
spin and 10% for mFe

orb and mFe
spin.

rule for L2,3 edges of early 3d elements[73, 74].

Figs. 4.6−4.8 show the L2,3-edge MCD and summed XAS spectra of Fe

and their integrations calculated from the spectra for each of the Fe1−xVx

samples. Assuming a value of n3d = 6.6 for Fe[77, 83], we apply sum

rules[34, 35] to the Fe XMCD spectra to determine the projected orbital

to spin moment ratios (mFe
orb/m

Fe
spin), as well as the individual projected or-

bital (mFe
orb) and spin (mFe

spin) moment values for Fe element. Results are

listed in Table 4.2, where the experimental error bars are estimated to be

5% for mFe
orb/m

Fe
spin and 10% for mFe

orb and mFe
spin.

4.4.2 Discussion

As shown in Table 4.2, the total projected Fe moment (mFe, calculated by

Eq. (4.21)) estimates are found to be 1.69µB/atom for pure Fe, 1.65µB/atom

for Fe0.95V0.05, and 1.51µB/atom for Fe0.85V0.15. The observed Fe moment

value for 5 nm pure Fe is smaller by ∼0.5µB/atom than the reported value

of ∼2.2µB/atom for bulk Fe[8]. We attribute this to reduced Fe moments

due to intermixing in the Ti seed and cap layer[83].

The estimates of Fe moment assume a constant number of d-holes (10−
n3d) for Fe in the Fe1−xVx alloy series. Using this assumption, we find

a linear decrease of Fe moments with increasing V concentration over the

measured range of 0≤x≤0.15, with the rate of ∼0.012µB per %V (∼1.2µB

per V atom).
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Figure 4.6: L2,3-edge transmission XAS and MCD spectra of Fe in pure Fe
ultrathin film: summed XAS spectra and its integral (top); MCD spectra
and its integral (bottom).
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Figure 4.7: L2,3-edge transmission XAS and MCD spectra of Fe in
Fe0.95V0.05 ultrathin film: summed XAS spectra and its integral (top); MCD
spectra and its integral (bottom).
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Figure 4.8: L2,3-edge transmission XAS and MCD spectra of Fe in
Fe0.85V0.15 ultrathin film: summed XAS spectra and its integral (top); MCD
spectra and its integral (bottom).
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In Table 4.3, we list composition-dependent estimates of Fe moment

change (∆mFe) and total moment change (∆mtotal) in Fe1−xVx alloys for V

composition up to 30%, with ∆mFe and ∆mtotal in the units of µB per atom

V. Data are taken from our transmission-mode XMCD measurements and

collected from the literature, including experimental and theoretical values

from the various techniques[55, 57, 58, 59, 60, 61, 62, 63, 64, 65]. The total

moment estimates of Fe1−xVx can be calculated by the following equations:

mtotal = (1 − x) × mFe + x × mV , (4.20)

mFe = mFe
orb + mFe

spin, (4.21)

mV = mV
orb − mV

spin, (4.22)

where the relative alignment of the orbital and spin moment of Fe and V

obeys Hund’s third rule. The negative sign of mV appeared in Table II

indicates an antiparallel alignment between Fe and V moments. As shown

in Table 4.3, the estimated reduction in Fe moments (∼1.2µB per V atom)

from our transmission-mode XMCD is on the highest end of the range pre-

dicted by ab-initio calculations[62, 63, 65] and reported in previous neutron

scattering measurements[55, 57, 58, 59, 60, 61].

Including the compositional dependence of Fe moment into Eq. (4.20)

and ignoring the second-order term, the total moment of Fe1−xVx alloy can

be approximated by

mtotal ≈ mFe
0 − [mFe

0 − ∆mFe − mV ] × x, (4.23)

where mFe
0 denotes Fe moment value for pure Fe. Assuming that mFe

0 ≈
2.23µB/atom in Eq. (4.23), the estimated Fe moment reduction of ∼1.2µB

per V atom would seem to imply that mV ≈ +0.14µB/atom, when recon-

ciled with previously reported magnetization data of mtotal ≈ (2.23−3.29×
x)µB/atom for Fe1−xVx alloys[84]. This value of mV is inconsistent with

Hund’s third rule, which predicts V impurity moments to be oriented an-

tiparallel to the Fe host moments. If instead one assumes an estimated V
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technique x ∆mFe ∆mtotal

neutron diffraction[57, 58, 59] dilute limit -0.10
unpolarized neutron scattering[60, 61] 0.06 -0.3±0.6 -2.76

0.10 -0.4±0.3 -2.84
0.15 -1.1±0.2 -2.16
0.21 -1.5±0.2 -1.75

polarized neutron scattering[55] 0.06 0.4±0.4 -3.35
0.10 0.1±0.3 -3.30
0.15 -0.2±0.3 -3.00
0.21 -0.4±0.2 -2.89

transmission-mode XMCD 0.05 -1.2
0.15 -1.2

CPA calculations[62] dilute limit -0.18
Green-function method[63] dilute limit -0.21

0.10 -0.40 -3.70
0.20 -0.95 -3.40
0.30 -1.5 -3.57

Lloyd’s formula[64] dilute limit -3.37
first-principles DV method[65] dilute limit -0.36

Table 4.3: Compositional dependence of Fe moment change(∆mFe) and to-
tal moment change(∆mtotal) in Fe1−xVx alloys, with ∆mFe and ∆mtotal in
the units of µB per atom V. Data are taken from our transmission-mode
XMCD measurements and collected from the literature, including experi-
mental and theoretical values from the various techniques.
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impurity moment value of -1.0 µB/atom[55, 56] in Eq. (4.23), only a small

Fe moment reduction of ∼0.06µB per V atom would be needed in order to

match previously reported magnetization data for Fe1−xVx alloys[84]. We

regard the latter interpretation as more sensible due to the absence of data

for compositional-dependent d-hole numbers of Fe in the alloy.

It is well known that the orbital-to-spin moment ratio (morb/mspin) is

more easily derived from XMCD. Using sum rules, we have determined the

mFe
orb/m

Fe
spin estimates as 0.055 for pure Fe, 0.049 for Fe0.95V0.05, and 0.051

for Fe0.85V0.15, as shown in Table 4.2. These values agree within a constant

value of 0.049 ± 0.005. In a two-sublattice model[63, 85, 86], the species-

averaged orbital-to-spin moment ratios (morb/mspin) for the entire Fe1−xVx

films can be obtained by

morb

mspin

∼= (1 − x) × mFe
orb + x × mV

orb

(1 − x) × mFe
spin − x × mV

spin

, (4.24)

where the orbital moments of Fe and V are oriented parallel but the spin

moments are aligned antiparallel, confirmed by the orbital sum rules and

the opposite sign of L3 onsets for Fe and V XMCD spectra in the sample.

Furthermore, the orbital-to-spin moment ratios (morb/mspin) can be related

to the effective g-factor (geff ) using Eq. (4.2), rewritten as

geff
∼= 2 × (1 +

morb

mspin
). (4.25)

Based on Eqs. (4.24) and (4.25), using the previous reported magnetization

data for Fe1−xVx alloys[84], the observed orbital-to-spin moment ratio of

0.049 ± 0.005 for Fe, and assuming mFe
0 ≈ 2.23µB/atom and zero orbital

moment (pure spin) on V sites, the estimates of geff for the entire Fe1−xVx

films can be approximated by

geff ≈ 2 × [1 +
0.10 × (1 − x)

(2.23 − 3.29 × x) − 0.10 × (1 − x)
]. (4.26)

Based on Eq. (4.26), the estimates of geff are calculated up to x = 0.40 and

plotted in Fig. 4.9 as a function of V doping concentration x. The previous
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reported geff values for the entire epitaxial Fe1−xVx films (8nm and 50nm,

respectively) by FMR[66] are also included for comparison. As shown in

Fig. 4.9, geff increases very slowly with increasing V doping concentration

x over the small concentrations of 0≤x≤0.20 but increases more rapidly at

higher concentrations up to x = 0.40, in reasonable agreement with those

found by FMR[66] within experimental error. This increasing trend in the

change of geff as a function of x confirms that the very low Gilbert damping

attained through the introduction of V into epitaxial Fe1−xVx films found

by FMR[66] does not result from the reduction of orbital moment content

in the alloy.

2.3
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2.1

2.0

g ef
f

0.50.40.30.20.10.0
x

 Two-sublattice model
 FMR (50 nm)
 FMR (8 nm)

Figure 4.9: Compositional dependence of spectroscopic splitting g-factor
(geff ) for the entire Fe1−xVx(5 nm) ultrathin films determined in a two-
sublattice model. Previous reported g-factor values for the entire epitaxial
Fe1−xVx films (8nm and 50nm, respectively) by FMR are included for com-
parison.

We summarize the picture of the Fe-V system which emerges from our

XMCD measurements. We find nearly constant morb/mspin values on Fe

(∼0.049, over the measured range of 0≤x≤0.15 in the Fe1−xVx alloys) and

nearly pure-spin type V impurity moment (∼1.0 µB/atom, antiparallel to

the Fe host moment). This picture is consistent with known magnetization
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and geff data within a two-sublattice model. For total Fe moment analy-

sis from XMCD, however, yields a linear reduction of Fe moment with V

addition (by ∼1.2µB per V atom) which is unphysical; we regard it as an

artifact resulting from the assumption of constant n3d for Fe in the Fe1−xVx

alloy series. The results confirm that the very low Gilbert damping found

in epitaxial Fe1−xVx films by FMR does not result from the reduction of

orbital moment content in the alloy.

4.5 Conclusion

Transmission-mode XMCD technique has been used to characterize two dif-

ferent types of samples, Tb-doped Ni81Fe19 thin film samples and ultrathin

Fe1−xVx samples.

For polycrystalline Tb-doped Ni81Fe19 thin film samples, greatly im-

proved Fe and Ni XMCD spectra are obtained compared with TEY-mode

XMCD data, but a similarly low level of Tb dichroism with identically

shaped spectra. The low projected Tb moment, which nonetheless reverses

with low applied fields, indicates a sperimagnetic alignment with respect to

the Fe and Ni elements in the cosputtered polycrystalline alloy.

For polycrystalline ultrathin Fe1−xVx samples over the range of 0≤x≤0.15,

element-specific orbital, spin, and total magnetic moments have been esti-

mated for Fe and V using sum rules analysis. Salient results are nearly

constant morb/mspin values on Fe (∼0.049, over the measured range of

0≤x≤0.15 in the Fe1−xVx alloys) and nearly pure-spin type V impurity

moment (∼1.0 µB/atom, antiparallel to the Fe host moment). Data are

found to be compatible with known magnetization behavior as well as spec-

troscopic splitting g-factor data in the alloy by means of a two-sublattice

model. The results confirm that the very low Gilbert damping, attained

through the introduction of V into epitaxial Fe1−xVx films and found by

FMR, does not result from the reduction of orbital moment content in the

alloy.
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Chapter 5

Element- and Layer-resolved

Magnetization Dynamics by

Time-resolved X-ray

Magnetic Circular Dichroism

5.1 Introduction

The dynamic properties of soft ferromagnets (FM) play an obviously im-

portant role in determining the characteristics of many modern magneto-

electronic devices, from giant magneto-resistive (GMR) read heads in hard

disk drives to magnetic tunnel junctions and other advanced “spintronic”

devices[3, 87]. Precessional dynamics at 1-10 GHz determines the high-speed

response of ferromagnetic heterostructures, and present a fundamental limit

to increasing data rates in magnetic information storage[88, 89]. FM ma-

terials in such structures are often complex, multilayer systems comprised

of metallic alloys and other compounds, in which sophisticated materials-

based techniques are used to control precessional frequencies and ferromag-

netic relaxation (damping). Furthermore, the interplay between the var-

ious layers, or between elemental moments in a single layer, can have a
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dramatic effect on the high-speed response. It is also the motivation for

developing new measurement techniques that can separate the dynamic be-

havior of these complex structures in a layer-by-layer or element-by-element

basis[47, 90, 91, 92, 93, 94, 95, 96, 97].

Ferromagnetic relaxation (damping), an inevitable phenomena in mag-

netization dynamics, is the physical process through which precessional mag-

netization motion comes to a stop. Unfortunately, even on the most funda-

mental level, a clear picture of the microscopic origins of damping did not

emerge from prior experiments. It has been predicted that ferromagnetic

damping arises from a phase lag between two different moments in preces-

sion: spin and orbital moments for pure metals, impurity and host moments

for alloys, and moments confined to layers for heterostructures. However,

it is a big challenge to directly observe these precessional phase lags due

to the requirement of extremely high temporal resolution (up to picosec-

ond and even femtosecond). Therefore, in order to understand the relevant

microscopic damping mechanisms in metallic ferromagnets (as discussed in

sec. 2.4), a new measurement technique with high magnetic sensitivity and

high temporal resolution should be developed to look inside the underlying

magnetization dynamics.

Element- and layer-resolved magnetization dynamics become accessible

through time-resolved x-ray magnetic circular dichroism (TR-XMCD), a

powerful x-ray based time-domain optical technique. In 2004, Bailey et al.

published first research on precessional dynamics of elemental moments in

a ferromagnetic alloy of Ni81Fe19, where coupled precession of Ni and Fe

moments was verified with a point time resolution of 90 ps FWHM using

pump-probe TR-XMCD in reflectivity[90]. In this technique, fast rise/fall-

time magnetic field pulses, delivered through a coplanar waveguide (CPW)

near the magnetic film, was used to excite magnetization precession of the

sample, where XMCD was measured in reflectivity at grazing incidence.

With this configuration, large-angle free magnetization precession was ob-

served, analogous to the motion which is excited in the pulsed inductive

microwave magnetometry (PIMM)[43]. We further extended the utility

of this technique for measuring layer-resolved precessional dynamics in a
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Ni81Fe19/Cu/Co93Zr7 trilayer structure[48].

While the technique was useful for demonstrating the feasibility of TR-

XMCD, several limitations became apparent. First, reflectivity-mode XMCD

is very sensitive to film roughness. Second, data quality of reflectivity

XMCD is much worse than that of transmission-mode XMCD[54, 77]. In

the second and main part of this chapter, we developed a new technique,

resonant-field transmission-mode TR-XMCD, for element- and layer-resolved

magnetooptical measurement of driven ferromagnetic resonance (FMR) pre-

cession with improved resolution. Several different types of thin films sam-

ples were investigated using this new technique.

Resonant-field transmission-mode TR-XMCD technique, which combines

the strengths of FMR with TR-XMCD, provides extremely precise deter-

minations of both the amplitude and phase of precessional motion during

driven FMR oscillations. Precession cone angles are measured down to 0.1◦

while the relative phase lag can be resolved down to 2 − 5 ps (2◦ − 6◦ at

2.3 GHz). The determination of small cone angles is enabled by the high

magnetic contrast provided by transmission geometry of XMCD, which is

the soft x-ray analog of Faraday rotation. Improved temporal resolution is

achieved using phase-locked continuous-wave (CW) microwaves as an ex-

citation source, suppressing the effects of timing jitter present in pulsed

experiments. Motional and phase resolutions are an order of magnitude

better than we achieved with pulsed-field reflectivity-mode TR-XMCD.

The high temporal and rotational sensitivity of this new technique al-

lows us to examine several aspects of magnetization precession and FMR.

First, a general feature of driven resonant motion is an expected maximum

in amplitude and 180◦ difference in phase as the driving frequency ω (or al-

ternatively, the applied magnetic bias field HB) passes through the resonant

frequency ω0 (Hres). This behavior has been verified by the new technique,

compared with in-situ microwave absorption[98]. Second, as XMCD pro-

vides element selectivity to the measurement of precessional motion, the

response from different FM elements can be separated in the thin film sam-

ples. In case where the magnetic moments from these elements are bound

strongly together, as is the case, for example, with the strong exchange
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interaction within a FM alloy such as Ni81Fe19, the Ni and Fe moments

are found to be locked together in phase and amplitude within the instru-

mental resolution[98]. In cases where these elemental moments are bound

more weakly, for example, in magnetic trilayers consisting of two FM layers

separated by a nonmagnetic (NM) spacer, the new technique allows us to

determine extremely weak coupling between the layers[99]. In intermediate

case, such as direct coupling of dissimilar magnetic materials across a com-

mon interface, the new technique reveals a frequency dependent phase shift

that develops between the layers[100].

In this chapter, we describe our development of the time-resolved x-ray

magnetic circular dichroism (TR-XMCD) technique for the element- and

layer-resolved measurements of magnetization dynamics, carried at both

reflectivity and transmission geometry, where the pulsed-field excitation and

the continuous-wave (CW) rf microwave excitation are used, respectively.

The basic principle of TR-XMCD has been discussed in sec. 3.2.4. Parts of

this chapter have been published in [48, 98, 99, 100].

5.2 Element- and layer-resolved measurements of

free magnetization precession by time-resolved

XMCD in reflectivity

5.2.1 Experiment

Pulsed-field time-resolved XMCD (TR-XMCD) measurements were carried

at Beamline 4-ID-C of the Advanced Photon Source, Argonne National

Laboratory. An illustration of the experimental configuration is shown in

Fig. 5.1, which is similar as previous work[90]. Magnetic circular dichroism

(MCD) spectra were obtained in reflectivity at near grazing incidence, us-

ing helicity σ switching at the elliptical undulator. Reflected intensity was

read at a soft x-ray photodiode and normalized to an incident intensity at

a reference grid. The measurement technique is photon-in/photon-out and

should therefore minimize artifacts from time-varying stray magnetic fields.

Time resolution was achieved through pump-probe techniques. Fast



5.2. Element- and layer-resolved measurements of free magnetization
precession by time-resolved XMCD in reflectivity 82

Figure 5.1: Pulsed-field TR-XMCD measurement configuration, with the
magnetic field delivery electronics shown on the top and the reflectivity mea-
surement geometry shown on the bottom. XMCD is measured by switching
phonton helicity σ. Relative alignment of applied fields HP (pulse), HB

(longitudinal bias), HK (anisotropy), and HT (transverse bias) is shown.

magnetic field pulses (pump) were synchronized with variable delay to APS

x-ray photon bunches (probe). The repetition frequencies of APS x-ray

photon bunches and fast magnetic field pulses were both 88 MHz (11.37 ns

period).

As shown in Fig. 5.1, the magnetic field delivery configuration is similar

to that used in a pulsed inductive microwave magnetrometry (PIMM). Fast

rise/fall-time current pulses (<100 ps rise/fall time) were delivered from

a commercial pulse generator and through a coplanar waveguide (CPW)

located under the magnetic thin film, providing pulsed transverse fields <10

Oe in amplitude. Pulses terminated into a 20 GHz sampling oscilloscope

with 27 dB attenuation for pulse wave form characterization or directly into
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a 50 Ω load during TR-XMCD measurement. The CPW center conductor

was aligned along ex, generating pulse fields HP = HP ey. Orthogonal

Helmholtz coils apply longitudinal bias HB = HBex or transverse field bias

HT = HT ey.

Time-resolution of TR-XMCD measurement can be estimated by using

the finite RMS photon bunch length σph ≈ 25 ps, and the timing jitter in

the current pulse delivery electronics σtj ≈ 30 ps. These contributions lead

to a net timing resolution of
√

σ2
ph + σ2

tj ≈ 39 ps RMS or 90 ps FWHM.

Ni81Fe19(25 nm)/Cu(20 nm)/Co93Zr7(25 nm)/Cu(5 nm) thin film sam-

ple was deposited on a coplanar waveguide (CPW) using UHV magnetron

sputtering from alloy targets at a base pressure of 4×10−9 Torr. The CPW

was fabricated on GaAs using conventional optical lithography technique,

with 250 nm Cu thermally evaporated as center conductor and ground

planes. 5 µm SU8 photoresist was spin-coated between the film and CPW

to serve as an insulating layer. In order to localize the reflected signal to the

active region of the CPW, a 100 nm Ti layer was thermally evaporated on

the top of the film and lifted off, leaving a patterned window 4 µm × 60 µm

centered along the narrowest part of the CPW center conductor. Anisotropy

was induced along HB using a 20 Oe deposition field.

5.2.2 Element- and layer-resolved free magnetization preces-

sion in Ni81Fe19/Cu/Co93Zr7

Element-specific XMCD hysteresis loops, shown in Fig. 5.2, were taken

along the easy axis of the Ni81Fe19/Cu/Co93Zr7 trilayer sample as a function

of transverse bias field HT to obtain a calibration for the in-plane rotational

magnetization angles φNi81Fe19
and φCo93Zr7

, by tuning the photon energy to

the L3 peaks for Fe (707 eV) and Co (778 eV). The coercivity of Co93Zr7 layer

exceeds that of Ni81Fe19 layer, with a small difference of ∆Hc ≈ 1.3 Oe. The

saturation values of XMCD signals are taken to be ±90◦ for each element

or layer[90].

Reflectivity TR-XMCD measurements of magnetization precession for

Fe and Co moments at different bias fields are presented in Fig. 5.3. XMCD
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Figure 5.2: Element-specific hysteresis loops of the Ni81Fe19/Cu/Co93Zr7
trilayer sample, measured by TR-XMCD in reflectivity.

signals were measured as a function of pump-probe delay and converted into

time-dependent layer-specific magnetization angles φNi81Fe19
and φCo93Zr7

for Fe and Co, respectively. Large rotational angles (to ∼20◦) and preces-

sional oscillations (to ∼5◦) can be seen for both elements/layers. Cone angles

diminish in amplitude and increase in frequency with increasing longitudinal

bias 20< HB <80 Oe, as expected for pulsed measurements[90].

The reflectivity TR-XMCD data (Fig. 5.3) have been converted into a

“synthetic” PIMM signal for comparison with PIMM data, shown in Fig.

5.4. PIMM measures the flux change dΦ/dt through the CPW center con-

ductor - ground plane loop, scaled by a coupling constant η[43]. More details

about the PIMM setup and measurement technique can be found in sec.

3.2.2. TR-XMCD magnetization angles were converted to pseudo-PIMM

data via the algorithm: dΦ/dt ∝ [MPy
s × (dφFe/dt) + MCo

s × (dφCo/dt)],

using BPy
s ≈ 0.9 T and BCoZr

s ≈ 1.4 T. The obtained shape is insensitive to

assumed relative variations of magnetization by 20%.
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Figure 5.3: Magnetization precession of Fe and Co moments at different bias
fields for the Ni81Fe19/Cu/Co93Zr7 trilayer sample, measured by TR-XMCD
in reflectivity.
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Figure 5.4: Element-specific magnetization traces as a function of time for
the Ni81Fe19/Cu/Co93Zr7 trilayer sample, as determined by both reflectivity
TR-XMCD and PIMM measurements. Solid line are the PIMM data, open
circles are “synthetic” PIMM data from TR-XMCD data.

5.2.3 Discussion

In the PIMM/TR-XMCD comparison, the amplitudes of the first and subse-

quent oscillations are in rough agreement, and the positions of several min-

ima and maxima coincide. Nevertheless, fits of the data using coupled LLG

precession models fail for tr-XMCD, whereas agreement between PIMM and

simulation (not shown) is reasonable.

TR-XMCD measurement in reflectivity, in our configuration, requires

deposition over the CPW center conductor. We did not observe dynamics

in samples where the trilayer was deposited directly onto the 250 nm Cu.
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The 5µm SU8 layer, necessary perhaps to avoid current shunting through

the trilayer Cu spacer, has non-negligible roughness when spun onto the

CPW. We believe that this process step, necessary for our reflectivity mea-

surements, induces inhomogeneous topological (Neél) coupling between the

two FM films, causing the TR-XMCD data to deviate from single domain

behavior.

5.3 Element- and layer-resolved measurements of

driven FMR precession by time-resolved XMCD

in transmission

5.3.1 Experiment

Resonant-field time-resolved XMCD (TR-XMCD) measurements were car-

ried at the circularly polarized soft x-ray beamline 4-ID-C of the Advanced

Photon Source (APS) at Argonne National Laboratory. Fig. 5.5(a) presents

a block diagram of experimental setup. The signal from the APS photon

bunch clock is first directed through a variable delay and then to a phase-

locked comb generator after amplification. The multiple harmonics of the

input 88 MHz signal are produced and then directed through a bandpass

filter which picks up a GHz signal of interest. The amplified rf output is

then directed into an in-vacuum, hollow broadband microwave resonator

to excite the uniform precession of the magnetic thin film sample inside.

The instantaneous projection of the magnetization vector along the photon

beam direction is sampled stroboscopically at the same relative phase delay

between the rf excitation and photon bunch clock. XMCD timing scans

are generated by tuning the energy of the photons to the element of inter-

est and incorporating a variable delay between the photon bunch clock and

frequency conversion electronics.

Two orthogonal sets of small quasi-Helmholtz coils provide the vertical

bias field HB or the horizontal transverse field HT . Conventional in-situ

FMR measurements are measured by varying HB and detecting the reflected

power in the rf circuit via the use of directional coupler, RF diode, and lock-
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in amplifier. Fig. 5.5(b) presents a top view of experimental geometry.

The sample is rotated ∼38◦ with respect to the incident photon direction,

which is parallel to the transverse magnetic field HT . The transmitted x-ray

photons are detected using a standard soft x-ray photodiode.
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Figure 5.5: (a) Block diagram electronics used to generate phase-locked
continuous-wave rf excitation for resonant-field TR-XMCD measurements.
(b) Top view of transmission measurement geometry.

Transmission measurements require an x-ray transparent sample and

substrate. The thin-film samples were deposited using rf magnetron sputter-

ing in a UHV chamber with a base pressure of 4×10−9 Torr. The substrate

used was a commercially available, supported Si3N4 membrane window (1.0

mm square and 100 nm thick). At the transition metal edges of interest,
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transmission through the substrate is greater than 80%. The spot size of

the photon beam (∼100 µm × 50 µm) is smaller than the lateral size of the

membrane window. The samples were placed in the center of the hollow

broadband rf resonator for transmission-mode measurements[101].

The key of the resonant-field TR-XMCD measurements is the use of a

continuous-wave (CW) microwave excitation that is phase locked with the

arrival of photons on the samples. The use of CW microwave excitation

source is effective in averaging any timing jitter or finite temporal width.

For a sinusoidal wave, all points can be weighted equally in temporal (phase)

resolution, so for N sampling points, the phase resolution can be improved

by a factor of
√

N .

5.3.2 Small-angle magnetization dynamics for driven FMR

precession

Single-domain linearized LL modeling

A general method for modeling single-domain dynamics has been dis-

cussed in sec. 2.3.1, where a general linearized single-domain LL model is

derived as shown in Eq. (2.50). In addition, Eq. (2.50) is further reduced to

Eq. (2.51) and (2.56) to describe free magnetic motion. Free oscillations, de-

scribing the motion of the damped harmonic oscillator about an equilibrium

position, are the starting point for most relevant magnetooptical studies of

spin dynamics[90, 95, 102, 103].

In the following analysis, we will further extend the linearized single-

domain LL model, Eq. (2.50), to describe the driven FMR precession. We

take our coordinate system with the film in the x − y plane, and the sur-

face normal points along ez. The magnetization of the film will be mostly

suppressed within the film plane due to the strong demagnetization field,

and we consider the case of small-angle displacements about an equilibrium

magnetization direction along ex. Assuming the magnetic motion is forced
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by a transverse ac field Hy(t) = Hy0e
iωt, Eq. (2.50) can be reduced to

[

ṁz

ṁy

]

≈







−λ µ0γHeff
x

−µ0γ(Heff
x + Ms) −λHeff

x

Ms







[

mz

my

]

+ Hy0

[

−µ0γ
λ

Ms

]

eiωt,

(5.1)

where my and mz are the small deviations of the magnetization away from

its equilibrium position (x-axis), along the y-axis and the z-axis, respectively.

Using Eqs. (2.52)-(2.55), Eq. (5.1) can be rewritten in spherical coordi-

nates as

[

Θ̇

Φ̇

]

≈







−λ −µ0γHeff
x

µ0γ(Heff
x + Ms) −λHeff

x

Ms







[

Θ

Φ

]

+ Hy0

[

µ0γ
λ

Ms

]

eiωt,

(5.2)

where Θ and Φ are the corresponding small precessional angles about the

equilibrium position (x-axis).

Based on Eq. (5.2) and considering Heff
x ≪ Ms, a second-order differ-

ential equation in Φ(t) alone can be obtained as

d2Φ(t)

dt2
+ λ

dΦ(t)

dt
+ ω2

0Φ(t) ≈ Aeiωt, (5.3)

where ω2
0 = µ2

0γ
2Heff

x (Heff
x + Ms) and A ≈ µ2

0γ
2MsHy0. ω0 is the circular

frequency of FMR precession and 2/λ is its characteristic relaxation time.

Solving Eq. (5.3) using Φ(t) = Φ0e
iωt = |Φ0|ei(ωt+δ), then

Φ0 =
A

(ω2
0 − ω2)2 + λ2ω2

[(ω2
0 − ω2) − iωλ]. (5.4)

Thus, the phase δ and the amplitude |Φ0| of driven FMR precession can be

expressed as:

tan δ =
−λω

ω2
0 − ω2

, (5.5)

|Φ0| =
A

√

(ω2
0 − ω2)2 + λ2ω2

. (5.6)
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Using in-situ FMR (microwave absorption) measurement, the damp-

ing λ can be estimated directly through the field linewidth, allowing for

a parameter-free comparison with Eqs. (5.5) and (5.6). FMR absorption

is given by the imaginary part of the magnetic susceptibility, χ
′′

, along

the rf driving field, Hy, according to Eq. (5.4). The field-swept resonance

linewidth has half-power points at µ0∆H1/2 = 2αω/γ, directly proportional

to the dimensionless damping constant α. Between these half-power points,

the phase lag δ of φ(t) with respect to the drive field goes through a change

of 90◦ according to Eq. (5.5).

In lock-in (derivative) detection of microwave absorption, the inflection

points of the Lorenzian line shape are more easily seen. These have a width

µ0∆Hpp = (2/
√

3)αω/γ[18]. While α = λ/(µ0Msγ) for low damping (α ≪
1), λ can thus be expressed as

λ =

√
3

2

µ2
0γ

2Ms∆Hpp

ω
. (5.7)

Then, the following relationship can be derived as

√
3∆Hpp = ∆H1/2 =

1√
3
∆H 1

2
|φ0|

, (5.8)

where ∆H 1

2
|φ0|

denotes the linewidth defined by the half-amplitude points.

Two-particle linearized LL modeling

A general method for modeling two-particle dynamics has been discussed

in sec. 2.3.2, where a general linearized two-particle LL model is derived for

an exchanged-coupled trilayer system, as shown in Eqs. (2.93)-(2.95). In the

following analysis, we will further extend this model to describe the driven

FMR precession in an exchanged-coupled trilayer system.

We consider a weakly coupled ferromagnetic trilayer system. The effec-

tive field in the ith ferromagnetic layer consists of two external fields, Hb and

Hrf(t), and three internal fields related to the magnetic properties of the

films: (1) external dc bias field Hb; (2) external driving rf microwave field

Hrf(t); (3) demagnetization field Hd,i; (4) effective magneto-crystalline
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anisotropy field Hk,i; (5) an interlayer coupling field Hex,i. Therefore, the

effective field Heff,i can be expressed as

Heff,i = Hb + Hrf(t) + Hd,i + Hk,i + Hex,i. (5.9)

We take the ferromagnetic trilayer structure to lie in the x−y plane, with

z normally directed. The external dc bias field Hb is taken to be along the

x-axis, the driving rf microwave magnetic field Hrf(t) is along the y-axis,

the effective magneto-crystalline anisotropy field Hk,i is along the x-axis,

and the demagnetization field Hd,i is along the z-axis.

As shown in Eqs. (2.80)-(2.81), the exchange-coupling field can be ex-

pressed by

Hex,i =
Aex

µ0Ms,iti
mj, (5.10)

where ti denotes the thickness of the ith ferromagnetic layer, and the sub-

script j indexes the other FM layer in the trilayer structure.

Assuming in-plane magnetization at equilibrium along x-axis for both

ferromagnetic layers, we consider only a small deviation of the magnetization

Mi (i=1,2) from its equilibrium position. If a harmonic form for the external

driving rf microwave field Hrf(t) [i.e., Hrf (t) = Hrf0
eiωt] is assumed, as is

the case in driven FMR precession, Eq. (2.93) can be rewritten as

d

dt













m1,z

m1,y

m2,z

m2,y













≈ A
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m1,y

m2,z

m2,y













+













−µ0γ1

λ1

Ms,1

−µ0γ2

λ2

Ms,2













Hrf(t), (5.11)

where mi,z and mi,y (i = 1, 2) are the small deviations of the magnetization

away from its equilibrium position (x-axis) for the ith ferromagnetic layer,

along the y-axis and the z-axis, respectively. In addition, the matrix A can
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be expressed by

A =













−λ1 µ0γ1H̃1
λ1

Ms,1
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,

(5.12)

Using Eqs. (2.52)-(2.55), Eq. (5.11) can be rewritten in spherical coor-

dinates as

d

dt













Θ1

Φ1

Θ2

Φ2













≈ Ã













Θ1

Φ1

Θ2

Φ2













+ g(t), (5.13)

where Θi and Φi (i = 1, 2) are the corresponding small precessional angles

about the equilibrium position (x-axis) for the ith ferromagnetic layer. In

addition, the matrix Ã and g(t) can be expressed by

Ã =













−λ1 −µ0γ1H̃1
λ1

Ms,1
Hex,1 µ0γ1Hex,1

µ0γ1(Ms,1 + H̃1) − λ1

Ms,1
H̃1 −µ0γ1Hex,1

λ1

Ms,1
Hex,1

λ2

Ms,2
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Hex,2 µ0γ2(Ms,2 + H̃2) − λ2

Ms,2
H̃2













,

(5.14)

g(t) =













µ0γ1

λ1

Ms,1

µ0γ2

λ2

Ms,2













Hrf(t). (5.15)

In Eqs. (5.11)-(5.15), we have used the following notation as

Hex,i =
Aex

µ0Ms,iti
, (5.16)

H̃i = Hb + Hk,i + Hex,i ≪ Ms,i, (5.17)

Hrf (t) = Hrf0
eiωt. (5.18)
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Complex parts of eigenvalues of the 4 × 4 matrix Ã give us the circular

frequency ω0 of driven FMR precession. Solving the complex parts of eigen-

values of the matrix Ã, two of the four solutions give negative values of ω0

and do not correspond to any physical resonance modes. As a result, only

two resonance frequencies are obtained at any given external bias field Hb.

Eq. (5.13) is a typical inhomogeneous linear 4×4 system of ODE. If the

time variation of small precessional angles (Θi and Φi for i = 1, 2) follows the

eiωt form, where ω is the angular frequency, phase angles and amplitudes of

driven FMR precession can be obtained by numerically solving Eq. (5.13).

5.3.3 Phase and amplitude of element-specific moment pre-

cession in Ni81Fe19

We first consider a single layer of ferromagnetic thin film sample: 25 nm of

Ni81Fe19 capped with 2 nm of Cu. Uniform precession of the magnetization

was excited at 2.3 GHz by a CW low-power microwave field, synchronized

with variable delay to APS x-ray photon bunches (88 MHz).

L2,3-edge XAS and MCD spectra have been measured in transmission for

both Fe and Ni in Ni81Fe19. Fig. 5.6(a) shows Fe transmission XAS spectra

for both photon helicity directions, with the difference as MCD spectra.

Corresponding XAS and MCD spectra for Ni are shown in Fig. 5.6(b).

By setting the photon energy to the L3 edge for individual elements

(arrows, Fig. 5.6), element-resolved hysteresis loops were measured as a

function of transverse bias field HT , shown in Fig. 5.7, which provide a

calibration for the elemental magnetization angles. The saturation values of

element-specific XMCD signals were taken to be ±90◦.

XMCD timing scans were generated by tuning the photon energy to the

L3 edge for individual elements (arrows, Fig. 5.6), setting the external bias

field HB to the desired value, and sweeping out the variable delay between

the APS photon bunches and the 2.3 GHz CW rf excitation while recording

the transmitted signal on the soft x-ray photodiode.

Time- and element-resolved XMCD measurements of magnetization pre-

cession at resonance (HB = 37 Oe) are presented in Fig. 5.8. XMCD
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Figure 5.6: L2,3-edge transmission XAS and MCD spectra of (a) Fe and (b)
Ni, in the Ni81Fe19 alloy.

signals were taken as a function of delay time and converted into time-

dependent elemental magnetization angles φFe(t) and φNi(t) for Fe and Ni,

respectively[90]. Precessional oscillations are clearly seen. The data are well

fitted by a simple sinusoidal function (solid lines). Fe and Ni time traces are

coupled within ±2 ps in time, which is taken as the approximate temporal

resolution, an order of magnitude smaller than the intrinsic bunch width of

the x-ray photons (∼60 ps FWHM). In addition, Fe and Ni moments are

coupled within ±0.1◦ in precessional cone angle.

Time-resolved XMCD measurements of magnetization precession off res-

onance are presented in Fig. 5.9, including the fits from simple sinusoidal

functions (solid lines). Applied fields were selected according to in-situ mea-
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in the Ni81Fe19 alloy, with the photon energies indicated by the arrows in
Fig. 5.6 for individual elements. The XMCD signal levels at saturation in
the hysteresis loops provide an angular calibration for TR-XMCD measure-
ments.

sured in-plane FMR spectra (Fig. 5.10(a)), spanning the resonance condi-

tion Hres (37 Oe) to ∼ 4 × ∆Hpp off resonance (5 Oe). A clear variation in

the amplitude of driven FMR motion φFe(t), and its phase, compared with

the rf excitation field, can be seen.

The in-situ in-plane FMR spectra measured at 2.3 GHz is shown in Fig.

5.10(a), where the measured FMR signal using lock-in amplifier detection

is proportional to the field derivative of imaginary part of magnetic suscep-

tibility, dχ
′′

/dH. The zero crossing corresponds to the resonance field, 37

Oe here, and the FMR peak-to-peak linewidth (∆Hpp) is given by the field
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tion precession in the Ni81Fe19 alloy at resonance, 37 Oe at 2.3 GHz. Solid
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interval between the extrema of dχ
′′

/dH.

The reduced data for cone angle and phase of Fe moment precession at

selected different bias fields, is presented in Fig. 5.10(b), with the fits from

the single-domain linearized LL model, Eqs. (5.5) and (5.6). Verifying basic

expectations of a driven resonance, we can clearly see a 90◦ phase shift gen-

erated through the adjustment of ω0 (through longitudinal bias field HB) to

≪ ω, and a Lorentzian variation of the precessional amplitude. Both behav-

iors are in excellent agreement with the single-domain linearized LL model

(Eqs. (5.5) and (5.6)). No empirical parameters have been used apart from

Hy0. The relaxation rate λ/4π is estimated as 140 MHz ± 10 MHz directly

from the in-situ measured FMR spectra (Fig. 5.10(a)) using Eq. (5.7),

which is in reasonable agreement with those found by conventional FMR

measurements(∼120 MHz)[104, 105], or by pulsed inductive microwave mag-

netometer (PIMM) measurements in a similar field/frequency range (140-

150 MHz)[42]; the single frequency measurement of λ/4π here and in PIMM

contains a small unknown inhomogeneous contribution (∆H0), which will

tend to raise estimates of λ/4π at low frequencies. In addition, we verify
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Figure 5.9: Transmission TR-XMCD measurement of Ni81Fe19 magnetiza-
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directly the relationship in Eq. (5.8), with
√

3 separating the peak-to-peak,

1/2 power (90◦ phase shift), and 1/2 amplitude linewidths.

As shown in this measurement, precessional phase and amplitude, lumped

together in microwave absorption measurement, could be measured directly,

providing a vivid illustration of damped oscillator behavior. Most impor-

tantly, this measurement clearly opens the possibility for direct tests of

microscopic processes in relaxation (damping). Lagged phases between the

precession of microscopic moments - impurity and host moments for doped

materials[26, 29] and spin and orbital moments for pure materials[21, 23] -

are all posited for the origins of Gilbert damping. We can now claim the

resolution in time (±2 ps) and rotational angle (<0.1◦) very close to that

needed to address these models directly.

5.3.4 Weakly coupled motion of individual layers in a pseudo-

spin-valve trilayer

Strong exchange coupling within a FM alloy such as Ni81Fe19 binds the

motion of the Fe and Ni moments together. Weak coupling, as that occur-
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corresponding theoretical simulations from Eqs. (5.5) and (5.6).

ring in trilayer systems where two FM layers are separated by a NM layer,

can similarly affect the precessional motion. Trilayer systems are of great

importance as they form the basis for giant magnetoresistance (GMR) field

sensors that underpin modern magnetic storage systems and other spintronic

devices such as magnetoresistive random access memory (MRAM).

A trilayer sample of Ni81Fe19(25 nm)/Cu(20 nm)/Co93Zr7(25 nm) (pseudo-

spin-valve), capped with 5 nm Cu, was measured using resonant-field TR-

XMCD in transmission.

Static XAS and MCD spectra of Fe, Ni and Co were measured in trans-

mission mode, with strong dichroism signals easily visible on the L3 and L2

edges of all FM elements, shown in Fig. 5.11. All the three MCD spectra
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show a negative contribution at the L3 edge and thus any static coupling

between the FM layers is taken to favor parallel alignment of the layers.

Element-specific XMCD hysteresis loops, shown in Fig. 5.12, were mea-

sured as a function of the transverse field HT to obtain a calibration for

rotational magnetization angle φ, by tuning the photon energy to the peak

XMCD signal (arrows in Fig. 5.11, hν = 707.5 eV for Fe, 851.5 eV for Ni,

and 778 eV for Co). The Fe and Ni loops indicate that the Ni81Fe19 layer

switches at a coercive field of 5 Oe; the Co93Zr7 layer exhibits a larger co-

ercive field of 7 Oe. The thin film sample presents an in-plane anisotropy

and the saturation values of each hysteresis loop are taken to be ±90◦.

As expected for soft ferromagnets, the small coercive fields of both layers

are consistent with a weak intrinsic crystalline anisotropy. The residual

anisotropy is most likely induced during growth by the stray fields of the

sputter guns.

XMCD timing scans were conducted at a fixed continuous-wave (CW)

rf frequency of 2.3 GHz; the CW rf excitation produced a time-varying

magnetic field (Hrf (t)) that was in the film plane and transverse to the time-

averaged magnetization direction. For TR-XMCD measurements, Hrf(t)

was phase-locked with the APS photon bunch clock (88 MHz) and thus the

instantaneous position of the MFe,Ni or MCo was sampled stroboscopically

with the photon pulses once every 26 precession cycles. XMCD timing scans

were recorded by tuning the photon energy to the transition metal edge of

interest (arrows, Fig. 5.11), setting the external bias field HB to the desired

point on the conventional in-situ FMR resonance curve (Fig. 5.13(a)), and

sweeping out the variable delay between the 2.3 GHz CW rf excitation and

the APS bunch clock.

An in-situ in-plane FMR spectra using the 2.3 GHz, phase-locked CW rf

excitation and lock-in amplifier detection techniques that record the deriva-

tive of the rf absorption, is presented in Fig. 5.13(a). A strong resonance,

identified by the zero crossing point, is readily apparent at HB = 39 Oe. A

much weaker inflection is observed near zero bias field (not shown).

By setting the external bias field at the strong resonance field of 39 Oe,

TR-XMCD measurements of Fe, Ni, and Co moment precession at 2.3 GHz
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Figure 5.11: L2,3-edge transmission XAS and MCD spectra of (a) Fe, (b)
Ni, and (c) Co, in the Ni81Fe19/Cu/Co93Zr7 trilayer.
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Figure 5.12: Element-resolved XMCD hysteresis loops for (a) Fe, (b) Ni, and
(c) Co, in the Ni81Fe19/Cu/Co93Zr7 trilayer, with the photon energies indi-
cated by the arrows in Fig. 6.10 for individual elements. The XMCD signal
levels at saturation in the hysteresis loops provide an angular calibration for
TR-XMCD measurements.
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are presented in Fig. 5.13(b), where elemental magnetization angles were

plotted as a function of pump-probe delay. The data are well fitted by simple

sinusoidal functions (solid lines). Fe and Ni moments are verified to precess

together within instrumental resolution of ±2 ps and ±0.1◦, with in-plane

Ni81Fe19 precessional cone angle of ∼1.2◦. The motion of Co93Zr7 layer is

less than 90◦ out of phase and reduced in amplitude by a factor of six, to

∼0.2◦. The phase and amplitude behavior observed here is qualitatively

consistent with the role of partial ferromagnetic coupling in an acoustic-like

mode.
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Figure 5.13: (a) In-plane FMR spectra of the Ni81Fe19/Cu/Co93Zr7 trilayer,
measured in-situ at 2.3 GHz. (b) Transmission TR-XMCD measurements
of Fe, Ni, and Co magnetization precession at Ni81Fe19 branch resonance,
39 Oe at 2.3 GHz, where XMCD signals were converted into magnetization
angles. Solid lines are sinusoidal fits to the data.

Fig. 5.14 presents measurements of ex-situ, variable frequency broad-

band in-plane FMR, where the resonance fields (HB,res) were plotted at the
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square of the variable excitation frequencies (f2
p ), including the fits from

the two-particle linearized LL model. Aex = 0 corresponds to no coupling

case, denoted by dashed lines; Aex = 0.01 erg/cm2 corresponds to weak

ferromagnetic coupling case, denoted by solid lines. Other fitting parame-

ters used in the numerical model are: λFe81Ni19 = 1.6 GHz, λCo93Zr7 = 5.4

GHz, Ms
Fe81Ni19 = 780 KA/m, Ms

Co93Zr7 = 1120 KA/m, Hk
Fe81Ni19 = 12

Oe, Hk
Co93Zr7 = 28 Oe, geff

Fe81Ni19 = 2.09, and geff
Co93Zr7 = 2.20. At

frequencies higher than the 2.3 GHz used for TR-XMCD measurements, the

weak resonance near HB = 0 Oe (not shown in Fig. 5.13(a)) increases in

intensity and is more clearly defined. Two branches are observed in the

data in Fig. 5.14, which correspond primarily to separate resonances in

the Ni81Fe19 and Co93Zr7 layers. A small low-field non-linearity may indi-

cate more or less the presence of weak ferromagnetic coupling between the

Ni81Fe19 and Co93Zr7 layers, qualitatively consistent with the fits from the

two-particle linearized LL model. Under weak coupling, the individual res-

onances are combined to form collective modes for the magnetization of the

entire trilayer: a so-called optical-like mode (low field branch) and acoustic-

like mode (high-field branch). Physically, the optical-mode is referred to the

excitation where the precession of the two moments is out-of-phase by 180◦,

and in-phase excitation typically refers to as an acoustic mode.

TR-XMCD measurements of magnetization precession for Fe and Co

moments at several selected different bias fields (HB = 14, 21, 27, 33, 39 and

46 Oe) are presented in Fig. 5.15, where XMCD signals were measured as a

function of pump-probe delay and converted into time-dependent element-

resolved magnetization angles for Fe and Co, respectively. In Fig. 5.15, the

top panel presents the time delay scans at different values of HB for the

Fe moment oscillation in the Ni81Fe19 layer, and the bottom panel presents

the corresponding data for Co moment oscillation in the Co93Zr7 layer. All

of the data have been offset vertically for clarity and well fitted by simple

sinusoidal functions (solid lines). The amplitudes and phases determined by

these fits have a high degree of confidence.

The phase and amplitude parameters extracted from the time delay scans

(shown in Fig. 5.15) are presented for Co and Fe in Fig. 5.16(a) (amplitude)
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Figure 5.14: Broadband in-plane FMR spectra of the Ni81Fe19/Cu/Co93Zr7
trilayer, measured ex-situ at variable frequencies. The data are fitted to
the two-particle linearized LL model, where Aex = 0 corresponds to no
coupling case (dashes lines) and Aex = 0.01 erg/cm2 corresponds to weak
ferromagnetic coupling case (solid lines).

and Fig. 5.16(b) (phase). In contrast to the coupled precession of the Fe and

Ni moments within the Ni81Fe19 layer, the dynamics between the two FM

layers is very different. The clearest trend in Fig. 5.16(a) is the dramatic

increase in amplitude of the Fe oscillations as HB is increased from 14 Oe

(∼0.34◦) to 39 Oe (∼1.35◦), followed by a decline at 46 Oe (∼1.13◦). In con-

trast, the Co amplitude decreases monotonically. A comparison with Fig.

5.13(a) indicates that the rapid growth and subsequent decline in the ampli-

tude of the Fe oscillations is a consequence of driving the system through a

resonance. Based on the in-situ 2.3 GHz FMR data (Fig. 5.13(a)) and the

ex-situ FMR measurements at higher frequency (Fig. 5.14), the increase in

the Co oscillations at low values of HB is consistent with a weak resonance

in the Co93Zr7 layer near zero bias field.

The changes in the phase of the oscillations in the two FM layers (Fig.

5.16(b)) as the system is forced into resonance exhibit a corresponding be-

havior. From HB = 14 Oe through HB = 46 Oe, the Fe (and Ni) phase
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Figure 5.15: Transmission TR-XMCD measurement of magnetization pre-
cession off resonance for Fe and Co in the Ni81Fe19/Cu/Co93Zr7 trilayer.
Solid lines are sinusoidal fits to the data, where the data have been offset
vertically for clarity.

undergoes a dramatic change of ∼100◦. In contrast, the phase of the Co

signal remains largely unaffected. Also, note that the precession of MFe,Ni

and MCo differs in phase by ∼120◦ for the lowest value of HB measured

at 14 Oe, and the phase difference decreases to ∼60◦ near HB = 42 Oe,

indicated by the arrows in Fig. 5.16(b).

The main features of the changes in the amplitude and phase of pre-

cession in MFe,Ni and MCo are qualitatively consistent with independent

resonances in the Ni81Fe19 and Co93Zr7 layers. Closer inspection, however,

reveals a weak coupling between the two FM layers. Also shown in Fig.
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5.16 are the calculated values for amplitude and phase of the oscillations

based on numerical solutions from the two-particle linearized LL model.

Results assuming no coupling (i.e. Aex = 0, dashed lines) and weak cou-

pling (i.e. Aex = 0.01 erg/cm2, solid lines) between the two FM layers

are shown in the figures. Other fitting parameters used in the numerical

model are: λFe81Ni19 = 1.6 GHz, λCo93Zr7 = 5.4 GHz, Ms
Fe81Ni19 = 780

KA/m, Ms
Co93Zr7 = 1120 KA/m, Hk

Fe81Ni19 = 12 Oe, Hk
Co93Zr7 = 28 Oe,

geff
Fe81Ni19 = 2.09, and geff

Co93Zr7 = 2.20. These fitting parameters are

the same as those used in the fits for Fig. 5.14. For the amplitude of the

precession, the assumption of no coupling between the two FM layers over-

estimates the resonance field HB,res for the main resonance in the Ni81Fe19

layer which is observed near 39 Oe and also predicts a narrower width for the

amplitude than is observed; an assumption of weak coupling more closely

matches the observed motion of MFe,Ni. For the Co93Zr7 layer, weak cou-

pling again provides better agreement with the data as an assumption of

uncoupled layers overestimates the amplitude of the precession cone for Co.

In the case of the phase of the oscillations, an assumption of independent

layers (Aex = 0, dashed lines) predicts a more gradual decline in the phase

of the Ni81Fe19 layer than is observed, and also does not account for the

upturn in the phase of the Co93Zr7 layer at high values of HB. Again, an

assumption of weak coupling (Aex = 0.01 erg/cm2, solid lines) provides bet-

ter agreement with the measurements. By observing the motion, in both

amplitude and phase, of individual layers, resonant-field TR-XMCD can

thus reveal weak coupling much more directly than the variable-frequency

ex-situ broadband FMR presented in Fig. 5.14.

The most likely causes of the weak coupling between MFe,Ni and MCo

are the interlayer-exchange-coupling (IEC) mechanism or a Neél (“orange-

peel”) type dipolar coupling[106, 107]. Neél coupling is more probable

as IEC has a considerably shorter interaction range[108] and our 20 nm

Cu spacer layer is rather thick. Both mechanisms are static interactions

that nonetheless can affect the dynamic response of a coupled system. Re-

cently, dynamic coupling mechanisms have also been proposed. For example,

Tserkovnyak et al. propose a relatively long range spin pumping mecha-



5.3. Element- and layer-resolved measurements of driven FMR precession
by time-resolved XMCD in transmission 108

1.2

0.8

0.4

0.0

C
on

e 
an

gl
e 

(d
eg

.)

50403020
HB (Oe)

 Fe
 Co

Aex = 0.01 erg/cm
2 

(solid lines)
Aex = 0 (dashed lines)

(a)

200

150

100

50

0

P
ha

se
 (

de
g.

)

50403020
HB (Oe)

 Fe
 Co

Aex = 0.01 erg/cm
2 

(solid lines)
Aex = 0 (dashed lines)

(b)

Figure 5.16: The reduced data for (a) the precessional cone angle and (b)
the phase of oscillations for the Fe (circles) and Co (triangles) moments in
the Ni81Fe19/Cu/Co93Zr7 trilayer, measured by TR-XMCD in transmission.
The dashed lines are calculated values for the amplitude and phase assum-
ing no coupling (Aex = 0) between the two FM layers in the two-particle
linearized LL model. The solid lines are the corresponding calculated values
assuming a weak coupling (Aex = 0.01 ergs/cm2) between the two FM layers
in the two-particle linearized LL model.
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nism in FM/NM/FM trilayers where precession in one FM layer affects the

damping in the other FM layer[11, 12, 13, 14]. Conventional FMR has been

used to examine these systems and effects arising from spin-pumping have

been detected in resonance linewidths[10, 109, 110, 111, 112, 113, 114, 115].

Resonant-field TR-XMCD, however, would be able to measure such effects

directly by looking at FM layers individually.

Resonant-field TR-XMCD is inherently a core-level, local-probe tech-

nique and as such is well-positioned to illuminate a number of unresolved

issues in magnetization dynamics. For example, lagged-response models

developed to explain damping mechanisms in magnetization dynamics typ-

ically incorporate energy transfer between different reservoirs in a magnetic

system; this energy transfer is made manifest via phase lags between dif-

ferent constituents[25]. Resonant-field TR-XMCD, which can observe the

magnetic dynamics of individual elements, can examine directly such phase

lags in the response of a subsystem. Also, as resonant-field TR-XMCD is

based on the well-developed XMCD technique, spectroscopic investigations

of dynamics, such as dynamic variations in the orbit-to-spin ratio of mag-

netic moments or induced magnetism in non-magnetic layers during preces-

sion, are now feasible. Such measurements should provide valuable inputs

to emerging first-principles based calculations that seek to move beyond the

phenomenological approaches inherent in the LL theory and its extensions.

5.3.5 Frequency-dependent phase lags in an engineered mag-

netic bilayer

The measurements of the trilayer structure reveal a unique aspect of TR-

XMCD combined with FMR: the ability to separate the phase of oscilla-

tion of different constituents in a magnetic multilayer. This capability is

quite useful in examining multilayer systems with modified, or engineered,

damping. For example, the addition of a few percent of Tb into Ni81Fe19 in-

creases the damping by close to an order of magnitude over a pure Ni81Fe19

film[51]. Magnetic bilayer structures, composed of a low-damping layer ad-

jacent to a high-damping one, have been proposed as a way to engineer the
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overall damping in a magnetoelectronic device while preserving the spin-

transport properties of the low-damping layer[116, 117]. Conventional FMR

may detect a broadening of the combined resonant response, but the relative

phase of oscillation between the two layers would be revealed only indirectly,

through modeling of the FMR spectra.

Fig. 5.17 presents the precessional oscillations measured in a magnetic

bilayer consisting of a FM film with low damping, 25 nm of Co93Zr7, grown

on a FM film with high damping, 25 nm of (Ni81Fe19)99Tb1. Solid lines

are sinusoidal fits to the data. TR-XMCD measurements of precession os-

cillations were acquired at resonance at low frequency (1.3 GHz) and high

frequency (2.3 GHz) excitations. The response of the individual layers was

resolved by tuning to the Fe L3 (707.5 eV) or Co L3 (778 eV) edges. For

direct comparison, the time delay at the two different frequencies in Fig.

5.17 is converted to oscillation phase.

At 1.3 GHz, the two layers oscillate in phase, within the experimental

errors of the measurement (∆φFe−Co = 3.1◦ ± 4.8◦). At 2.3 GHz, a clear

phase difference develops between the (Ni81Fe19)99Tb1 layer and the Co93Zr7

layer, with the (Ni81Fe19)99Tb1 layer lagging behind (in the figure, delay

increases from left to right, and oscillation time increases from right to left).

The phase lag is significant, 19.8◦±6.7◦, and well outside of the error in the

measurement.

The TR-XMCD measurements indicate that the high damping intro-

duced by the Tb exerts a drag on the motion of the magnetization of the Fe

and Ni moments in the alloy while the Co moments are free to respond to

the rf excitation field. At present, we can comment only that the results can-

not be well explained by the continuum Landau-Lifshitz (LL) models with

constant exchange stiffness; in such an approach, the phase lag is expected

to be proportional to resonance frequency. Modeling efforts are ongoing and

additional measurements are planned.
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Figure 5.17: Phase lags measured for a low damping/high damping magnetic
bilayer, Co93Zr7/(Ni81Fe19)99Tb1, acquired at different excitation frequen-
cies using TR-XMCD in transmission. (a) Low frequency (1.3 GHz): both
layers precess almost in phase; (b) high frequency (2.3 GHz): the Tb doping
exerts a drag on the Ni81Fe19 precessional motion and the precession lags
behind the Co93Zr7 oscillations by ∼20◦. Solid lines are sinusoidal fits to
the data.

5.3.6 Precession of elemental moments in rare-earth-doped

systems

Tb and other rare earth (RE) dopants with nonzero orbital or total angular

momentum have been found to increase the damping in soft ferromagnets[51,

52]. Most theories predict that the damping in RE-doped soft ferromagnets

arises from the relative phase lag between the precession of the transition

metal moments and the precession of the RE moments. TR-XMCD can

provide fresh insight on this topic but only if the precession signal of percent-
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level dopants is detectable.

Fig. 5.18 presents the TR-XMCD signal of Fe and Tb in a (Ni81Fe19)99Tb1

(100 nm) film at resonance during precession excited at 1.3 GHz. The bot-

tom panel shows the precessional signal from a single delay scan acquired

at the Fe L3 edge. The top panel shows the average of 41 delay scans ac-

quired at the Tb M5 edge (1230 eV). Markers depict the data points while

the solid black lines are sinusoidal fits to the data. The Fe signal exhibits

a strong oscillatory signal with relatively little noise. The precessional sig-

nal associated with the Tb oscillations, on the other hand, are just above

the detection limit. Nonetheless, there is a Tb oscillatory signal, and it ap-

pears to be mostly antiphase with the Fe signal. This is consistent with the

static XMCD spectra on the sample for Fe, Ni, and Tb edges (not shown),

which indicates a net antiferromagnetic (AF) alignment of the Tb with the

Fe and Ni moments; however, a sperimagnetic configuration with a net AF

alignment may be present[54].

The detection of the Tb moment precession is encouraging, but the data

are not sufficient yet to distinguish between the theories that have been

proposed for the microscopic origins of damping in RE-doped ferromagnets.

Efforts are underway to improve the efficiency of the detection of RE pre-

cession using dual lock-in detection, higher-power rf excitation, and lower

temperatures, where phase lags are though to be much larger[25]. Such

improvements would be of use to many combined TR-XMCD and FMR

experiments suffering from small signal levels.

5.3.7 Conclusion

Small-angle (<1◦) precession of elemental moments during ferromagnetic

resonance in several samples has been measured by time-resolved XMCD in

transmission mode synchronized with CW microwave excitation at 2.3 and

1.3 GHz. The phase and amplitude of driven FMR precession have been

observed magnetooptically, with elemental resolution and great precision.

The results for the single Ni81Fe19 layer sample are in excellent agreement

with the single-domain linearized LL model. For the Ni81Fe19/Cu/Co93Zr7
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Figure 5.18: Transmission TR-XMCD measurements acquired at reso-
nance, using an excitation frequency of 1.3 GHz, for a single layer of
(Ni81Fe19)99Tb1. The top panel presents the average of 41 delay scans ac-
quired at the Tb M5 edge while the bottom panel presents the oscillatory
signal from a single delay scan of the Fe L3 edge. The oscillations are pri-
marily out of phase for the elemental moments. Solid lines are sinusoidal
fits to the data.

pseudo-spin-valve structure, the TR-XMCD scans indicate dissimilar mo-

tions, in both phase and amplitude, of the two FM layers and reveal weak

coupling between the FM layers. In samples with engineered damping, the

TR-XMCD measurements uncover a frequency-dependent phase lag that de-

velops between a high-damping layer of (Ni81Fe19)99Tb1 and a low-damping

layer of Co93Zr7. Finally, TR-XMCD has been used to initiate investiga-

tions of fundamental microscopic damping mechanisms in RE-doped tran-

sition metal films via the detection of elemental phase lags in the resonant

response.
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5.4 Summary

In this chapter, we present our development of synchrotron-based time-

resolved x-ray magnetic circular dichroism (TR-XMCD) technique, from the

initial reflectivity-mode TR-XMCD with pulsed-field excitation to the new

transmission-mode TR-XMCD with continuous-wave(CW) rf microwave field

excitation.

By applying the new TR-XMCD technique to trilayers, bilayers, and

alloys with controlled damping, we have demonstrated very sensitive mea-

surements of element- and layer-resolved driven FMR precession with tem-

poral resolution of 2-5 ps and angular resolution down to 0.1◦. Coupled

motion of Fe and Ni moments are verified in a single layer of Ni81Fe19 thin

film, indicating a strong exchange coupling between Fe and Ni moments

in the alloy. The influence of weak ferromagnetic interlayer coupling, diffi-

cult to identify in conventional FMR measurement, is clearly revealed in a

pseudo-spin-valve structure of Ni81Fe19/Cu/Co93Zr7. Lagged phase behav-

ior is observed between top and bottom layers in a (Ni81Fe19)Tb1/Co93Zr7

bilayer. In addition, Fe, Ni, and Tb moments are seen to be coupled within

experimental resolution in a (Ni81Fe19)Tb1 alloy.

This new TR-XMCD technique could potentially provide a fresh per-

spective to address longstanding mysteries regarding the origins of damping

in ferromagnetic thin films and heterostructures, which would be necessary

to further understand the best paths of materials engineering to create novel

ferromagnetic materials with controlled damping.



115

Chapter 6

All-optical Observation of

Enhanced Damping in

Ni80Fe20/NM Bilayers

6.1 Introduction

The dynamics response of ferromagnetic thin films and heterostructures to

ultrashort external excitations is one of the challenging issues of modern

magnetism, with potential impact on both fundamental science and tech-

nological applications, such as spintronic devices and the fundamental lim-

its of magnetic recording. It is well known that the magnetization relax-

ation upon an excitation of intensive laser pulses can be characterized by

an ultrafast demagnetization immediately after the absorption of the pump

pulses, followed by a coherent precession of magnetization on the 100 ps

timescale. The absorption of intensive laser pulses by a ferromagnet causes

a rearrangement of electrons and magnetic moments through several funda-

mental microscopical physical processes, such as electron-electron scattering,

electron-phonon scattering, and magnon generation. A lot of effort has been

made so far to understand the leading mechanisms and the characteristic

timescales of the ultrafast demagnetization as well as the coherent magneti-

zation precession[46, 47, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128].
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Recently, Tserkovnyak et al. has proposed a novel mechanism to explain

the nonlocal damping effects in ferromagnetic heterostructures using a scat-

tering theory approach[11, 12, 13, 14]. This mechanism is called “spin pump-

ing”, a inverse process to the spin momentum transfer (SMT)[15, 16, 17]. It

predicts that a precessing magnetization can generate spin currents into an

adjacent normal metal (NM) layer, where the spin currents transfer angular

momentum to the NM layer and then enhance the ferromagnetic damping.

Detailed spin pumping mechanism has been discussed in sec. 2.4.3 in terms

of describing the enhancement of the damping.

There have also been a number of experimental investigations on non-

local damping effects[10, 109, 110, 111, 112, 113, 114, 115, 127, 129, 130,

131, 132] which indicate qualitative or quantitative agreements with this

spin pumping mechanism. Mizukami et al. measured the ferromagnetic res-

onance linewidth of sputtered NM/Permalloy/NM films as a function of the

Permalloy layer thickness (2-10 nm) and for different adjacent normal met-

als (NM = Cu, Ta, Pd, and Pt) using an X-band ferromagnetic resonance

(FMR) technique[109, 110], where the damping was found to be increas-

ing with decreasing Permalloy thickness and a larger enhancement effects

appeared for NM = Pt and Pd, consistent with spin pumping picture. G.

Woltersdorf et al. measured the time-resolved magnetic response of ultra-

thin epitaxial Fe films for different normal metal capping layers (NM = Au,

Pd, and Cr) by using time-resolved Kerr effect (TR-MOKE) with magnetic

field excitation[131], where each of the three capping layers affected the spin

relaxation in a unique way.

There have been few experimental studies on the nonlocal damping ef-

fects via the all-optical pump-probe TR-MOKE technique until a recent

study of magnetization relaxation on Ni films with two different adjacent

normal metal buffer layer (NM = Cu and Cr) reported by M. Djordjevic et

al.[127]. The basic principle of all-optical pump-probe TR-MOKE has been

discussed in sec. 3.2.3. The excitation mechanisms of the magnetic system

invoked directly by ultrashort laser pulses differ inherently from those in-

volved in the standard FMR technique and the TR-MOKE technique with

magnetic field excitation. Therefore, further understanding of the nonlo-
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cal damping effects in ferromagnetic thin films and heterostructures during

laser pulse-induced magnetization relaxation process, the main objective of

the work presented in this chapter, is important for future magneto-optical

storage applications and also interesting physically.

In this chapter, using an all-optical pump-probe TR-MOKE technique,

we report systematic investigations on the influence of various adjacent nor-

mal metal capping layers (NM = Au, Ta, Cr, and Pt) on the ferromagnetic

damping of Permalloy (Ni80Fe20) films of variable thickness (4-20 nm). The

enhancement of both the ferromagnetic damping constant α and the LLG

relaxation rate G were found to be dependent on the thickness of Permalloy

layer as well as the choice of normal metal capping layers. The results can

be understood in terms of a nonlocal contribution to the damping due to

spin pumping from Permalloy layer to the adjacent normal metal layer. An

article[133] on parts of this chapter is in preparation.

6.2 Experiment

The all-optical pump-probe TR-MOKE measurements presented in this chap-

ter were carried at the Ultrafast Laser Lab in the Pittsburgh Research Center

of Seagate Technology. Fig. 6.1 shows a block diagram of the experimental

setup for the all-optical pump-probe TR-MOKE technique, where the mea-

surements were performed using a Ti:sapphire pulsed-laser system with a

pulse width of 80 fs and a repetition rate of 8 MHz[134].

As shown in Fig. 6.1, the fundamental beam with a central wavelength

of 800 nm was used for the optical excitation (pump) and was modulated by

a chopper at a frequency of ∼1.6 KHz. The time-delayed second harmonic

beam with a central wavelength of 400 nm was used to measure the time-

resolved pump-induced magnetic response (probe). The time delay between

the pump and probe beam could be varied using a adjustable optical delay

stage. The pump and probe beam were focused using a single objective lens

to overlapping spots of about 8 and 4 µm diameters, respectively, at a 45◦

angle of incidence to the film normal. The magnetization relaxation dynam-

ics was probed using the magneto-optical Kerr effect and was measured in
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a split-beam configuration using a Wollaston prism followed by two pho-

todectors and lock-in amplification. The variable external magnetic fields

with the in-plane component of 830 Oe ≤ Hx ≤ 1630 Oe, controlled by a

Projected Field Electromagnet, were applied in the x − z plane at a ∼40◦

angle to the sample normal to achieve a high sensitivity to the polar Kerr

signal[47]. The polarization (magnetization) change was detected as the dif-

ference voltage between the two detectors, while the sum detected the reflec-

tivity change. Measurements were conducted at both positive and negative

applied external magnetic fields to avoid cross talk between the polarization

and reflectivity signals. The difference of the polarization change between

the two field directions (∆θK(t)) was recorded as a function of pump-probe

delay time, which corresponds to only the time-resolved transient magnetic

response.

Two series of thin film samples were fabricated with the layer struc-

ture of Ni80Fe20(t)/NM(8 nm) grown on Si/SiO2 substrates, where the pre-

sputtering etch method was used to clean the surface of the substrates. The

first set of thin film samples, Ni80Fe20(t)/NM(8 nm) with t = 4, 6, 8, 10,

15, and 20 nm and with NM = Au, Ta, and Cr, were deposited by ion

beam sputtering under a base pressure of 1×10−8 Torr, where all layers

were deposited in a single vacuum run. The second set of thin film sam-

ples, Ni80Fe20(t)/NM(8 nm) with t = 5, 10, and 20 nm and with NM =

Ta and Pt, were deposited by magnetron sputtering under a base pressure

of 1×10−8 Torr, where the Ni80Fe20 layer and the NM capping layer were

deposited in separate vacuum runs, with the surface of the Ni80Fe20 layer

uniformly etched before covered by the NM capping layer.

6.3 Methods of data analysis

In general, magnetization relaxation dynamics can be described by the

Landau-Lifshitz-Gilbert (LLG) equation, Eq. (2.19). In the limit of small

damping (α ≪ 1), the time-resolved transient magnetic response in the all-

optical pump-probe measurements will evolve as an exponentially decaying
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Figure 6.1: A block diagram of the experimental setup for the all-optical
pump-probe technique, where the measurements were performed using a
Ti:sapphire pulsed-laser system with a pulse width of 80 fs and a repetition
rate of 8 MHz. The fundamental beam with a central wavelength of 800
nm was used for the optical excitation (pump), and the time-delayed second
harmonic beam with a central wavelength of 400 nm was used to measure
the time-resolved pump-induced magnetic response (probe).

sinusoidal function, described by

∆θK = ∆θ0 + β0sin(ωpt + φ0)e
−t/τ , (6.1)

where ∆θ0 is the equilibrium magnetic response, ωp is the precessional an-

gular frequency, and τ is the characteristic relaxation time of the amplitude

of the magnetization precession.

The precessional frequency fp is determined by the effective magnetic

field Heff . For thin film samples under an external magnetic field H applied

in the x−z plane, due to the the negligible in-plane anisotropy field Hk and

the strong demagnetization field, the magnetization is mostly aligned with
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the x-direction, with a small precession in the y − z plane. Therefore, in

the limit of small damping (α ≪ 1), the Kittel equation[9] can be used to

describe the uniform magnetization precession (k = 0 mode):

ωp = 2πfp ≈ µ0γ
√

Hx(Hx + Meff ), (6.2)

where Hx is the in-plane component of the external magnetic field. γ =

γ0geff is the gyromagnetic ratio, 175.86 GHz/T for geff = 2.

The effective magnetization µ0Meff can be described by[135]

µ0Meff = µ0Ms −
2Ks

Mst
, (6.3)

where µ0Ms is the saturation magnetization for bulk films, and t is the film

thickness. The surface anisotropy field µ0Hs = 2Ks/Mst is characterized by

a 1/t thickness dependence, where the anisotropy originates from interface.

The thickness dependence of µ0Meff can also be understood as originat-

ing from a dead or intermixed layer rather than by surface anisotropy. A

magnetically dead layer tc results in a similar 1/t thickness dependence of

the effective magnetization[132]:

µ0Meff = µ0Ms(t − tc)/t. (6.4)

In time-resolved measurements, magnetic damping is determined by the

characteristic relaxation time of the amplitude of the magnetization preces-

sion. For thin film samples with the magnetization mostly aligned in the

x-direction, in the limit of small damping (α ≪ 1), the effective damping

constant α for the uniform precession (k = 0 mode) can be described by

α ≈ [µ0γτ(Hx +
Meff

2
)]−1, (6.5)

where the small in-plane anisotropy field Hk is neglected, and Hx is the

in-plane component of the external magnetic field.

In addition, LLG relaxation rate G can be related to ferromagnetic
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damping constant α, given in cgs units as

G = µ0Meffγα/4π. (6.6)

6.4 Transient magnetization relaxation dynamics

in Ni80Fe20/NM bilayer structures

6.4.1 Ni80Fe20/NM (NM = Au, Ta, and Cr) thin films

Fig. 6.2 presents the average effective magnetization values (µ0Meff ) of

the Ni80Fe20/NM (NM = Au, Ta, and Cr) films from vibrating sampling

magnetometry (VSM) measurements as a function of 1/t, where t is the

Ni80Fe20 layer thickness. Films with the equal Ni80Fe20 layer thicknesses

have nearly the same µ0Meff values, which suggests that the normal metal

capping layers (NM = Au, Ta, and Cr) do not affect the magnetic properties

of the films. The effective magnetization values exhibit a clear thickness

dependence, decreasing from about 1.07 T to about 0.85 T when the Ni80Fe20

layer thickness decreases from 20 nm to 4 nm.

The thickness dependence of µ0Meff can be understood as originating

from the presence of a surface anisotropy field associated with Ni80Fe20/NM

interfaces that depends on the Ni80Fe20 layer thickness as 1/t. The best fit

to Eq. (6.3) gives a saturation magnetization value of µ0Ms = 1.12 ± 0.02

T and a positive surface anisotropy constant of Ks = (5± 0.5)× 10−4 J/m2.

As noted earlier, according to Eq. (6.4), a magnetically dead layer of tc =

1.0 ± 0.1 nm can also lead to a similar 1/t thickness dependence of µ0Meff .

The results are similar to those found by L. Lagae et al.[132].

The transient magnetic response traces as a function of pump-probe

delay time and the Ni80Fe20 layer thickness are shown in Fig. 6.3 for all the

Ni80Fe20/NM (NM = Au, Ta, and Cr) films under a fixed external magnetic

field with the in-plane component of Hx = 1630 Oe. The data are offset for

clarity. By fitting the data to an exponentially decaying sinusoidal function,

Eq. (6.1), the precessional frequency fp and the characteristic relaxation

time τ can be obtained.
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Figure 6.2: Effective magnetization values (µ0Meff ) of the Ni80Fe20/NM
(NM = Au, Ta, and Cr) films from VSM measurements as a function of 1/t,
where t is the Ni80Fe20 layer thickness. The data are obtained from VSM
measurements and fitted to Eqs. (6.3) and (6.4). The influence of the NM
capping layers on µ0Meff is negligible.

Fig. 6.4(a) shows the deduced precessional frequency fp as a function

of the Ni80Fe20 layer thickness for the Ni80Fe20/NM (NM = Au, Ta, and

Cr) films under Hx = 1630 Oe, including a fit to the Kittel relation, Eq.

(6.2). Films with the equal Ni80Fe20 layer thicknesses have nearly the same

fp values, which suggests that the influence of the NM capping layers (NM

= Au, Ta, and Cr) on the precessional frequency of the Ni80Fe20 thin film

is negligible. Using the thickness-dependent values of µ0Meff from VSM

measurements, the fitting to Eq. (6.2) gives an effective g-factor value of

2.08 ± 0.03. Fig. 6.4(b) shows the deduced relaxation time τ as a function

of the Ni80Fe20 layer thickness for all the Ni80Fe20/NM (NM = Au, Ta, and

Cr) films under Hx = 1630 Oe, where the spatial variations of τ are included

in the error bars. Different effects on thickness-dependent relaxation time

arising from the various normal metal capping layers are clearly observed.

Using Eq. (6.5), ferromagnetic damping constant α is calculated and

plotted in Fig. 6.5(a) as a function of the Ni80Fe20 layer thickness for all

the Ni80Fe20/NM (NM = Au, Ta, and Cr) films under Hx = 1630 Oe.
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Figure 6.3: Transient magnetic response traces as a function of pump-
probe delay time and the Ni80Fe20 layer thickness, measured for all the
Ni80Fe20/NM (NM = Au, Ta, and Cr) films under a fixed external magnetic
field with the in-plane component of Hx = 1630 Oe. The data are fitted to
an exponentially decaying sinusoidal function, Eq. (6.1).
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Figure 6.4: (a) Precessional frequency fp as a function of the Ni80Fe20 layer
thickness for all the Ni80Fe20/NM (NM = Au, Ta, and Cr) films under Hx =
1630 Oe, including a fit to the Kittel relation, Eq. (6.2). (b) Relaxation time
τ as a function of the Ni80Fe20 layer thickness for all the Ni80Fe20/NM (NM
= Au, Ta, and Cr) films under Hx = 1630 Oe, where the spatial variations
of τ are included in the error bars.

From Fig. 6.5(a), ferromagnetic damping constant α is clearly enhanced

at reducing thickness of the Ni80Fe20 layer. This damping enhancement ef-

fect is similarly very small for the Ni80Fe20 films with Au and Ta capping

layers; however, it is very large for the Ni80Fe20 films with Cr capping lay-

ers, where α is increased from 0.0078 ± 0.0007 to 0.0274 ± 0.0025 when

the Ni80Fe20 layer thickness decreases from 20 nm to 4 nm. Fig. 6.5(b)

shows the calculated ferromagnetic damping constant α as a function of

precessional frequency fp measured at variable external magnetic fields H,

for several selected films with different Ni80Fe20 layer thickness and vari-
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ous NM capping layers. Damping constant α is almost independent on the

precessional frequency fp for all the Ni80Fe20/NM (NM = Au, Ta, and Cr)

films. This observation is as expected for the Ni80Fe20 films with Au and

Ta capping layers. However, a frequency dependence in α is expected for

the Ni80Fe20/Cr films due to the two-magnon scattering originating from

the spatially inhomogeneous magnetic roughness at the antiferromagnet-

ferromagnet interface of Ni80Fe20/Cr[131, 127]. This dependence, not ob-

served here within the limited measured precessional frequency range, may

possibly appear over a broader precessional frequency range measured at a

broader external magnetic field range.

Using Eq. (6.6), the LLG relaxation rate G is calculated and plotted

in Fig. 6.6 as a function of the inverse thickness of the Ni80Fe20 layer for

all the Ni80Fe20/NM (NM = Au, Ta, and Cr) films, where the spatial and

frequency variations of G are included in the error bars within the measured

precessional frequency range. A 1/t thickness dependence is clearly observed

for the LLG relaxation rate G. This dependence is similarly small for the

Ni80Fe20 films with Au and Ta capping layers; however, it is significantly

large for the Ni80Fe20 films with Cr capping layers, where G is increased

from 120 ± 10 MHz to 340 ± 30 MHz when the Ni80Fe20 layer thickness

decreases from 20 nm to 4 nm.

6.4.2 Ni80Fe20/NM (NM = Ta and Pt) thin films

The transient magnetic response traces as a function of pump-probe de-

lay time and external magnetic field are shown in Figs. 6.7−6.8 for the

Ni80Fe20/NM (Fig. 6.7 for NM = Ta and Fig. 6.8 for NM = Pt) films with

different Ni80Fe20 layer thickness (t = 5, 10, and 20 nm). The data are

offset for clarity. By fitting the data to an exponentially decaying sinusoidal

function, Eq. (6.1), the precessional frequency fp and the characteristic

relaxation time τ can be obtained.

Fig. 6.9 shows the deduced precessional frequency fp as a function of

the external magnetic field for the Ni80Fe20/NM (NM = Ta and Pt) films

with different Ni80Fe20 layer thickness. Films with the equal Ni80Fe20 layer
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Figure 6.5: (a) Ferromagnetic damping constant α as a function of the
Ni80Fe20 layer thickness for all the Ni80Fe20/NM (NM = Au, Ta, and Cr)
films under Hx = 1630 Oe. (b) Ferromagnetic damping constant α as a func-
tion of the precessional frequency fp measured at variable external magnetic
fields, for several selected films with different Ni80Fe20 layer thickness and
various normal metal capping layers.

thicknesses have nearly the same fp values, which suggests that the influ-

ence of the Ta and Pt capping layers on the precessional frequency of the

Ni80Fe20 thin film is negligible. The data are fitted to the Kittel relation, Eq.

(6.2), using the same effective g-factor value of 2.10 ± 0.03 and thickness-

dependent effective magnetization values.

Fig. 6.10 shows the effective magnetization values deduced from Kittel

fits (Fig. 6.9) as a function of the inverse thickness of the Ni80Fe20 layer,

where µ0Ms decreases from about 1.06 T to about 0.85 T when t decreases

from 20 nm to 5 nm. The 1/t thickness dependence can be well fitted by
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Figure 6.6: LLG relaxation rate G as a function of the inverse thickness of
the Ni80Fe20 layer for all the Ni80Fe20/NM (NM = Au, Ta, and Cr) films,
where the spatial and frequency variations of G are included in the error
bars within the measured precessional frequency range. The data are fitted
to the spin pumping model, Eq. (6.8).

Eq. (6.3) with a saturation magnetization value of µ0Ms = 1.13 ± 0.02 T

and a positive surface anisotropy constant of Ks = (6 ± 0.6) × 10−4 J/m2.

Similarly, a magnetically dead layer of tc = 1.2 ± 0.1 nm can also lead

to the 1/t thickness dependence the effective magnetization based on Eq.

(6.4). The results observed here are similar to those found for the first set

of Ni80Fe20/NM films (Fig. 6.2), which may indicate the interface difference

between the two different sets of Ni80Fe20/NM films is very small.

Based on Eq. (6.5), the ferromagnetic damping constant α are calculated

and plotted in Fig. 6.11 as a function of precessional frequency fp measured

at variable external magnetic fields, for the Ni80Fe20/NM (NM = Ta and

Pt) films with different Ni80Fe20 layer thickness. As expected, the damping

constant α is almost independent on the precessional frequency fp for the

Ni80Fe20 films with Ta and Pt capping layers.

Including the spatial and frequency variation into the error bars, the fer-

romagnetic damping constant α is plotted in Fig. 6.12 as a function of the

Ni80Fe20 layer thickness for the Ni80Fe20/NM (NM = Ta and Pt) films. The
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Figure 6.7: Transient magnetic response traces as a function of pump-probe
delay time and external magnetic field, measured for the Ni80Fe20/Ta films
with different Ni80Fe20 layer thickness. The data are fitted to an exponen-
tially decaying sinusoidal function, Eq. (6.1). Hx is the in-plane component
of the external magnetic field.
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Figure 6.8: Transient magnetic response traces as a function of pump-probe
delay time and external magnetic field, measured for the Ni80Fe20/Pt films
with different Ni80Fe20 layer thickness. The data are fitted to an exponen-
tially decaying sinusoidal function, Eq. (6.1). Hx is the in-plane component
of the external magnetic field.
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Figure 6.9: Precessional frequency fp as a function of the external magnetic
field for the Ni80Fe20/NM (NM = Ta and Pt) films with different Ni80Fe20

layer thickness. Hx is the in-plane component of the external magnetic field.
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Figure 6.10: Effective magnetization values (µ0Meff ) of the Ni80Fe20/NM
(NM = Ta and Pt) films as a function of 1/t, where t is the Ni80Fe20 layer
thickness. The data are obtained from Kittel fits (Fig. 6.9) and fitted to
Eqs. (6.3) and (6.4). The influence of the NM capping layers on µ0Meff is
negligible.

data from the first set of the Ni80Fe20/Ta films are also included for compari-

son, while no clear difference in α is found for both sets of Ni80Fe20/Ta films.

From Fig. 6.12, the Ni80Fe20/Pt films exhibit a significantly more effective

enhancement in α than the Ni80Fe20/Ta films at the reduced Ni80Fe20 layer

thickness, where α is increased from 0.0103 ± 0.0010 to 0.0209 ± 0.0020

when the Ni80Fe20 layer thickness decreases from 20 nm to 5 nm.

The LLG relaxation rate G is also calculated based on Eq. (6.6) and

plotted in Fig. 6.13 as a function of the inverse thickness of the Ni80Fe20

layer for both the Ta and Pt capping layers, including the data from the

first set of the Ni80Fe20/Ta films for comparison. The spatial and frequency

variations of G are included in the error bars within the measured preces-

sional frequency range. A 1/t thickness dependence is clearly observed for

the LLG relaxation rate G. The Ni80Fe20/Pt films exhibit a significantly

more effective enhancement in G than the Ni80Fe20/Ta films, where G is

increased from 160 ± 15 MHz to 261 ± 25 MHz when the Ni80Fe20 layer

thickness decreases from 20 nm to 5 nm. In addition, similar G values are

found for both sets of Ni80Fe20/Ta films.
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Figure 6.11: Ferromagnetic damping constant α as a function of preces-
sional frequency fp measured at variable external magnetic fields, for the
Ni80Fe20/NM (NM = Ta and Pt) films with different Ni80Fe20 layer thick-
ness.
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Figure 6.12: Ferromagnetic damping constant α as a function of the Ni80Fe20

layer thickness for the Ni80Fe20/NM (NM = Ta and Pt) films, including the
data from the first set of Ni80Fe20/Ta films for comparison. The spatial and
frequency variation of α are included into the error bars within the measured
precessional frequency range.

6.5 Discussion

There are several mechanisms which lead to the enhancement of both the

ferromagnetic damping constant α and the LLG relaxation rate G at the re-

duced thin magnetic film thickness[11, 12, 13, 14, 136, 137]. In the present

study of the Ni80Fe20/NM bilayer systems, particularly on the different

damping enhancement effects arising from the various normal metal cap-

ping layers, it is clear that nonlocal effects play an important role. In the

following, we will discuss this in detail in terms of spin-pumping-induced

enhancement of the nonlocal ferromagnetic damping.

Spin-pumping-induced damping enhancement in a FM/NM bilayer struc-

ture has been discussed in sec. 2.4.3. The spin pumping mechanism predicts

that the precession magnetization of the FM layer generates a spin current

into the NM capping layer, which leads to an additional enhanced damping

constant α
′

as shown in Eq. (2.110). Therefore, LLG relaxation rate G can
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Figure 6.13: LLG relaxation rate G as a function of the inverse thickness of
the Ni80Fe20 layer for the Ni80Fe20/NM (NM = Ta and Pt) films, including
the data from the first set of the Ni80Fe20/Ta films for comparison. The
spatial and frequency variations of G are included in the error bars within
the measured precessional frequency range. The data are fitted to the spin
pumping model, Eq. (6.8).

be obtained[11, 12, 13, 14], given in cgs units as

G(t) ≈ G0 +
γ2

~

4πt

g̃↑↓r S−1

1 + [
√

ǫtanh(L/λsd)]
−1 , (6.7)

where G0 is the LLG relaxation rate for bulk films, t is the FM layer thick-

ness, g̃↑↓r S−1 is the real part of the normalized interfacial spin-mixing con-

ductance parameter given in units of m−2, ǫ is the spin-flip probability of the

NM layer, L is the NM layer thickness, and λsd is the spin-diffusion length

of the NM layer.

Using γ = gµB/~, Eq. (6.7) can be rewritten as

G(t) ≈ G0 + (
gµB

e
)2

G̃↑↓
effS−1

t
, (6.8)

where G̃↑↓
effS−1 is the normalized effective interfacial spin-mixing conduc-
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Ni80Fe20/NM NM capping layers G0(MHz) G̃↑↓
effS−1(Ω−1m−2)

first set Au 102±10 (0.11±0.04)×1015

Ta 124±5 (0.04±0.02)×1015

Cr 66±35 (0.88±0.18)×1015

second set Ta 124±5 (0.07±0.02)×1015

Pt 129±5 (0.45±0.02)×1015

Table 6.1: The bulk LLG relaxation rate G0 and the normalized effective
interfacial spin-mixing conductance G̃↑↓

effS−1 values for two different sets of
Ni80Fe20/NM films with various NM capping layers. The data are obtained
by fitting the thickness dependence of G (Fig. 6.6 for the first set, and Fig.
6.13 for the second set) to the spin pumping model, Eq. (6.8).

tance given in units of Ω−1m−2, described as

G̃↑↓
effS−1 =

e2

4π~

g̃↑↓r S−1

1 + [
√

ǫtanh(L/λsd)]
−1 . (6.9)

When the normal metal capping layer is a nearly perfect spin sink, Eq.

(6.9) can be approximated as

G̃↑↓
effS−1 =

e2

4π~
g̃↑↓r S−1. (6.10)

The thickness dependence of the LLG relaxation rate G, shown in Fig.

6.6 and Fig. 6.13 for the first and second set of Ni80Fe20/NM films, re-

spectively, are fitted to the spin pumping model, Eq. (6.8). The fitting

parameters of G0 and G̃↑↓
effS−1 for the Ni80Fe20/NM films with various NM

capping layers are listed in Table 6.1.

As listed in Table 6.1, the two different sets of Ni80Fe20/Ta films show the

same G0 values of 124 ± 5 MHz and similarly small values of the normalized

effective interfacial spin-mixing conductance: G̃↑↓
effS−1 = (0.04±0.02)×1015

Ω−1m−2 for the first set and G̃↑↓
effS−1 = (0.07±0.02)×1015 Ω−1m−2 for the

second set. The G0 value of 124 ± 5 MHz agrees with those found by con-

ventional ferromagnetic resonance (FMR) measurements (100-130 MHz) on

NM/Py/NM sandwiches[14, 109, 110]. Compared with Ni80Fe20/Ta films,

Ni80Fe20/Au films show a smaller value of G0 = 102 ± 10 MHz and a sightly
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bigger value of G̃↑↓
effS−1 = (0.11±0.04)×1015 Ω−1m−2. As predicted by

spin pumping theory[11, 12, 13, 14], the results found here indicate that

both Ta and Au capping layers act as poor spin sinks, which is also qualita-

tively consistent with those found by conventional FMR measurements on

Ta/Py/Ta[109, 110] and Fe/Au[131] films.

For Ni80Fe20/Pt films, G0 = 129 ± 5 MHz and G̃↑↓
effS−1 = (0.45±0.02)×1015

Ω−1m−2. The significantly large value of G̃↑↓
effS−1 indicate that Pt capping

layer is a nearly perfect spin sink as predicted by spin pumping theory[11,

12, 13, 14], Eq. (6.10) can thus be used to give g̃↑↓r S−1 = 23.3 ± 3.9 nm−2,

which is very close to the reported value of 25.8 nm−2 from FMR measure-

ments on Pt/Py/Pt sandwiches[14, 109, 110].

For Ni80Fe20/Cr films, G0 = 66 ± 35 MHz and G̃↑↓
effS−1 = (0.88±0.18)×1015

Ω−1m−2. Compared with the Ni80Fe20 films with other NM capping lay-

ers (NM = Au, Ta, and Pt), the much smaller value of G0 and the much

larger value of G̃↑↓
effS−1 with big error bars may indicate that the signifi-

cantly large thickness-dependent damping enhancement effect observed for

Ni80Fe20/Cr films can not be well explained by spin pumping model only.

Two-magnon scattering may also play an important role here, which could

lead to a more complicated thickness dependence of G together with the

spin pumping mechanism[127, 130, 131].

6.6 Conclusion

Using all-optical time-resolved pump-probe TR-MOKE technique, fast tran-

sient magnetic response was measured for Ni80Fe20(t)/NM(8 nm) (NM =

Au, Ta, Cr and Pt) bilayer films with various Ni80Fe20 layer thickness t.

It is found that magnetization relaxation process depends on the thickness

of Ni80Fe20 layer as well as the nonlocal environment. Both the damping

constant α and the LLG relaxation rate G were enhanced at the reduced

thickness of Ni80Fe20 layer. This trend is similarly small for the Ni80Fe20

films with Au and Ta capping layers, while significantly large for the Ni80Fe20

films with Pt and Cr capping layers. The thickness dependence of G for the

Ni80Fe20/NM (NM = Au, Ta, and Pt) films is found to be consistent with
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the spin pumping theory as well as the previous reported conventional FMR

measurements. For the Ni80Fe20/Cr films, the thickness-dependent damping

enhancement effect may due to both the spin pumping mechanism and the

two-magnon scattering.
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Chapter 7

Dual-frequency

Ferromagnetic Resonance

7.1 Introduction

7.1.1 Motivation

Ferromagnetic resonance (FMR) precession of ferromagnetic alloys and het-

erostructures is technologically important since it determines the GHz dy-

namics of spin electronic devices. Recently, novel long-ranged dynamic cou-

pling mechanisms between layers in heterostructures, through the transient

excitation of spin currents, have been observed experimentally[10, 14]. Some

of these processes could be elucidated if motions of individual layers can be

excited independently, allowing the effects of higher amplitude motion at

one layer to be characterized in the resonance at an opposite layer.

Experiments on driven FMR modes in ferromagnetic multilayers so far

have typically focused on the situation with single drive excitation. Dual-

drive excitations cannot be found in the literature except in a few studies of

nonlinear interactions between magnetostatic waves in yttrium-iron-garnet

films[138, 139]. We have developed a dual-frequency ferromagnetic reso-

nance technique to study interactions between FMR modes. Through the

adjustment of pumping power at mode 1 (excited at f1), we can examine
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effects on FMR line intensity, width, or shape at mode 2 (excited at f2).

In the first part of this chapter, we describe our development of the novel

dual-frequency ferromagnetic resonance technique, which has been published

in [140]. During operation, FMR is excited at two frequencies using dual

RF sources, combined at a power divider, and delivered to the ferromag-

netic sample using a broadband coplanar waveguide (CPW). The response

of individual FMR modes is detected by modulating each RF source at a

separate low modulation frequency and locking in to these two frequencies

with separate lock-in amplifiers.

7.1.2 Controlled saturation magnetization and ferromagnetic

relaxation in (Ni81Fe19)1−xCux

As one of the most important materials parameters for next generation

metallic spintronic devices, the LLG relaxation rate G directly controls the

performance of magnetoelectronic devices: critical currents icrit in spin mo-

mentum transfer (SMT) switching [15, 16, 17] and frequency-swept broad-

ened ferromagnetic resonance linewidths for microwave absorption[68, 141].

In previous work, Bailey et al. found that low concentrations of Tb

dopants in 50 nm Ni81Fe19 films can increase G over two orders of magni-

tude without great effect on the soft magnetic properties[51]. Gd dopants,

by contrast, showed no effects on G[52]. More remarkably, G can also be

reduced by alloying Fe with other elements lower in atomic number. Scheck

et al. found that values of G around 40% lower than those known previously

in Fe single crystal films and whiskers, as low as 35 MHz, in Fe1−xVx[66].

Nevertheless, ferromagnetic relaxation or damping is not well understood or

characterized; values of intrinsic relaxation rate G have not been measured

in many binary or ternary alloy systems of interest. Characterization of G

across alloy systems can lead to an improved understanding of relaxation,

as well as its more effective materials-based control.

(Ni81Fe19)1−xCux thin films have been of interest in their own right for

use in spin momentum transfer (SMT) devices[142, 143]. The deliberate in-

troduction of Cu into Ni81Fe19, reducing the magnetic moment, has made it
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much easier to magnetize one film normal to the plane with attainable fields

B⊥ < 1 T. SMT efficiencies are known to be larger where magnetization

directions of M1, M2 are perpendicular to each other.

Furthermore, the composition range spanned by (Ni81Fe19)1−xCux can

address a leading theory of ferromagnetic damping. Kambersky[21, 23] has

proposed a dependence of ferromagnetic relaxation rate G (damping α) on

effective g factor (geff ) as[21]

G ∝ (geff − 2)2(aτ + bτ−1), (7.1)

where τ denotes the momentum scattering time for electrons, and pure spin

type magnetism are expected as geff = 2. According to the magnetome-

chanical measurements of Barnett[144], geff follows a rough compositional

dependence, similar to the Slater-Pauling curve, but peaked at Z=27 (Co).

Decreasing values in geff may thus be expected in (Ni81Fe19)1−xCux thin

films with increasing Cu content, if thin film results are similar to those seen

in bulk crystals; according to the Kambersky theory[21, 23], reduced values

in geff may produce reduced values in G.

In the second part of this chapter, we present a detailed measurement of

saturation magnetization and ferromagnetic relaxation in (Ni81Fe19)1−xCux

thin films by broadband CPW-based FMR technique, which has been pub-

lished in [145]. We find that the saturation magnetization µ0Ms decreases

with increasing Cu doping concentration, in consistent with Slater-Pauling

values. The LLG damping constant α and relaxation rate G both increase

with more Cu alloyed into Ni81Fe19 despite the marked decrease of moment.

7.2 Dual-frequency ferromagnetic resonance

7.2.1 Apparatus

The block diagram of the experimental setup for the dual-frequency FMR

technique is shown in Fig. 7.1, where broadband (2-8 GHz) swept-field

ferromagnetic resonance (FMR) is measured. Lock-in amplifier detection

through frequency modulation is used in our FMR measurements. Apart
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from the dual frequency capability, our measurements are similar to conven-

tional FMR cavity measurements[18], although network analyzers are often

used instead of lock-in amplifier for phase-sensitive detection in conventional

broadband FMR spectrometers[146].

 RF Source 1 RF Source 2

Lock-in Amplifier 1 Lock-in Amplifier 2

GaussmeterRF diode

Power Combiner
DC magnet DC magnet

 CPW Sample

Signal in Signal inSine out Sine out

rf output rf outputFM FM

FM1 FM2

Figure 7.1: A block diagram of the experimental setup for the dual-frequency
FMR technique.

The microwave sources consist of two independently controllable fre-

quency sweepers: RF source 1 and RF source 2. RF source 1 is a home-built,

fixed-frequency source at 2.3 GHz (f1), variable in output from -50 to 22

dBm. We used a filtered amplified higher harmonic of a 88 MHz signal from

a Waveteck 3000 signal with FM capability. RF source 2 is a Wiltron 6668B

sweep generator operated in cw mode, with tunable frequency (f2) in the

range of 0-40 GHz, variable output from -50 to 15 dBm, and FM capability.

The dual microwave generators are used to generate dual rf signals (f1, f2)

simultaneously. The two independent rf sources modulated at separate fre-
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quencies (f1
mod, f2

mod) are combined with a Anaren 42020 broadband power

combiner/divider (2-8 GHz), which attenuates each input by 3 dB in trans-

mission, and then delivered to the ferromagnetic thin film sample through

a lithographic coplanar waveguide (CPW) with a 100 µm center conductor

width. The RF field delivery configuration here is similar to that used in

PIMM (pulsed inductive microwave magnetometer) measurements[43], sub-

stituting cw microwave sources for the pulse generator.

The thin film sample is placed film-side down onto the top of the CPW,

with a thin layer of photoresist spin-coated onto the film to prevent it from

shorting the CPW. The CPW, used to pump the thin film sample with

combined microwave (2-8 GHz) excitations from two synthesized microwave

generators, is constructed by standard lithographic techniques and placed

inside a Fe core electromagnet. The electromagnet has a gap of ∼2 cm

and a maximum field of ∼1.0 Tesla at 40 Ampere, controlled by parallel

KEPCO-BOP-20/20M current sources. The Fe core electromagnet provides

applied magnetic bias field along the center conductor of CPW, which is

measured directly using a transverse hall probe monitored by a Lakeshore

421 Gaussmeter.

Transmitted rf signals through the magnetic thin film sample are de-

tected at a microwave diode (0-18 GHz), the output of which is sent to

the A inputs of two lock-in amplifiers (lock-in 1 of SR810, and lock-in 2 of

SR830). The sine outputs of the lock-in amplifiers provide the modulation

to the transmitted rf signals at separate modulation frequencies: f1
mod (∼120

Hz) for f1, and f2
mod (∼540 Hz) for f2. A microcomputer equipped with a

GPIB bus communicates with the SR810/830 and the Wiltron 6668B; analog

inputs (±10 V) at the SR830 read the corrected output of the Lakeshore 421

Gaussmeter, and parallel analog outputs (±5 V) control the Kepco power

supplies. All these features allow the system to be fully automated.

In operation, the dual-frequency FMR measurement can sweep frequen-

cies at f2 and fields HB, while monitoring the diode signals at f1
mod (f1) and

f2
mod (f2). Power levels at f1 are set manually through a variable attenua-

tor. A high-precision (Keithley 2000) DMM, also under GPIB control, was

available to monitor the DC diode signals in the same measurements.
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7.2.2 Experiment

A single layer sample of Ni81Fe19(25 nm) and a trilayer structure of Ni81Fe19(25

nm)/Cu(20 nm)/Co93Zr7(25 nm), were grown by UHV magnetron sput-

tering from alloy targets at a base pressure of 4×10−9 torr onto Si/SiO2

substrates. A 20 Oe deposition field was applied to induce unidirectional

anisotropy in the film plane.

Conventional broadband FMR measurements (RF source 1 is off, and RF

source 2 is on) were made on both Ni81Fe19 and Ni81Fe19/Cu/Co93Zr7 thin

film samples at several selected frequencies (from 0 to 5 GHz) to determine

the Kittel relations[9] between microwave frequency (ωp/2π) and resonance

field (Hres). For in-plane magnetization in a thin film, the Kittel relation

can be expressed as[9]:

ω2
p ≈ µ2

0γ
2Ms(Hres + Hk), (7.2)

where Hk is an effective field due to anisotropy.

The Ni81Fe19 thin film sample was then measured using dual-frequency

ferromagnetic resonance technique, where two different FMR modes were

excited independently, using separate resonance frequencies (f1 = 2.3 GHz,

f2 = 4.5 GHz) at fixed field. In the Ni81Fe19/Cu/Co93Zr7 trilayer sample,

both the Ni81Fe19 layer and the Co93Zr7 layer were excited near resonance

simultaneously, choosing Hres for f1 = 2.3 GHz, through the adjustment of

f2 (to 3.8 GHz). The effects of variable power at f1 on the Co93Zr7 resonance

at f2 were investigated.

7.2.3 Validation of frequency selectivity and demonstration

of dual-frequency FMR

The results of conventional broadband FMR measurements on both Ni81Fe19

and Ni81Fe19/Cu/Co93Zr7 thin film samples are presented in Fig. 7.2. We

show (ωp/2π)2 as a function of Hres. f1 and f2 denote the selected frequen-

cies of excited FMR modes in dual-frequency FMR measurements on the

same samples (shown in Fig. 7.3 and Fig. 7.4). Solid lines are linear fits
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based on Eq. (7.2). Two branches were observed for the Ni81Fe19/Cu/Co93Zr7

thin film sample, corresponding mostly to the separate resonances of the

Ni81Fe19 layer and the Co93Zr7 layer, with some weak ferromagnetic cou-

pling (∼5 Oe).
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Figure 7.2: (a) Kittel plot of the single layer of Ni81Fe19 thin film. (b) Kittel
plot of the trilayer structure of Ni81Fe19/Cu/Co93Zr7 thin film. Solid lines
are linear fits to the data.

Validation of frequency selectivity in dual-frequency FMR is shown in

Fig. 7.3. Two different FMR modes were excited in the Ni81Fe19 thin

film sample at two selective resonance frequencies (f1 = 2.3 GHz, f2 = 4.5

GHz) and then detected selectively using dual lock-in amplifiers (lock-in 1,

lock-in 2), respectively. Two absorption peaks were observed for the total

transmitted signal, where the positions and widths of the two absorption

peaks correspond closely with those found selectively at f1 and f2.
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Figure 7.3: Dual-frequency FMR spectra (f1 = 2.3 GHz, f2 = 4.5 GHz) of
Ni81Fe19 thin film using dual lock-in detection.

Dual-frequency FMR measurement on the Ni81Fe19/Cu/Co93Zr7 trilayer

thin film sample is presented in Fig. 7.4, where the effects of pumped

Ni81Fe19 precession at f1 = 2.3 GHz were investigated on the Co93Zr7 res-

onance at f2 = 3.8 GHz. This frequency (f1) sets the Ni81Fe19 layer into

FMR at HB = 72.5 Oe. With rf power of RF source 2 fixed at a low value

(-5 dBm), we varied the pumping power of RF source 1, from -20 dBm to

+10 dBm, measured at the diode. As shown in Fig. 7.4, two separate FMR

modes were observed for each value of the pumping power of RF source 1,

where the mode at the low-field side corresponded primarily to the reso-

nance of the Co93Zr7 layer. Some variations can be seen in both the line

intensity and the symmetry of the Co93Zr7 FMR modes as a function of

power pumped into the Ni81Fe19 resonance. It is also evident that the high

power excited at f1 has no discernible influence on the Ni81Fe19 resonance

measured at f2, as expected. However, a quantitative estimate of any dy-

namic coupling between Ni81Fe19 and Co93Zr7 layers could not be made, as

the residual influence of the static (∼5 Oe) coupling could not be excluded.

It is additionally important to drive the Ni81Fe19 resonance symmetrically

over the low-field region, which requires a second variable frequency source

at f1.
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Figure 7.4: Dual-frequency FMR spectra at f2 = 3.8 GHz as a function of
pumped power at f1 = 2.3 GHz in Ni81Fe19(25 nm)/Cu(20 nm)/Co93Zr7(25
nm) thin film. The field HB for simultaneous FMR of Ni81Fe19 and Co93Zr7
is indicated.

By using dual-frequency FMR technique, we can selectively excite several

different FMR modes in a ferromagnetic alloy and heterostructures, and the

nature of coupling interactions between multiple FMR modes could thus

be probed.We remark that the technique presented could be extended to

fixed-field, swept-frequency measurement, or to track the Kittel resonance

at f1 as field Hres is swept. With much higher power amplification and some

cooling capability, nonlinear interactions between magnetostatic spin-wave

modes (MSSW) could be studied as well. Finally, the frequency range can

be extended to 20 GHz, or even to 40 GHz, through the use of different

power dividers.

7.3 Ferromagnetic relaxation in (Ni81Fe19)1−xCux

thin films: band filling at high Z

7.3.1 Experiment

Alloys of (Ni81Fe19)1−xCux (50 nm) thin films were grown onto Si/SiO2

substrates using UHV magnetron sputtering at a base pressure of 4×10−9
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Torr. (Ni81Fe19)1−xCux samples were made by confocal sputtering from

Ni81Fe19 alloy and elemental Cu targets under an applied deposition field of

20 Oe.

Cu doped Ni81Fe19 alloy thin films (50 nm thick), with doping level 0%,

20%, and 30%, were investigated in the study. All these films were capped

with a sputtered 5 nm Cu layer to prevent oxidation before transport to air.

Atomic fluxes of each source to the substrate, operating separately, were

calibrated using a quartz crystal monitor, located in front of the substrate

position, immediately prior to film deposition. Rates for each alloy com-

position were subsequently calibrated using the Atomic Force Microscopy

(AFM).

The Cu doped Ni81Fe19 (50 nm) thin films were characterized using

broadband (0− 18 GHz) CPW-based ferromagnetic resonance (FMR) tech-

nique, measured in both parallel (in-plane) and perpendicular (out-of-plane)

resonance configurations. All measurements were carried out at room tem-

perature. More details about broadband CPW-based FMR setup and mea-

surement technique can be found in sec. 3.2.1.

7.3.2 Compositional dependence of saturation magnetization

and ferromagnetic relaxation in (Ni81Fe19)1−xCux

The resonant field Hres and the linewidth ∆Hpp were measured using broad-

band CPW-based FMR technique over the frequency range of 2 − 10 GHz

for out-of-plane and 2 − 16 GHz for in-plane measurements.

For out-of-plane FMR measurements, the relationship between applied

bias field H and FMR frequency f , shown in Eq. (3.1), can be rewritten as

ω = 2πf ≈ µ0γ0geff (H − Ms), (7.3)

where the surface anisotropy is neglected. γ = γ0geff is the effective gyro-

magnetic ratio, 175.86 GHz/T for geff=2.

Plots of out-of-plane resonant field Hres as function of resonant fre-

quency, with linear fits to Eq. (7.3), as shown in Fig. 7.5, for all samples.

Fits to this equation yield independent measurements of geff (slope) and
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µ0Ms (intercept). The extracted effective g factors (geff ) change from 2.10

± 0.01 for pure Ni81Fe19 to 2.07 ± 0.01 for 30% Cu doped Ni81Fe19, shown

in the inset of Fig. 7.5. With increasing doping levels, the saturation mag-

netization (µ0Ms) values decrease clearly (shown in Fig. 7.8), from 0.965 T

for pure Ni81Fe19 to 0.471 T for 30% Cu doped Ni81Fe19.
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Figure 7.5: Variable-frequency out-of-plane resonance fields Hres(ω) of
(Ni81Fe19)1−xCux films with different Cu content. Solid lines are linear
fits to Eq. (7.3). The inset shows the effective g factors geff extracted from
the slope of the linear fits.

For in-plane FMR measurements, the relationship between applied bias

field H and FMR frequency f , shown in Eq. (3.2), can be used to estimate

saturation magnetization µ0Ms and anisotropy field Hk in the thin film

samples, rewritten as[9]

ω = 2πf ≈ µ0γ0geff

√

(H + Hk + Ms)(H + Hk). (7.4)

Plots of square of resonant frequency f2 as function of in-plane resonant

field Hres, are shown in Fig. 7.6, for all samples. The nonlinear fits to Eq.

(7.4), using µ0Ms and Hk as free parameters and geff from out-of-plane
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FMR measurements, are included. The extracted saturation magnetization

values decrease with increasing doping levels of Py films, from 0.934 T for

pure Ni81Fe19 to 0.426 T for 30% Cu doped Ni81Fe19 (shown in Fig. 7.8),

very close to those extracted values from out-of-plane FMR measurements.
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Figure 7.6: In-plane Kittel plot of (Ni81Fe19)1−xCux films with different Cu
content. Solid lines are nonlinear fits to Eq. (7.4).

Damping constants α can be obtained through the field-swept linewidth

∆Hpp of variable-frequency in-plane FMR measurements, shown in Eq. (3.5)

and rewritten as

µ0∆Hpp = µ0∆H0 +
2√
3

αω

γ0geff
, (7.5)

where linewidth can be divided between homogeneous and inhomogeneous

types[18].

Homogeneous linewidth is proportional to resonant frequency, described

by the Landau-Lifshitz-Gilbert (LLG) damping parameter α (dimensionless)

or relaxation rate G (MHz)[147]. Inhomogeneous linewidth is independent of

resonant frequency, described by ∆H0, arising from a locally inhomogeneity

of microstructure.

The variable-frequency in-plane FMR linewidths ∆Hpp(ω) are shown in
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Fig. 7.7, with linear fits to Eq. (7.5), for all samples. Using the effective g

factors (geff ) from out-of-plane FMR measurements, damping constants α

can be extracted, shown in the inset of Fig. 7.7. There is a clear increase

in slope with increasing Cu doping, where α values increase from 0.0081 ±
0.0003 for pure Ni81Fe19 to 0.0242 ± 0.0006 for 30% Cu doped Ni81Fe19.
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Figure 7.7: Variable-frequency in-plane linewidths ∆Hpp(ω) of
(Ni81Fe19)1−xCux films with different Cu content. Solid lines are lin-
ear fits to Eq. (7.5). The inset shows the damping constant α extracted
from the slope of the linear fits.

The extracted values of saturation magnetization from broadband CPW-

based FMR measurements are compared with theoretical values based on

the well-known Slater-Pauling relation[8]:

µ0Ms(xCu) ∼= µ0Ms(xCu = 0) − 1.38xCu(T ), (7.6)

where xCu denotes the concentration of Cu doping in Ni81Fe19 films. In the

calculation, we take the theoretical value of zero doping Ni81Fe19 film as the

average of those two extracted values from out-of-plane and in-plane FMR

measurements. As shown in Fig. 7.8, the extracted values from broadband
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CPW-based FMR measurements are consistent with the theoretical values.

The results are also similar in variation with Z to those found on the low-Z

branch of the Slater-Pauling curve, in epitaxial Fe1−xVx[66].

LLG relaxation rate G can be related to damping parameter α by,

Gcgs = GSI/4π = µ0Msγ0geffα/4π. (7.7)

Using µ0Ms and α from in-plane FMR measurements and geff from out-of-

plane FMR measurements, G values can thus be obtained according to Eq.

(7.7). As shown in Fig. 7.8, when Cu is alloyed into Ni81Fe19, G increases

despite the decrease of saturation magnetization, from 112 ± 4 MHz for

pure Ni81Fe19 to 150 ± 4 MHz for 30% Cu doped Ni81Fe19.
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Figure 7.8: Saturation magnetization µ0Ms of (Ni81Fe19)1−xCux films with
different Cu content, extracted from both out-of-plane and in-plane broad-
band FMR measurements, including the comparison with theoretical calcu-
lation. Extracted LLG relaxation rates G are also shown here.

7.3.3 Discussion

The LLG relaxation rates G as a function of Cu content extracted from our

broadband CPW-based FMR measurements do not follow a simple depen-
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dence on the effective g-factor geff , which pose some interesting questions

about the fundamental nature of relaxation. It is also not obvious that the

Kambersky theory[21, 23] holds here, as the geff − 2 does not increase as

Cu is added, but vibrate within the small range of 2.11 to 2.07. A further

electrical measurement of the scattering time τ is thus needed to test the

Kambersky theory for Cu doped Ni81Fe19 samples.

In summary, compositional-dependent saturation magnetization and fer-

romagnetic relaxation (damping) of (Ni81Fe19)1−xCux thin films have been

measured by broadband CPW-based FMR technique in parallel (in-plane)

and perpendicular (out-of-plane) resonance configurations. It is found that

the saturation magnetization µ0Ms decreases with increasing Cu doping

concentration, in consistence with Slater-Pauling values. In addition, the

LLG damping constant α and relaxation rate G both increase with more Cu

alloyed into Ni81Fe19 despite the marked decrease of moment.

The results of (Ni81Fe19)1−xCux thin films can be further used to make

an engineered trilayer structure of Ni81Fe19/Cu/(Ni81Fe19)1−xCux with con-

trolled growth-induced anisotropy to get resonance frequencies to cross, as

illustrated in Fig. 7.9, for the dual-frequency FMR measurement. The

position of degenerate resonance and the corresponding degenerate reso-

nance field (Hres) can be adjusted through the control of Cu content in the

(Ni81Fe19)1−xCux alloy, as well as the individual anisotropy of each ferro-

magnetic layer in the trilayer structure. At the degenerate resonance field

(Hres), the Ni81Fe19 layer and the (Ni81Fe19)1−xCux layer have identical

resonance frequencies and are thus both at resonance with maximum pre-

cessional amplitude. In this case, spin pumping theory predicts that both

layers will emit a maximum spin current[13, 14]. When the resonance fre-

quencies of the Ni81Fe19 layer and the (Ni81Fe19)1−xCux layer are different,

one layer is at resonance with maximum precessional amplitude while the

other layer is off resonance with small precessional amplitude. In this case,

spin pumping theory predicts that the spin pumping current for one layer

reaches its maximum while the other layer does not emit a significant spin

current at all[13, 14]. Therefore, different nonlocal damping behavior would

be expected in these two different cases. By sweeping both rf sources and
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exciting two separate FMR modes, dual-frequency FMR technique could

be very useful in probing the non-equilibrium spin-pumping interaction be-

tween the Ni81Fe19 layer and the (Ni81Fe19)1−xCux layer in the engineered

trilayer structure with degenerate resonance.

Figure 7.9: A simple illustration of degenerate resonance in an engineered
trilayer structure of Ni81Fe19/Cu/(Ni81Fe19)1−xCux with controlled growth-
induced anisotropy. The position of cross resonance and the corresponding
cross resonance field (Hres) can be adjusted through the control of Cu con-
tent in the (Ni81Fe19)1−xCux alloy, as well as the individual anisotropy of
each ferromagnetic layer in the engineered trilayer structure.

7.4 “Gating” damping using dual-frequency FMR

via spin pumping

Spin pumping theory in FM1/NM/FM2 trilayer structures has been detailed

discussed in sec. 2.4.3. An illustration of spin pumping is shown in Fig. 7.10,

where for parallel aligned magnetizations M1 and M2, FMR precession in

a ferromagnetic layer (FM1) sources polarized spin current Is across a non-

magnetic spacer layer (NM) and into a second ferromagnetic layer (FM2),
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which creates a relaxation torque in M2 aligned with the damping and then

make an additional enhanced contribution to the damping. The possibility

of suppressing damping using spin pumping has not been explored before.

Figure 7.10: A simple illustration of spin pumping: FMR precession in a
ferromagnetic layer (FM1) sources polarized spin current across a nonmag-
netic spacer layer (NM) and into a second ferromagnetic layer (FM2), with
a parallel alignment of M1 and M2. Reduced damping may appear in a
similar trilayer structure with antiparallel alignment of M1 and M2.

Consider an anti-parallel alignment of M1 and M2, the pumped spin

torque in M2 may oppose the damping, which can potentially suppress the

damping. An antiparallel aligned state would seem to be very difficult to

arrange in a large applied field H, but this is possible using a synthetic anti-

ferromagnet, which would replace FM1 with FM1a/Ru(0.6 nm)/FM1b. The

Ru interlayer creates strong AP coupling between the layers, such that for

thicker FM1a than FM1b, FM1b aligns antiparallel with the applied field. If
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pumped spin currents exert similar effects on dynamics in this configuration,

but with reduced sign, near full suppression of relaxation in a single layer is

plausible.

The dual-frequency FMR technique could be used to gain greater con-

trol over spin pumping effects. In a FM1/NM/FM2 trilayer structure, the

roles of FM1 and FM2 in pumping and receiving spin currents can be sep-

arated by exciting high-power FMR at one layer (e.g. FM1) and detecting

its effects at the other later (e.g. FM2). When FM1 and FM2 have sep-

arate resonance frequencies at fixed field, pumping FM1 at one frequency

and examining FM2 at another frequency becomes possible using the dual-

frequency FMR technique. Therefore, the dual-frequency FMR technique

could allow us to control spin pumping electronically and test in detail any

transitions to suppression of damping. Reduction of damping, translating

to a reduction in frequency linewidth, has potential as an enabling step for

novel integrated GHz frequency-domain devices using ferromagnetic thin

films and heterostructures. Efforts are underway to make an optimized tri-

layer structure with antiparallel magnetization configuration and do further

investigations using the dual-frequency FMR technique.

7.5 Conclusion

A novel dual-frequency ferromagnetic resonance (FMR) technique has been

developed to investigate coupling effects between different layers or modes in

ferromagnetic resonance (FMR). This new technique, proved to be selective

of resonance frequency, is able to excite different FMR modes simultaneously

and independently, while separating the properties of each.

Compositional-dependent saturation magnetization and ferromagnetic

relaxation of (Ni81Fe19)1−xCux thin films have been measured by broadband

CPW-based FMR technique. It is found that the saturation magnetization

µ0Ms decreases with increasing Cu doping concentration, in consistence with

Slater-Pauling values. In addition, the LLG damping constant α and relax-

ation rate G both increase with more Cu alloyed into Ni81Fe19 despite the

marked decrease of moment. The results can be further used to make an
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engineered trilayer structure of Ni81Fe19/Cu/(Ni81Fe19)1−xCux to get reso-

nance frequencies to cross for the dual-frequency FMR measurement, which

would be very useful in probing the non-equilibrium spin-pumping interac-

tion between adjacent ferromagnetic layers.

For future work, the dual-frequency FMR technique could also be used

to explore the possibility of “gating” damping in a trilayer structure via

pumped spin currents. The technique could allow novel integrated, frequency-

domain magnetic devices, with tunable frequency and bandwidth.
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