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Abstract

The spin transfer phenomenon provides a new method to manipulate magnetization

without applying an external magnetic field and a new playground to study the spin

degree of freedom of electrons. Two types of magnetic dynamics excited by the spin

transfer torque from a direct current were predicted in 1996: magnetization reversal

and steady-state precession. The physics of spin-torque-induced magnetization re-

versal of a single magnetic domain is now relatively well understood, but study of

spin-torque-induced high frequency oscillation is still at an early stage. The electronic

transport properties of this type of oscillation have been the subject of a lot of recent

work, but no direct imaging has been reported. Another trend in the research of

spin-torque dynamics is the focus shifting from the simplest uniform magnetization

distribution, the so-called “macrospin”, to non-uniform distributions, among which

magnetic vortices attract a lot of attention due to their rotational symmetry and

application possibilities.

This thesis describes the results of x-ray magnetic imaging recently carried out

to study spin-torque-induced steady-state oscillation of an inhomogeneous magnetiza-

tion distribution in a spin valve structure. Static magnetic images deduced from x-ray

transmission signals confirm that the ground state of the inhomogeneous magnetiza-

tion is a magnetic vortex and reveal an interesting vortex profile. Micromagnetic sim-

ulations were conducted to understand the nontrivial vortex profile we observed. To

study the vortex oscillation induced by a direct current, we developed a synchronous

detection technique using the injection locking of spin torque oscillators so that the

gigahertz sample oscillation is synchronized to the probing x-ray pulses. The imaging

results of the dynamic experiments confirm that the microwave frequency oscillation

v



observed in transport measurements comes from a translational vortex core motion.

A simple model is proposed to explain the observed dc-driven vortex oscillation.
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Chapter 1

Introduction

1.1 Introduction to spin torque

The spin-transfer phenomenon [1, 2], where a spin-polarized current transfers spin

angular momentum to the magnetic moments of a ferromagnetic body, provides a

new method to manipulate magnetization without applying an external magnetic

field and a new playground to study the spin degree of freedom of electrons [3, 4].

It is closely related to the giant magnetoresistance effect (GMR) discovered by Fert

and Grünberg independently in 1988 [5, 6], for which they won the Nobel Prize in

physics in 2007. In the GMR effect, the resistance of a magnetic multilayer depends

strongly on the relative magnetization orientation in different magnetic layers. When

the magnetizations are parallel the resistance is small, and when the magnetizations

are antiparallel the resistance is higher. This influence of the magnetization on the

current flow suggests that there may also be a reverse influence from the current to

the magnetization.

In 1996, Slonczerski and Berger independently predicted this reverse effect of

GMR, which is now called the spin transfer effect, or spin transfer torque effect [1,2].

The origin of spin torque can be understood via the schematic in Fig. 1.1. Consider a

magnetic multilayer with two ferromagnetic layers, FM1 and FM2, separated by a thin

nonmagnetic metal layer B. Regions A and C are nonmagnetic metal leads. Assume

the spins in FM1 and FM2 are along directions S1 and S2. Now assume conduction

1
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electrons are flowing from the left to the right. Usually conduction electrons in metals

are not spin polarized, i.e., their spins are randomly oriented as shown in region A. But

after they travel through the first ferromagnetic layer FM1, the current is polarized

to the S1 direction, and passing through the second ferromagnetic layer FM2, the

current is polarized to the S2 direction. So the net effect of the spin current before

and after going into FM2 is that it loses the angular momentum transverse to the

S2 direction. By the conservation of angular momentum, this angular momentum

loss of the spin current is transferred to the local magnetic moments in FM2. Thus

the absorption of the transverse component of the spin current can be viewed as an

effective torque, shown as a red arrow in the figure. Written in vector notation, the

spin torque direction on S2 is −ŝ2× (ŝ2× ŝ1), where ŝ1 and ŝ2 are unit vectors along

the directions of S1 and S2. The size of the spin torque can be expressed as h̄
2

J
e
P ,

which is the product of the magnitudes of the angular momentum of each conduction

electron, the electron number flux, and the polarization of the current. Note that the

polarization depends on transport properties of the whole structure and the relative

orientation of S1 and S2.

C

S2S1
S1

Electron flow

FM1 FM2BA

Figure 1.1: A schematic of the origin of the spin transfer torque.

To understand spin-torque-induced magnetization dynamics, let’s consider the

dynamics without spin torque first. Usually magnetization dynamics is described by
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the Landau-Lifshitz-Gilbert (LLG) equation:

Ṁ = −γ0M×Heff +
α

Ms

M× Ṁ. (1.1)

where M is the magnetization, γ0 is the gyromagnetic ratio, Heff is the effective field

M feels, Ms is the saturation magnetization, and α is the Gilbert damping parameter.

Note that the effective field has contributions from both the external applied field and

internal fields, such as the demagnetizing field, the effective exchange field and the

effective magnetocrystalline anisotropy field. The LLG equation is very difficult to

solve analytically because it is nonlinear and nonlocal, thus micromagnetic simulations

are often used to study magnetization dynamics numerically.

With the existence of spin torque, the magnetization dynamics can be described

by the LLG equation plus Slonczewski’s spin torque term:

Ṁ = −γ0M×Heff +
α

Ms

M× Ṁ− γ0βM× (M× p), (1.2)

where β is a dimensionless parameter describing the size of the spin torque and p is

the unit vector of the direction of the magnetization of the polarizer.

Though the LLG equation is very hard to solve, the basic spin torque dynamics

can be understood in a macrospin model. The macrospin model assumes that mag-

netization is uniform and stays uniform in dynamic processes and thus one can treat

the whole magnetization distribution as a single “macrospin”. In Slonczewski’s orig-

inal 1996 paper [1], he predicted two types of macrospin dynamics induced by spin

torque. One is the spin torque switching of the the direction of the macrospin without

applying an external magnetic field. Another one is persistent precession excited by a

dc spin-polarized current. The spin-torque dynamics in the macrospin model can be

understood in the schematic shown in Fig. 1.2. One of the magnetic layers in the spin

valve is “fixed” so that spin-torque-induced dynamics mainly happens in the “free”

layer. On the left hand side of Fig. 1.2, conduction electrons flow from the fixed layer

to the free layer and the magnetization in the free layer is antiparallel to that of the

free layer. In this configuration, spin-torque can be viewed as an “anti-damping”

torque and it can induce magnetization reversal or steady-state precession. On the
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right hand side, conduction electrons also flow from the fixed layer to the free layer

but the magnetization is parallel. In this configuration, spin-torque can be viewed as

an “extra-damping” torque and it brings magnetization back to the equilibrium po-

sition faster. If conduction electrons flow from the free layer to the fixed layer, then

the reflected conduction electrons have the opposite spin polarization, thus in this

case, the spin torque works as an “anti-damping” torque when the two magnetization

layers are parallel.

Electron flow

Mfixed M

p

Electron flow

Mfixed M

p

Damping

Spin Torque

Heff

Heff

M
Damping

Spin Torque

M

Damping

Spin Torque

M

Figure 1.2: Left: Conduction electrons flow from the fixed layer to the free layer
and the magnetization in the free layer is antiparallel to that of the free layer. In
this configuration, spin-torque can be viewed as an “anti-damping” torque and it can
induce magnetization reversal or steady-state precession. Right: Conduction electrons
also flow from the fixed layer to the free layer but the magnetization is parallel. In
this configuration, spin-torque can be viewed as an “extra-damping” torque and it
brings magnetization back to the equilibrium position faster.

Spin-torque-induced switching has been proposed for use in spin-transfer magnetic

random access memory (ST-MRAM), and dc-spin-current-driven persistent preces-

sion might be used as nanoscale microwave sources [7–9]. However, so far, most
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understanding of spin-torque-induced dynamics is limited to the macrospin approx-

imation. A main purpose of this thesis is to study how spin torque interacts with

nonuniform magnetization and what types of dynamic motion it can excite in these

more complicated magnetic configurations. The simplest nonuniform magnetic state

is a magnetic vortex. In the next section I will give an introduction of the statics and

dynamics of magnetic vortices.

1.2 Introduction to magnetic vortices

1.2.1 Introduction to the statics of magnetic vortices

The magnetic vortex has recently received great attention in the field of magnetism

since it is often found to be the ground state of microscale and nanoscale magnetic

particles which have potential applications in magnetic storage and spin electronic

devices [10]. Though theoretically predicted many decades ago [11], a magnetic vortex

state has only been observed directly recently [12, 13]. Fig. 1.3 shows a magnetic

vortex as the ground state of a 175 × 175 × 21 nm permalloy disk calculated by the

“LLG Micromagnetic Simulator” developed by Michael R. Scheinfein. It contains a

curling in-plane magnetization and a “vortex core” in the center of the disk where

magnetization turns out of the plane. This section will discuss the micromagnetic

conditions under which a vortex state is stable in equilibrium, and also describe

vortex dynamics exited by an external magnetic field.

Generally speaking, the remnant magnetization of a ferromagnetic body is de-

termined by the competition of different contributions to the total magnetic energy,

such as exchange energy, magnetostatic energy, magnetocrystalline anisotropy, etc.

Micromagnetics treats this problem on an intermediate scale: “small enough to reveal

details of the transition regions between domains, yet large enough to permit the use

of a continuous magnetization vector rather than of individual atomic spins” [14]. It

assumes the magnitude of magnetization is constant throughout the sample and the

direction of magnetization varies slowly on the atomic scale [15]. The equilibrium
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Figure 1.3: Micromagnetic simulation of a 175 × 175 × 21 nm permalloy disk con-
taining a magnetic vortex. The white arrows are the magnetization direction at each
simulated grid.

magnetic state corresponds to the smallest total energy:

Etotal =

∫

V

(εx + εK + εd + εH) d3r, (1.3)

where εx is the exchange energy, εK is the anisotropy energy, εd is the stray field

energy and εH is the Zeeman energy.

In the continuum approximation, the exchange interaction in the Heisenberg

model can be written as

εx = A(∇m)2 = A[(∇m2
x) + (∇m2

y) + (∇m2
z)], (1.4)

where m = M/Ms is the unit vector parallel to the magnetization and mx , my

and mz are the direction cosines of the magnetization. A is the so-called exchange

stiffness constant. It’s a material constant with a value of 10−11J/m in Fe, Co and

Ni [16]. It’s clear from Eq. 1.4 that exchange interaction favors uniform magnetization

distribution.

The most common anisotropy is the magnetocrystalline anisotropy caused by the
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spin-orbit interaction. In magnetic crystals, the energy of magnetic moments depends

on their direction relative to the crystallographic axes. The axis with the minimum

anisotropy energy is called the “easy axis” and that with the highest energy is called

the “hard axis”. Anisotropy energy is usually written as a power series expansion

which takes into account the crystal symmetry. Typically only the first one or two

terms are considered because higher order terms tend to be averaged out by thermal

fluctuations.

For uniaxial anisotropy, the first two terms can be written as

εK = K1 sin2 θ + K2 sin4 θ = K1(1−m2
z) + K2(1−m2

z)
2, (1.5)

where K1 and K2 are anisotropy constants and θ is the angle between magnetization

and the anisotropy axis. If K1 > 0 then the anisotropy axis corresponds to an energy

minimum, thus it’s an easy axis; if K1 < 0, this axis is a hard axis, with an easy plane

perpendicular to it.

For cubic anisotropy, the first two terms can be written as

εK = K1(m
2
xm

2
y + m2

ym
2
z + m2

zm
2
x) + K2m

2
xm

2
ym

2
z, (1.6)

where x, y, and z are defined along the crystallographic axes.

In cubic Fe and Ni, K1 is 4.8 × 104 J/m3 and −5.7 × 103 J/m3 respectively. In

hexagonal Co, K1 = 5× 105 J/m3 [17].

The magnetostatic self-energy is sometimes called the demagnetizing field energy,

or stray field energy. It originates from the classical interactions among the mag-

netic dipoles. The so-called demagnetizing field, Hd, comes from the divergence of

magnetization, or “magnetic charges”. The energy density of the demagnetizing field

is

εd = −1

2
µ0M ·Hd. (1.7)

In an ellipsoidal ferromagnet, the demagnetizing field has a simple form as Hd = NM

where N is the demagnetizing tensor. In this case, the demagnetizing field energy can
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be written as

εd =
1

2
µ0M ·NMd =

µ0M
2
s

2
m ·Nm, (1.8)

where it is convenient to introduce an abbreviation for the coefficient:

Kd =
µ0M

2
s

2
. (1.9)

It has the same units as the anisotropy constant and can be called the magnetostatic

energy constant. In Fe, Co and Ni, Kd is 1.82 × 106, 1.23 × 106, and 1.51 × 105 re-

spectively [16]. A useful dimensionless quantity to compare the magnetostatic energy

and the anisotropy energy is Q = K1/Kd. In Fe, Co and Ni, Q is 0.03, 0.4 and 0.04

respectively.

If there is an external field Hex, the Zeeman energy density is simply

εH = −µ0(Hex ·M) = −µ0Ms(Hex ·m). (1.10)

Usually it is difficult to minimize the total energy of a magnetization distribution

analytically, so characteristic lengths are very useful in estimating the remnant mag-

netization in magnetic particles. The exchange length, ∆d =
√

(A/Kd), is relevant

when the exchange energy is approximatively equal to the stray field energy. Depend-

ing on the material parameters, it can be as small as a few nanometers. The other

characteristic length is the so called Bloch wall width parameter, ∆ =
√

A/K1. If a

magnetic particle is smaller than ∆d, it’s probably in a single domain state.

1.2.2 Introduction to the dynamics of magnetic vortices

Experimental Work on Vortex Dynamics Excited by a Magnetic Field

The first experimental evidence of the vortex gyration mode was published by Argyle,

Terrenzio and Slonczewski in 1984 [18]. They used magneto-optical methods to image

a garnet film of 0.8 µm thickness with two 90◦ Nèel walls. Though their spatial

resolution was not able to resolve the vortex at the intersection of the domain walls,

they were able to sweep the microwave frequency of the small in-plane magnetic field
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they applied and to locate the resonant vortex frequency (13 ∼ 24 MHz) by observing

the blurred motion of the domain walls. They found that no matter what direction

the in-plane field was applied, the vortex motion was always circular.

The first observation of the gyration mode in an isolated vortex was reported

by Park et al. in 2003 [19]. They used time-resolved Kerr microscopy as a local

spectroscopic probe. Their samples are Ni0.81Fe0.19 disks with thicknesses of 60 nm

and diameters of 0.5, 1, and 2 µm. The laser beam is focused to a full width half

maximum of 540 nm and is positioned near the center of each disk. The excitation is

an in-plane magnetic field pulse with an amplitude of ∼ 5 Oe and a temporal width

of ∼ 150 ps. The left panel of Fig. 1.4 shows the recorded time-domain polar Kerr

signal which corresponds to the out-of-plane magnetization near the center of each

disk. The low frequency component (0.6 GHz for the 500 nm disk) is attributed to

the vortex gyration mode.

The development of time-resolved x-ray imaging provides opportunities to study

the vortex dynamics with higher resolution. In 2004, Choe and coworkers reported

snapshots of gyration of Landau structures taken by photoemission electron micro-

scopes (PEEMs) [20]. The samples are rectangular CoFe microstructures with a

thickness of 20 nm and a lateral size of 1 ∼ 2 µm. The excitation is in-plane mag-

netic field pulses generated by current pulses in a Cu waveguide. The contrast in

Fig. 1.5 mainly comes from the in-plane magnetization of the four domains in the

Landau structure. Pattern II and pattern III shows that samples with the same in-

plane magnetization can have different directions of initial acceleration and opposite

gyration directions. Even though the out-of-plane magnetization is invisible in this

measurement, the authors were able to conclude by careful analysis that the direction

of the initial acceleration during the external field pulse depends on the chirality of

the vortex, and the direction of the vortex rotation depends on the polarization of

the vortex core.

In 2006, Waeyenberge and coworkers realized vortex core switching by small in-

plane magnetic field burst on top of an alternating in-plane magnetic field [21]. The

samples are 1.5µm x 1.5µm x 50 nm Ni80Fe20 squares and time-resolved images are

taken by a Scanning Transmission X-ray Microscope (STXM). The vortex core is
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Figure 1.4: Figure 3 of Ref. [19]: (a) Magnetic force microscope image (left) and
schematic of the vortex structure (right) of a 500 nm disk. The bright spot at the
center of the disk in the image is due to the large z component of the magnetization.
(b), (c),(d) Experimental (left) and simulated (right) time-domain polar kerr signals
for vortex structures of diameters 2 µm, 1 µm and 500 nm near the center of each
disk.

again invisible in this experiment, so they used the direction of the gyrotropic motion

to deduce the direction of the out-of-plane magnetization of the vortex core. A 0.1

mT continuous sinusoidal in-plane filed with a frequency of 250 MHz was applied to

the sample and the gyrotropic motion of the Landau structure can be clearly seen in

the domain images. After a 4 ns “single period” burst of magnetic field of 1.5 mT,
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Figure 1.5: Figure 1 of Ref. [20]: (Top) Domain images of the in-plane magnetization
of Pattern I (1 x 1 µm2), Patters II and III (1.5 x 1 µm2), and Pattern IV (2 x 1 µm2),
taken at the specified delay times after the filed pulse. The images are part of a time
series that extends over 8 ns and were chosen so that the horizontal displacement of
the vortex has maximum amplitude. Hands illustrate the vortex handedness and the
out-of-plane core magnetization as determined from the vortex dynamics. (Bottom)
trajectories of the vortex core. the dots represent sequential vortex positions (in 100-
ps steps). Lines represent time-averaged positions with a Gaussian weight function of
100 ps (FWHM) for 0 to 1 ns and 400 ps (FWHM) for 1 to 8 ns. The progression in
time is symbolized by the dot color. Red arrows show the trajectory during the filed
pulses; black arrows show the direction of gyrotropic rotation after the pulse; and red
stars show the vortex position for the shown domain images.))

the Landau structure changes its gyration direction. This experiments demonstrated

the possibility of switching the vortex core with a small magnetic field.

The first direct observation of the vortex core moving in the gyration mode was

reported in 2007 by Chou and coworkers [22]. Even though direct observation of a

static vortex core was reported as early as 2000 [12], time-resolved images of vortex

core motion were difficult to obtain due to the challenging requirement of both spatial

and temporal resolution. In Ref. [22], the out-of-plane magnetization of a 500 nm

x 500 nm x 40 nm Permalloy square was imaged by STXM. The excitation is an

in-plane ac magnetic field with a frequency of 437.5 MHz. Fig. 4 of this paper shows
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that the trajectories of the vortex core of the same sample are different for different

core polarities. The authors attribute this asymmetry to the local imperfections and

rough surfaces in the thin films.

Besides the low-frequency gyrotropic mode, higher frequency eigenmodes of the

vortex dynamics have also been observed experimentally. Ref. [23] revealed both

axially symmetric modes and azimuthal modes by fourier transform of time-resolved

Kerr microscopy images. The samples are Permalloy disks with diameters of 3 µm,

4µm and 6µm and a thickness of 15 nm. The excitation is magnetic field pulses

perpendicular to the disk plane with maximum strength less than 50 Oe. A series

of polar Kerr microscopy images are taken with a time interval 30 ps. The contrast

of this experiment is the change of the out-of-plane magnetization with respect to

the equilibrium configuration. The fourier transform of these images are shown in

Fig. 1.6. Two types of modes were excited by the magnetic field pulses: (a) to (c)

are axially symmetric modes; (d) and (e) break the axial symmetry. Although the

azimuthal modes are exited by in-plane pulses, they also exist in this experiment with

perpendicular pulses due to the spatial inhomogeneity in the field distribution.

Theoretical Models of Vortex Dynamics

One approach to describe the vortex gyrotropic mode is based on Thiele’s formalism of

dynamics of magnetic domains [25]. In his 1973 paper, Thiele introduces two integrals

over quadratic functions of the spatial derivatives of the magnetization to simplify

calculation of the dynamics properties of magnetic domains. The key assumption is

that the magnetic domain does not change its shape when it’s moving, thus the time

derivative of magnetization can be written as the spatial derivative of magnetization

times the velocity of domain motion. Then the torque equation of local magnetization

can be written as a force equation for the whole magnetic domain [25–27]:

Fg + Fr + Fα = G× v− ∂W

∂X
+
←→
D ·v = 0. (1.11)

This is the so-called Thiele’s equation, where Fg, Fr and Fα are the gyrotropic force,

the restoring force and the dissipative force, respectively. Note that the gyrotropic
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Figure 1.6: Figure 7 of chapter 4 of Ref. [24]: Fourier transform of spin vortex eigen-
modes for a permalloy disk with a diameter of 6 µm and thickness of 15 nm. The top
row shows the absolute value of the amplitude of the Fourier amplitude at resonance,
the bottom row the phase. The modal maps are composed from two half-images:
the left from the micromagnetic simulation, the right from the experiment. (a)-(c):
Axially symmetric modes showing concentric nodes (n = 1, 2, 3, m = 0). Mode (a) at
2.80 GHz has the largest spectral weight. (b): 3.91 GHz and (c): 4.49 GHz are higher
modes with regions exhibiting different phases. (d) and (e) are azimuthal modes. (d)
m = 1, 2.08 GHz; (e) m = 2, 1.69 GHz.

force comes from the Ṁ term in the LLG equation (1.1), the restoring force comes

from the precessional torque term, and the damping force comes from the damping

torque term.

The derivation of the Thiele equation can be briefly summarized as follows [26].

Starting from the LLG equation, substituting

Ṁ = − 1

M2
s

M× (M× Ṁ) (1.12)

to the left hand side and rearranging the equation, it can be written as

γ0M× (Hg + Hr + Hα) = 0, (1.13)
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where the gyroscopic equivalent field and the dissipative equivalent field are

Hg = − 1

γ0M2
s

M× dM

dt
, (1.14)

Hg = Heff , (1.15)

Hα = − α

γ0Ms

dM

dt
. (1.16)

Thus the LLG equation can be written as an equivalent field equation:

Hg + Hr + Hα = 0. (1.17)

Noting that the products (for a = g, r, α)

fa
i ≡ −Ha

j

∂Mj

∂xi

(1.18)

are force densities, the field equation 1.17 can be written as a force equation:

Fg + Fr + Fα = 0. (1.19)

Now the key step from the force equation to the Thiele equation is the rigid domain

assumption, i.e. the magnetization distribution moves as a whole without distortion:

M(x, t) = M0(x−X(t)), (1.20)

where x is the field position, X is the domain position, M(x,t) is the local magnetiza-

tion at position x and time t, and M0 is the equilibrium magnetization distribution.

Using the above rigid domain assumption, the time derivative of magnetization

can be written as the spatial derivative times the domain speed:

dMi

dt
=

∂Mi

∂Xj

dXj

dt
= vj

∂Mi

∂Xj

= −vj
∂Mi

∂xj

. (1.21)

Substituting the alternative expression for the time derivative of magnetization
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(Equation 1.21) into the gyrotropic force density and dissipation force density (Equa-

tion 1.18) and integrating over the whole volume V, we get the total force terms

exerting on the magnetic domain:

Fg = G× v, (1.22)

Fα =
←→
D · v, (1.23)

Fr = −∂W (X)

∂X
, (1.24)

where W(X) is the magnetostatic energy of the shifted magnetic domain, G is the

total gyrocoupling vector and
←→
D is the total dissipation tensor:

Gk =
1

γ0M2
s

εijkεlmn

∫
Ml

∂Mm

∂xi

∂Mn

∂xj

dV (1.25)

Dij = − α

γ0Ms

∂Ml

∂xj

∂Ml

∂xi

dV (1.26)

In 1982 Huber [28] first applied the Thiele equation to a two-dimensional, three-

component magnetic vortex. Assuming the magnetization distribution of the vortex

takes the form given by Ref. [29], he obtained the two integrals for the gyrocoupling

vector and the dissipation tensor:

G = Gẑ = −2πqpẑ (1.27)

where q is the vorticity ( q = 1 for vortex and q = -1 for antivortex), and p = ±1 is

the vortex polarization.

Dxx = Dyy ≡ D = −απ ln(R/a) (1.28)

where R is the “outer radius” of the vortex, a is the lattice parameter, and all other

components of
←→
D are zero. Note that G and D are constants irrelevant of the position

of the vortex.

If we do not assume a specific magnetization distribution for the vortex, but only
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assume the magnetization is uniform along the z direction, we will still have G = Gẑ.

If we further assume rotational symmetry of the magnetization, then we will also have

Dxx = Dyy ≡ D with other components of the dissipation tensor being zero.

Under the above assumptions plus the assumption that W (X) = W (0) + 1/2kX2

and v is in plane, the Thiele equation 1.11 becomes

Gẑ× Ẋ− kX + DẊ = 0, (1.29)

where X = (X, Y, 0). Eliminating the Y component, the above equation becomes

Ẍ + 2βẊ + ω2
0X = 0, (1.30)

where [26]

β = − kD

G2 + D2
(1.31)

ω2
0 =

k2

G2 + D2
. (1.32)

In Ref. [27], Guslienko and coworkers compared the vortex translational frequency

based on the “rigid-vortex” model and the “side-charge-free” model and found the

latter fits much better to micromagnetic simulations. In both of these models, the

gyroconstant is the same and the damping term is ignored. The difference is the stiff-

ness coefficient in the restoring force term, which results in a different eigenfrequency

ω0 = k/G.

In Ref. [30], the analytical results of the above“side-charge-free” model is com-

pared to experimental results. As shown in Fig. 1.7, the analytical results fit the

data well for small dot aspect ratio β = L/R, whereas for higher aspect ratio dots

discrepancies show up because the assumption that magnetization is uniform along

the z axis doesn’t hold any more and the surface charges at the side of the vortex de-

viate from the two limiting cases of the “rigid-vortex” and “side-charge-free” models.

Another approach in calculating the vortex gyration mode does not assume the

rigid structure of the vortex and is able to describe not only the low-frequency mode
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Figure 1.7: Figure 5 of Ref. [30]: Comparison of experimental data, simulations and
analytical theory for the eigenfrequency of the vortex translational mode vs the dot
aspect ratio β = L/R.

but also other vortex dynamics modes with higher frequencies [31–33]. It assumes

small oscillations from the static vortex solutions and solves the LLG equation for

magnon normal modes.

The vortex ground state is assumed to be θ = θ0(r), φ = χ+π/2 for dot thickness

L much smaller than dot radius R. θ and φ are polar and azimuthal angles of the

magnetization, and in general they are functions of the space coordinates (z,r,χ) as

well as time (t). The magnetization is M = Ms(sin θ cos φ, sin θ sin φ, cos θ).

Assuming both the static and dynamic parts of the magnetization is uniform along

the z axis, the magnetization with small deviations from the vortex ground state can

be written as [33]

θ = θ0(r) + ϑ(r, χ, t), (1.33)

φ = χ + π/2 + ψ(r, χ, t). (1.34)

Then the magnetization is Ms[µr̂ + (sin θ0 + ϑ cos θ0)χ̂ + (cos θ0 − ϑ sin θ0)ẑ], where
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µ(r, χ, t) is defined as µ(r, χ, t) ≡ −ψ sin θ0.

The small deviations are assumed to have the following form [31,33]:

ϑ(r, χ, t) = fnm(r) cos(mχ + ωt), (1.35)

µ(r, χ, t) = gnm(r) sin(mχ + ωt), (1.36)

where n is the number of axially symmetric nodes and m is the number of the az-

imuthal nodes. (m = 1, n = 0) is the low-frequency gyrotropic mode.

Substituting the above assumption of M(r, t) into the LLG equation, if Heff is

known, the magnon modes can be solved. The difficulties come from the nonlocal

nature of the magnetostatic interaction and the inhomogeneous nature of the vortex

ground state. Usually the effective field needs to be evaluated numerically and the

ground state of the vortex magnetization is assumed to be axially symmetric with

θ0(r) taking the form of an exponential function or a power law function. The cal-

culated frequency also fits data well for low aspect ratio L/R ( ∼ 0.1) but deviates

from the experimental data for higher L/R values.

In this thesis, the aspect ratio L/R of the nanomagnet with an equilibrium vortex

state is high due to the small lateral size of spin-torque devices. Thus the vortex profile

based on the 2D assumption cannot be used anymore. In later sections, we’ll present

our imaging results of these non-traditional magnetic vortices and the consequences

of the 3D effects.
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Experimental Setup

The samples studied in this thesis are made by the Buhrman’s group in Cornell

University, and have a spin-valve nanopillar structure similar to those in Ref. [34].

The thick magnetic layer is 60 nm of Ni81Fe19, the thin magnetic layer is 5 nm of

Co60Fe20B20, and the spacer is 40 nm of Cu. The cross section is an ellipse with a

major axis of ∼ 170 nm and a minor axis of ∼ 120 nm. The transport properties

are similar to the measurements reported in Ref. [34], where persistent gigahertz-

frequency oscillations excited by direct current flowing from the thick magnetic layer

to the thin magnetic layer was detected in a spectrum analyzer. In our x-ray ex-

periments, the samples are excited by a direct current of 3 ∼ 8 mA and no external

magnetic field is applied.

To image the GHz magnetization dynamics in nanoscale multilayer structures

we need x-ray microscopy, because it provides us the desired elemental sensitivity,

combined high resolution in both the temporal and spatial spaces, and the magnetic

sensitivity. The elemental sensitivity of x-rays allows us to isolate the signals of the

thick magnetic layer from other layers in the sample by tuning the x-ray energy to the

nickel L3 absorption edge. The ability to probe fast dynamics comes from the fact that

modern synchrotrons produce sub-nanosecond x-ray pulses. The temporal resolution

of our experiment is about 70 ps, limited by the pulse-width of the x-ray pulses at

the Advanced Light Source (ALS) where we carried out our x-ray experiments. The

magnetic sensitivity comes from the X-ray Magnetic Circular Dichroism (XMCD)

19
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effect [35, 36], where the absorption of circularly polarized x-rays depends on the

angle between the x-ray polarization and the sample magnetization. The Scanning

Transmission X-ray Microscope (STXM) [37] we use at beamline 11.0.2 of the ALS has

a spatial resolution of ∼ 30 nm, limited by the Fresnel zone plates [38]. A schematic

of the STXM is shown in Fig. 2.1. The zone plate focuses a monochromatic x-ray

beam to a small spot on the sample and the transmitted x-ray intensity through the

sample is recorded pixel by pixel as the sample is scanned.

X-ray

detector

Scanning
sample stage

Zone plate

X-rays

STXM

S T X Mcanning ransmission -ray icroscopy

Figure 2.1: A schematic of the Scanning Transmission X-ray Microscope. Adapted
from Ref. [39]

The “Pump-probe” technique is often used to study fast magnetization dynamics

[40]. The first experiment of this kind was carried out in 1998 [41]. Based on the ratio

of the sample frequency fsample and the repetition rate of the x-ray pulses fx−ray pulses,

stroboscopic measurements with synchrotron radiation can be categorized in three

types ( Fig. 2.2): a) the sample frequency is the x-ray pulse repetition rate divided



21

by an integer N ; b) the sample frequency is the x-ray pulse repetition rate multiplied

by an integer N ; c) the sample frequency is an arbitrary rational number times the

x-ray pulse repetition rate, which I’ll express as the ratio of two integers, M/N .

0 1 2 3 4 5 6 7
t (ns)

0 1 2 3 4 5 6 7 t (ns)

0 1 2 3 4 5 6 7
t (ns)

a)

f fsample x-ray  pulses= N x

f fsample x-ray  pulses= x
1
N

b)b)

c) f fsample x-ray  pulses= x
M
N

Figure 2.2: Three types of stroboscopic measurements using synchrotron radiation:
a)the sample frequency is the x-ray pulse repetition rate divided by an integer. (N=2
in the figure.) b)the sample frequency is the x-ray pulse repetition rate multiplied
by an integer. (N=2 in the figure.) c) the sample frequency is an arbitrary number
times the x-ray pulse repetition rate. (M=67,N=32 in the figure.)

Type (a) is the most common scheme used to study magnetic dynamics. Typically,

magnetic system is excited by a “pump” which is synchronized to the “probe”, the x-

ray pulses. The “pump” can be either pulses or continuous signals. Both (repeatable)

transient and resonant dynamics can be studied in this scheme. Note that, in this

timing structure, only very limited phases can be probed by the x-ray pulses. For

example in Fig. 2.2, only two phases are probed simultaneously, thus the delay
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between the “pump” and the “probe” is often varied to study more phases of the

sample dynamics. Type (b) is similar to type (a) but with a higher sample frequency.

Our experiment falls into type (c), because the sample oscillation is driven by an DC

current, thus the ratio between the sample frequency and the x-ray pulse repetition

rate is arbitrary.

Since the dynamics we want to study is driven by a direct current instead of

pulses or ac signals, the synchronization between the sample and the x-ray source

is nontrivial. Our solution is to use the “injection locking” method developed by

Rippard and colleagues [42] to phase lock the dc driven oscillation to a small ac current

isync. The amplitude of the phase-locking current isync is about 5% of the direct

current which drives the magnetization dynamics, and it has the same frequency as

the sample oscillation frequency fsample. A phase lock loop is used to synchronize isync

to the ALS x-ray pulses. The x-ray pulse repetition rate at the ALS is 499.642 MHz,

i.e., x-ray pulses come to the beamlines in about every 2 ns. Our sample frequency

ranges from 0.9 to 1.5 GHz, depending on intrinsic properties of the specific sample

and the amplitude of the DC current. This DC-driven oscillation is tunable within

10 ∼ 20 MHz.

Given the sample frequency and the x-ray pulse repetition rate, we chose N in 2.2

c) to be 32. Note that N has two meanings: 1) it is the number of phases we can record

simultaneously, assuming M and N do not have common factors; 2) fx−ray pulses/N

is the frequency grid on which sample frequency can vary. Thus by choosing N to

be 32, we allow the possibility to record 32 different phases of the sample dynamics

simultaneously and a frequency grid of fx−ray pulses/N = 499 MHz/32 ' 15 MHz,

which is within the tuning range of the sample frequency.

Now assume the ith x-ray pulse comes at t = i × 1
fx−ray pulses

, then in Fig. 2.2 c)

the phase of the sample oscillation it is probing is

φ(t) = 2πfsamplet + φ0 = 2πfsample
i

fx−ray pulses

+ φ0 = 2π
M

N
i + φ0, (2.1)

where M = fsample/(fx−ray pulses/N).

In our experiment, N = 32, M = 61 ∼ 99, and we are only recording every other
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x-ray pulse, so i = 2,4, 6, 8,.... The photon counting system we used here is basically

the same as that used in [43, 44], except we increased the number of counters from

8 to 16. The schematic of the setup can be seen in Fig. 2.3. The left part is the

excitation (IDC) and synchronization(isync) of the sample, and the right part is the

photon counting system.

circularly polarized
x-ray pulses

x-ray
detector

40 nm

60 nm

~ 170  nm
x 120  nm

5 nm

synchronized
to x-ray pulses

photon
counting
system

synchronized
to x-ray pulses

Idc
isync

Figure 2.3: Schematic of our experimental setup.
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Chapter 3

Results of Static Measurements

3.1 From transmission images to magnetic images

The raw data we got from the STXM is the transmitted intensity of x-rays at each

pixel. The contrast of these transmission images come from x-ray absorption: darker

area means less photons are transmitted through the sample and brighter area means

more photons are transmitted. To get magnetic information, we scan the same sample

area with opposite x-ray polarizations and record the transmission images I+ and I−.

Based on XMCD effect, we can get magnetic information about the scanned area

from the dichroic contrast defined as below:

Idich =
I+ − I−

I+ + I−
. (3.1)

Figure 3.1 shows a typical transmission image of our samples and the corresponding

magnetic image deduced from Equation 3.1.

The reason why the contrast we got using expression 3.1 is proportional to sample

magnetization is shown in the following derivation. Assume

I± = I0 Tother e−ρaσ0(1±α
Mk
Ms

)d, (3.2)

where I± is the transmitted intensity of right or left polarized x-rays at each pixel of

25
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Figure 3.1: Magnetic contrast deduced from transmission images I+ and I− using
equation 3.1.

the scanned images, I0 is the incident x-ray intensity, Tother is the total transmission

factor through other layers in the sample, ρa is the atomic intensity of the magnetic

element we are probing, σ0 is its cross-section with linearly polarized x-rays, α is

the percentage change of the cross-section with circularly polarized x-rays, Mk is the

magnetization of sample at this x-ray spot along the photon propagation direction,

Ms is the saturation magnetization, and d is the thickness of the interested magnetic

layer.

Then

I+ − I−

I+ + I−
=

e−ρaσ0dα
Mk
Ms − e+ρaσ0dα

Mk
Ms

e−ρaσ0dα
Mk
Ms + e+ρaσ0dα

Mk
Ms

=
e−

d
λ

α
Mk
Ms − e+ d

λ
α

Mk
Ms

e−
d
λ

α
Mk
Ms + e+ d

λ
α

Mk
Ms

(3.3)

where λ = 1
ρσ0

is the attenuation length with linearly polarized x-rays.

If the magnetic layer is very thin, i.e. d ¿ λ, then d
λ
αMk

Ms
¿ 1. The above equation

becomes
I+ − I−

I+ + I−
' −d

λ
α

Mk

Ms

. (3.4)

For example, at Ni L3 edge, λ ≈ 25 nm, α ≈ 13%, then for a thin layer with d = 2.5

nm and magnetization parallel to x-ray polarization (Mk = Ms), the dichroic contrast

is I+−I−
I++I− ' 10−3.

Eq. 3.4 shows that given a certain magnetic material, the magnetic contrast in

dichroic STXM images depends on the thickness of the magnetic layer d, the direction

of the local magnetization Mk, and the x-ray energy through the XMCD contrast α.
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We will see soon that the contrast also depends on the size of the magnetic feature

due to the convolution with the spatial profile of the x-ray spot.

As we can see from Fig. 3.1, the magnetic contrast is much weaker than the topog-

raphy contrast, thus even very small drift between images can cause artifacts in the

dichroic images. To reduce the artifact caused by slow thermal drift, fast synchronous

detection technique is often used to measure nanoscale magnetic dynamics. For ex-

ample, [45,46] measures time differences M(ti) - M(t0) and then deduces M(ti) from

the differential images based on the information of M(t0) obtained from transport

measurement. However, this differential method does not apply for measurement of

static magnetization, hence image alignment is necessary to correct for the drifts of

the field of view [47].

Alignment of images usually requires the existence of a sharp and static feature

in the scanned sample area. In the case of our samples, the only feature we have in

the transmission images is the cross section of the spin torque pillar, as can be seen

in Fig. 3.1. To depict the x-ray transmission through sample quantitatively, I show

the contour plot and surface plot of a typical transmission image in Fig. 3.2. The

transmission outside the pillar is normalized to one, thus we can see that the pillar

transmits about 60% less than its surrounding area.

Our alignment method is to align the center of the pillar image of each scan to

the center of the field of view. To find the center of the pillar, a threshold value

corresponding to the transmitted intensity at the edge of the pillar is assigned to the

whole image to generate a mask image of the pillar. In the mask image each pixel is

either 0 or 1, depending on whether the pixel is outside or inside the pillar. The center

of gravity of the mask is assumed to be the center of the pillar and the whole image

is shifted accordingly. Note that the transmission images I+ and I− have the same

topography component and different magnetic components, thus direct alignment

of them without removing the magnetic contribution will generate systematic error.

Hence the mask image of the pillar is essential for alignment.

The precision of the alignment depends on the topography contrast of each scan

and the reliability of the pillar edge thresholds. As we can see in Fig.3.2, it is not

very clear where the pillar edge is, due to imperfection in sample fabrication and
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Figure 3.2: (a) Contour plot of a normalized transmission image. (b)Surface plot of
the same transmission image.

the limited spatial resolution. More specifically, there are two main reasons why the

edge of the pillar is not sharp. First, the ion milling process in sample fabrication

typically results in a 30◦ taper angle [48]. Second, transmission images recorded by

the STXM are convolutions of the sample cross section with the focused x-ray spot.

Fig. 3.3 shows the blurring effect of the x-ray beam spot on transmission images. (a)

is a simulation of the x-ray transmission image, assuming the sample has tapered side

walls and the x-ray spot is infinitely small. We can see a small halo around the ellipse

due to the imperfect side walls. (b) is a convolution of (a) with a 30 nm x-ray beam

spot. Now the sample edge looks much more blurry, similar to our STXM images.

(c) is a line cut across the center of (a) and (b).

Since we are not exactly sure where the pillar edge is, a wide range of pillar

thresholds is explored. Fig. 3.4 shows the dichroic images deduced from the same set

of transmission images with different alignment thresholds. Though there are some

subtle differences among images with different thresholds, the main patterns of these

three dichroic images are the same, which confirms the robustness of our alignment
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Figure 3.3: (a) Sample topography assuming sample is an ellipse of 92 nm × 178
nm with a tapered side wall. (b)Convolution of sample topography with x-ray beam
assuming the radius of beam spot is 30 nm. (c) Line cut along the easy axis of (a)
and (b).

method.

The error bar of the alignment is about a few nanometers based on the following

estimation. Fig. 3.2 shows that the transmission intensity at the pillar edge changes

about 1% for every 3 nm (dI/dx ' (1 − 0.4)/200 nm). Assuming transmission

images I+ and I− are misaligned along x direction by about 3 nm, then we’ll have a

dichroic contrast of 0.7% at the right edge of the pillar and −0.7% at the left edge

( I+−I−
I++I− = 1%

(1+0.4)/2+(1+0.4)/2
' 0.7%). Since in our dichroic images we don’t see this

kind of strong and symmetric pairs of spots at the edges of the sample, our alignment

of the transmission images is good within a few nanometers.

3.2 Results of equilibrium magnetization

The “ideal” vortex profile in a circular disk calculated in a thin film limit is that the

magnetization curls around in the disk plane to form a flux-closure state and it goes

out of plane in the center, which is the vortex core. Typically, the size of the vortex

core is estimated to be only a few nanometers under the 2D assumption, and the

magnetization is in plane except in the core region. However in our data, we found

several interesting features in the observed magnetic vortex state, deviating from the

ideal 2D case. I will discuss these features in the following subsections.
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Figure 3.4: a) Dichroic images deduced from aligned transmission images assuming
pillar edge is at transmission 0.6. b)Dichroic images deduced from aligned transmis-
sion images assuming pillar edge is at transmission 0.7. c) Dichroic images deduced
from aligned transmission images assuming pillar edge is at transmission 0.8.

3.2.1 The size of the vortex core and the “dip”

The line cuts in Fig. 3.5 show that the radius of the vortex core in our sample is about

27 nm, much bigger than that of an ideal vortex. Note that the x-ray spot size is also

about 30 nm, so I would like to first discuss whether the unusual core size is real or

due to experimental error.

In Fig. 3.6, I plot our results of the simulated magnetization distribution, the
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Figure 3.5: a) A magnetic image of a typical sample. (b) Line cuts along different
directions of the images.

convolution of this magnetization pattern with a x-ray spot, and the line cuts along

the horizontal axis across the center of the vortex core. We can see that the intensity

of the core is reduced a lot by convolution. In our experiment, the typical dichroic

contrast in the vortex core region using expression 3.1 is about 1%. It’s smaller than

expected (25%) due to the limited spatial resolution and energy resolution. Fig. 3.6

also shows that the core looks bigger after convolution with the x-ray beam spot. The

FWHM in the simulation is ∼ 33 nm and in the convolution it is ∼ 52 nm. However,

even taking into account the convolution with the x-ray beam spot, the measured

core size is still bigger than that in the 2D case.

To understand the vortex core broadening observed in our experimental data, I

conducted micromagnetic simulations to study the dependence of core size on the

sample thickness. I simulated the out-of-plane magnetization of three nanomagnets

which have the same material properties and later sizes but different thicknesses. The

results are shown in Fig. 3.7. It is clear in the simulation results that the size of the

vortex core increases as the thickness of the nanomagnet increases. So in a 2D vortex,

the vortex core is small to minimize the magnetostatic energy cost by the out-of-plane

component in the core region. However, as the film gets thicker, the out-of-plane

magnetization costs less magnetostatic energy due to the reduced demagnetizing field
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Figure 3.6: a) Micromagnetic simulation of a 180 nm x 90nm x 60 nm Py. Mz of
surface. b)Its convolution with an x-ray beam spot with FWHM 30 nm. c) Line cuts
along the longer axis of the ellipse.

generated by surface “magnetic charges”. Thus in thicker films, the core gets larger

since exchange energy favors parallel configuration and magnetostatic energy cost is

small.

t = 2 nm t = 50 nm t = 1800 nm

x

y

Mz

Figure 3.7: Top: Average out-of-plane magnetization distributions of three magnetic
structures with the same material and later sizes but different thicknesses. Bottom:
the surface plots of the out-of-plane magnetization component.

In most papers on magnetic vortices, the vortex profile is assumed to be in plane
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except in the small core region. Thus we were surprised when we first saw in our

data that there is out-of-plane magnetization opposite to the core polarization at the

edge of the vortex, which we call the “dip”. Later we found that it was theoretically

predicted in the book [11], as shown in Fig. 3.8. The authors assumed the out-of-

Figure 3.8: Theoretic calculation of a vortex profile showing the “dip”. Taken from
Ref. [11].

plane component is the sum of a few Gaussian functions and they optimized the

parameters in the trial function to minimize the energy. Their result shows that the

magnetization decays from the center of the core, and it overshoots to the opposite

out-of-plane direction before it goes back to zero. The reason that the magnetic

vortices have “dips” is because it partially compensates the flux from the vortex core.

A previous paper using spin-polarized STM to study the vortex core profile [13] hinted

at the existence of the “dip”. Our data are the first x-ray results that clearly show

that there are “dips” opposite to the vortex core in a magnetic vortex.
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3.2.2 Symmetry breaking

As we mentioned before, most studies of micro- and nano- scale magnetic elements

have focused on two-dimensional (2D) structures. The thickness of these samples

are usually small compared to the exchange length so the magnetization is assumed

to be homogeneous along the sample normal axis. However, in many mesoscopic

magnetic structures with application possibilities, the lateral size and the thickness

are comparable and hence the thickness effect is not negligible.

The few works on three-dimensional (3D) magnetic particles studied soft rect-

angular prisms [49–51] and cylinders with rotational symmetry [52, 53]. The first

asymmetric magnetization pattern due to the bulk effect was reported in 1999 [49].

Their micromagnetic calculations on a 1 um x 500 nm x 250 nm Permalloy block

showed asymmetric flux-closure domains at the surfaces of the sample. The asymme-

try was attributed to the formation of an asymmetric central Bloch wall separating

the two major domains of the Landau structure. Later, this asymmetric Landau pat-

tern was observed in XMCD-PEEM experiments [50]. Recently, Ref. [51] reported

numeric study on the effect of the asymmetric Bloch wall in the 3d Landau struc-

ture (60 - 80 nm thick) on the vortex dynamics where they observed variants of the

gyrotropic vortex core modes due to the 3D nature of the sample.

Besides 3D landau structures, 3D effects were also studied numerically in cylinders

with rotational symmetry. Ref. [52] showed symmetry breaking of the y component

of the magnetization on the surfaces of an “onion state” in a Permalloy disk with

diameter 200 nm and thickness 10 nm at a 10 mT field along the x direction. This

asymmetric pattern was explained “to minimize the amount of poles created at the

perimeter of the disk”. They also showed out-of-plane component of the magneti-

zation near the“head” and the “tail” of the onion axis which differs on the top and

bottom surfaces. Both features are to achieve a better flux closure outside the sample.

In Ref. [53], a “twist” of the in-plane magnetization was observed numerically on the

two surfaces of a disk with thickness 80 nm and diameter 180 nm. The authors also

found a second vortex core mode originating from the nonuniform vortex structure

along the dot normal axis.

As far as we know, nobody has studied the 3D effect of a magnetic vortex with
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an elliptical cross section yet. Fig. 3.9 shows the schematic of our sample and the

experimental results of the out-of-plane component of the magnetization of the thick

magnetic layer. The pillar is elongated because we want to get polarized spin current

into the vortex for dynamic study. The vortex layer is thicker than the exchange length

because in an laterally confined nanostructure, if the thickness is too small then the

vortex state is not energetically favorable. The image of Mz is evidently different

from an ideal 2D vortex which maintains the sample topographical symmetry.
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Co  Fe  B   5 nm60 20 20

Py 60 nm

~ 170  nm x 120  nm M (a.u.)z
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Figure 3.9: Left: Schematic of the pillar and surface plot of the out-of-plane magne-
tization. Right: Image of out-of-plane magnetization of a static vortex. The yellow
ellipse is added to the data to show the approximate position of the sample in the
400 nm x 400 nm scan.

To better understand the origins of the asymmetric patter revealed in our x-

ray data, I conducted micromagnetic simulations using the LLG simulator. The

Permalloy element in the simulation has an elliptical cross section with the dimensions

of the major and minor axes to be 180 nm and 90 nm, respectively. The thickness

is 60 nm. We used the common parameters for Permalloy: A = 1.3; Ms = 800.

The grid is set to be 2 nm x 2nm x 2nm. Fig. 3.10 shows the simulations results of

the out-of-plane magnetization at the top, in the middle, at the bottom as well as

averaged over the whole sample. It is clear to see that the in-plane symmetry of the

magnetization on the surfaces is broken. The dark blue part is about 10 degrees from

the horizontal axis, and the light blue part is about 29 degrees from the horizontal

axis.
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Figure 3.10: Micromagnetic simulation of a 180 nm x 90nm x 60 nm Py pillar. Color
contrast corresponds to the out-of-plane magnetization.

Though the contrast of x-ray data corresponds to the averaged Mz across the

normal axis of the thick magnetic layer, we found our data is quite similar to the

magnetization on the top surface of the simulation result, as shown in Fig. 3.11.

Note that in the simulation, the averaged magnetization across the thickness is sym-

metric because the simulated structure has a symmetric environment along the z-axis.

However in our experiment, the symmetry along the z-axis is broken due to the layer

structures in the pillar. Thus the asymmetry we were able to detect in the x-ray

experiment comes from two steps: first the thickness effect breaks the symmetry

between the top and bottom surfaces; second, the symmetry of the averaged magne-

tization is broken due to the asymmetric magnetic environment in the pillar along

the z-axis, possibly coming from the tapered profile of the device sidewalls (induced



3.2. RESULTS OF EQUILIBRIUM MAGNETIZATION 37

by ion milling), interface anisotropy or magnetic coupling from the other magnetic

layer. The effect of symmetry breaking along the pillar z-axis will be shown again in

the next chapter where we discuss vortex dynamics.

Mz = 0

Experiment:
average

Simulation:
surface

Simulation:
average

Figure 3.11: Comparison of data and simulation on a static vortex. The simulated Py
pillar has a 170 nm x 120 nm elliptical cross section and a thickness of 60 nm. Top:
out-of-plane magnetization distribution. Bottom: surface plots of the out-of-plane
magnetic components.

The equilibrium magnetic pattern of a vortex is important because vortex dy-

namics depends strongly on its static configuration. An over simplified ideal vortex

picture can be misleading. Our x-ray data shows that the magnetization distribution

of a vortex sandwiched in a spin-torque device deviates strongly from that of an ideal

2D vortex. Thus, quantitative study of spin-torque-induced vortex dynamics should

take into account the realistic vortex profile to compare with experimental data.
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Chapter 4

Results of Dynamic Measurements

4.1 Time-resolved images

Our synchronous detection setup allowed us to record time-resolved STXM images.

Fig. 4.1 are normalized difference images of the thick magnetic layer deduced from

the average of 12 images of I+ and the average of 13 images of I− using Equation 3.1.

The x-ray beam propagation direction is normal to the sample plane, so the black and

white contrast of these dichroic images corresponds to the out-of-plane magnetization

of the sample according to Equation 3.4. The black dot in the center is the core of

the vortex. The blue ellipse is the outline of the sample pillar estimated from the

transmission images. It is added to the data to guide our eyes where the sample is in

the 400 nm × 400 nm scan box. In these images, the sample is excited by a direct

current of 7.8 mA and it emits an oscillating voltage signal at 0.95 GHz. Our photon

counting system distributes every other transmitted x-ray pulse to 16 photon counters,

so that we record snapshots of the sample magnetization dynamics at 16 equally

distributed phases. In terms of time, these images are about (1000/0.95)/16 = 66

picosecond apart, similar to our time resolution of ∼70 ps which is limited by the

width of the x-ray pulses produced by the ALS. The magnetic images recorded by

the 16 photon counters are sorted to the right phase order according to Equation 2.1.

For f = 0.95 GHz, M in Equation 2.1 is 61. φ0 in this equation is unknown, so the

phases labeled in Fig. 4.1 have an arbitrary phase shift φ0.

39
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Figure 4.1: Dynamic magnetic images of a sample excited by I = 7.8 mA and oscil-
lating at f = 0.95 GHz.

A movie made of these 16 dichroic images clearly shows that the vortex core is

gyrating in the clockwise direction in a small orbit. However, since the displacement

of the vortex core in these images is so small, even smaller than the x-ray beam spot

size of ∼ 30 nm, the motion is difficult to see in these images. To reveal the core

dynamics, I plot Mz(φ) −Mz(φ + π) in Fig. 4.2. In these 180◦ differential images,

the common topography component remaining after the subtraction of the right- and
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Figure 4.2: 180◦ differential images of a vortex core gyration. The image of phase φ
is the difference of the images phase φ + π in Fig. 4.1.

left- circularly polarized transmission images is subtracted out, so the magnetization

component is enhanced. The black dots come from the vortex core at phase φ and the

white dots correspond to the core at phase φ + π. With the topography background

further suppressed, the clockwise gyration of the vortex core is revealed in these 180◦

differential images as the black dot moves from up of the ellipse in the first row, to

the right of the ellipse in the second row, then to the bottom, then to the left.
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Figure 4.3: Vortex core trajectories of two different samples, sample A and sample

B, which are nominally the same.
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Fig. 4.3 shows the vortex core trajectories of the two nominally same samples.

The green dots are the static core positions recorded by the 16 photon counters. The

maximum time lag between these counters is 60 ns, so the different positions shown

on the figure result from fluctuations of the counters instead of from the slow drift of

the measurement system. The uncertainty of the core positions has several sources.

The x-ray spot size is ∼ 30 nm, the floor vibration is about ∼ 20 nm, the alignment

of the two sets of images taken with right and left circularly polarized x-rays is a few

nanometers, and the fluctuations of the photon counters also causes an uncertainty

of a few nanometers. The first three sources produce errors in the absolute core

positions, and the last source produce errors in the relative core positions, i.e., the

core position deduced from images recorded by one photon counter relative to that

of other photon counters.

As discussed in Section 3.1, to correct the slow drift between images, we align

each scan so that the center of the sample cross section is in the middle of the scan

box. Since the edge of the sample shape in our transmission images is not very sharp,

the alignment threshold has a relatively big range. In Table 4.1, we compare the

average vortex core positions over the 16 counters obtained from different alignment

thresholds. As we can see from the last row of the table, the variation of core position

caused by our image alignment is smaller than 3 nm. Note that the focused x-ray

spot size is about 30 nm and the scan step of STXM is 10 nm. Table 4.1 proves again

that the image alignment is robust. (Another demonstration of the robustness of the

alignment is Fig. 3.4.)

To estimate the uncertainty of the relative core position in vortex dynamics, we

measured the static vortex positions with the same photon counting system. Table

4.2 shows the average static core positions recorded by the 16 counters simultaneously

and the fluctuations of these counters. The alignment threshold is set to 0.7. The

average core positions show that within our experimental precision, the vortex core

at equilibrium is approximately at the center of the sample pillar. The fluctuations

across the photon counters are estimates by the standard deviation (times 2) and the

difference between the maximum and minimum values of the core position. The last

column is the accumulation time per pixel in each photon counter in units of millions
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of pulses. For example, the core position of sample A is deduced from 39 images, and

the dwell time of each pixel is 30 ms for this set of data, thus the number of photon

pulses incident to these samples is 39 x 30 ms / 64 ns = 18 million pulses.

The fluctuations of the static core positions provide us an estimate of the un-

certainty of the core trajectory. The accumulation time per pixel of the images for

dynamics measurements of sample A, sample B (core up), and sample B (core down)

in units of million photon pulses are 15, 8, 12. So the fluctuations caused by the

photon counters for the dynamic measurement are slightly bigger than those of the

static measurement.

alignment sample A sample B sample B sample A sample B sample B
threshold core down core up core down core up core down

statics statics statics dynamics dynamics dynamics

0.6 (-5, -1) (3, -4) (1, -2) (-6, -3) (1, -5) (3, -1)

0.7 (-5 ,-2) (3, -3) (2, -2) (-6, -4) (2, -5) (5, -2)

0.8 (-6, -3) (3, -4) (3, -3) (-8, -5) (3 ,-6) (6, -2)

(∆x, ∆y) (1, 2) (0, 1) (1, 1) (2, 2) (2, 1) (3, 1)

Table 4.1: Average core positions obtained with different alignment threshold. The
(X,Y) values in the middle three rows are average values of the 16 counters. The
units are nanometers. The values in the last column is the deviations of the average
core positions caused by alignment.

Due to the small size of the core displacement, it is very hard for us to detect

whether there is asymmetry in the core trajectory, even though in principle the spin

torque does break the up-down symmetry because the polarization of the spin current

is along the x axis. Table 4.3 shows the maximum distance in the core trajectory

∆(x)d, ∆(y)d, which is about 24 nm for sample A and about 15 nm for sample B,

and for comparison, the maximum distance in the static core positions due to the

fluctuations, ∆(x)s, and ∆(y)s. These numbers show that the elongation of the core

trajectory is smaller than the fluctuations. The distance between the center of the

core trajectory and the static core position is shown in xd−xs and xd−xs. Although
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x 2δ(x) ∆(x) y 2δ(y) ∆(y) accumulation
(nm) (nm) (nm) (nm) (nm) (nm) (million pulses)

sample A -5 4 7 -2 4 6 18
(core down)
sample B 3 2 4 -3 2 3 18
(core up)
sample B 2 2 5 -2 2 3 23

(core down)

Table 4.2: Static core positions and fluctuations.

the trajectories in Fig. 4.3 seem to be off-centered from the equilibrium position,

Table 4.3 shows that this offset is smaller than the experiment uncertainty. This is

also true for the asymmetry of the trajectory. For example, the maximum distance

in x between the core positions in the trajectory for sample B (core up) is 18 nm. A

reliable asymmetry should be bigger than the fluctuations of the static core positions

(∼ 4 nm), which means the bigger displacement has to be bigger than the smaller

displacement by ∼ 57%.

∆(x)d ∆(x)s xd − xs ∆(y)d ∆(y)s xd − xs

(nm) (nm) (nm) (nm) (nm) (nm)

sample A 24 7 -1 23 6 -1
(core down)
sample B 18 4 -1 15 3 -2
(core up)
sample B 15 5 3 15 3 0

(core down)

Table 4.3: Dynamic core positions.

The uncertainty in the temporal space has two major sources. One is the width

of the x-ray pulses, which is about 70 ps at the full width half maximum (FWHM).

Since we record 16 phases of the sample dynamics, the corresponding time grid of
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our measurement is 1/16 of the sample oscillation period, which is 50 ∼ 60 ps, com-

parable to the FWHM of the ALS pulses. Another major source is the jitter in the

synchronization between the x-ray pulses and the RF source which we use to phase

lock the vortex gyration. This synchronization is monitored in real time during the

imaging experiment on a 20 GHz real time oscilloscope. The trigger signal of the

scope is the synchrotron clock and the input signal displayed on the scope screen is

signal from a power splitter connected to the RF source. The jitter is about 1/16 of

the sine wave pattern on the screen.

Fig. 4.3 shows that the orbit size of the vortex gyration is very small. The radius

is only 5 ∼ 10 nm. However, in the previous studies of vortex dynamics excited by ac

magnetic field, the radius of the gyration orbit is usually a few hundred nanometers.

This difference is because that the size of the orbit depends on the strength of the

effective magnetic field. With sizeable ac magnetic field, the core can be “kicked”

into relatively large orbits. However, the spin torque doesn’t “kick” the core to a

certain orbit. It only balances the spin torque so that the core can contitue gyrating

on certain orbits decided by the initial shift and the size of the internal field. Thus the

orbit size of vortex dynamics excited by dc spin-polarized current without applying

a magnetic field is much smaller than the excitation excited by ac magnetic fields.

The measurement of sample B shows that the direction of gyration is determined

by the polarity of the vortex core. This observation agrees with previous studies on

field driven vortex dynamics [20]. In Ref. [20], a magnetic vortex in a Landau structure

was excited by an in-plane magnetic field pulse, the vortex core then gyrated a few

times with shrinking orbit size, eventually falling back to the equilibrium position.

The authors found that the direction the core gyrates does not depend on the direction

of the initial field pulse. It also does not depend on the vortex in-plane magnetization.

Instead, they found the direction of gyration is solely determined by the vortex core.

In our case, we do not apply any magnetic field, and the dc spin-polarized current we

apply does not change the energy landscape much, thus the direction of the gyration

is still determined by the core polarization.

As discussed in Section 1.2.2, the frequency of vortex gyration is determined by

the size of the effective magnetic field, thus in principle, the steady-state frequency of



4.2. A SIMPLE PICTURE 47

a magnetic vortex should not change when the core polarization changes. However,

we observed in our experiments that sample B’s steady-state frequency changed after

the vortex core flipped. This indicates that the magnetic environment felt by the

vortex core pointing up is different from that felt by the same vortex core pointing

down, which indicates again that the symmetry along the z-axis is broken in our

samples, agreeing with the symmetry breaking of the static magnetization distribution

discussed in Section 3.2.2.

4.2 A simple picture

The LLG equation is nonlinear and nonlocal, thus it is extremely difficult to solve

analytically. The “macrospin” model is usually a good starting point to provide

some useful intuition. However, in a strongly nonuniform magnetic state, such as

a magnetic vortex, the macrospin model which assumes the whole structure to be

uniformly magnetized is apparently too crude. Thus to develop some intuition for

the observed spin-torque-induced vortex dynamics, I made an approximation to use

two coupled macrospins to simplify the complicated magnetization distribution of a

magnetic vortex, as shown in Fig. 4.4a. The macrospin model of spin torque dynamics

tells us that M1 can be excited to persistent precession by the spin torque but M2

cannot, if both of them are isolated, as shown in Fig. 4.4b. Now the question is that

if they are coupled whether they can be excited into a steady state.

In the small angle dynamics for a macrospin, the LLG equation can be linearized

to a simple harmonic oscillator [54]. Here I use two coupled spring-mass systems to

further simplify the problem, as shown in Fig. 4.5.

In this coupled spring mass systems, the precession torque in the LLG equation

is described by the force exerted by the two springs connected to the walls:

F precession
1,2 = kx1,2. (4.1)

The coupling between the two macrospins is described by the spring between the
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Figure 4.5: A phenomenological toy model.

two masses:

F coupling
1,2 = k′(x2,1 − x1,2). (4.2)

The damping torque in the LLG is described by the damping force

F damping
1,2 = −αẋ1,2. (4.3)

The spin torque becomes βẋ1 for m1 and −βẋ2 for m2. Now this coupled spring-

mass system looks very similar to the coupled macrospin system: when α = β, m1

can have steady state oscillation, but m2 cannot. These equations are now much
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easier to solve than the nonlinear and nonlocal LLG equation. In fact this system

can have steady state oscillation if a critical condition is satisfied:

β2 = α2 +
k′2

ω2
(4.4)

The critical condition says that in order to have a steady state of this coupled

system, the spin torque has to be bigger than the damping torque by a certain amount

which depends on the coupling. If the coupling is very strong, then the spin torque

has to be very big to drag m2 to move. When the coupling is zero, it reduces to the

single macrospin case correctly.
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Chapter 5

Conclusions

In summary, we have presented results of the first direct imaging of the magneti-

zation dynamics in a dc driven spin-torque vortex oscillator. We have developed a

technique to synchronize the dc-driven GHz oscillation to x-ray pulses so that we

are able to do time-resolved x-ray imaging of the fast magnetization dynamics. We

studied both the statics and dynamics of the spin torque vortex oscillator. The static

images reveal a non-trivial vortex profile which strongly deviates from a circular 2D

vortex. This is due to the 3D nature of the thick magnetic layer, and possibly also

the interlayer coupling from the thin magnetic layer, as suggested in the symmetry

breaking of the magnetization distribution. To better understand the equilibrium

state of our sample, we analyzed the static data using micromagnetic simulations

and we observed most of the features revealed in experimental data in the simulation

results. Dynamic images show clear spin-torque driven vortex gyration, identifying

another spin-torque-induced dynamic mode, in additions to the spin-torque switch-

ing and persistent macrospin precession. To gain some insight into the underlying

dynamic process, we developed a simple phenomenological model, where two cou-

pled spring-mass systems with damping, “anti-damping”, and “extra-damping” show

steady-state oscillation if a critical condition relating the damping, the coupling and

the “spin torque” is satisfied.

The “non-ideal” magnetic vortex profile revealed by our x-ray data makes it very

challenging to model the magnetization dynamics reported here analytically. Most
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vortex dynamic models assume an “ideal” vortex profile where the magnetization is

uniform along the normal axis and the in-plane distribution maintains the sample

topographic symmetry [27, 31, 32, 55]; however, these models do not apply in our

case without taking into account the 3D nature of the magnetization distribution.

For example, Ref. [56] concludes, by using the Thiele equation [25, 28], that only

the perpendicular component of the spin polarization can sustain persistent vortex

gyration, while the in-plane component leads only to vortex core displacement. In

contrast, our x-ray data clearly shows that in our samples the vortex undergoes steady

state oscillation with in-plane spin-polarized current. One possible reason for the

discrepancy is the unusual profile of the vortex in our sample, since both the damping

force and the spin-torque force in the Thiele equation are strongly dependent on the

vortex magnetization distribution. Another possible reason is the periodic distortion

of the vortex core along the normal axis observed in simulations of the dynamics in

Ref. [34]. Such a periodic distortion of the core during the gyrotropic motion cannot

be described by the standard models of vortex dynamics. Our imaging results call

for better theoretical models of vortex dynamics which take into account the realistic

magnetization distribution.
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and J. Stöhr. Direct observation of spin-torque driven magnetization reversal

through nonuniform modes. Phys. Rev. Lett., 100:247201, 2008.

[47] T. Tyliszczak E.G. Rightor G.E. Mitchell M.T. Dineen F. Hayes W. Lidy R.D.

Priester S.G. Urquhart A.P. Smith A.P. Hitchcock, I. Koprinarov and H. Ade.



58 BIBLIOGRAPHY

Optimization of scanning transmission x-ray microscopy for the identification and

quantitation of reinforcing particles in polyurethanes. Ultramicroscopy, 88:33,

2001.

[48] P. M. Braganca, O. Ozatay, A. G. F. Garcia, O. J. Lee, D. C. Ralph, and R. A.

Buhrman. Enhancement in spin-torque efficiency by nonuniform spin current

generated within a tapered nanopillar spin valve. Phys. Rev. B, 77:14423, 2008.

[49] Riccardo Hertel and Helmut Kronmüller. Computation of the magnetic domain

structure in bulk permalloy. Phys. Rev. B, 60(10):7366–7378, Sep 1999.

[50] R. Hertel, O. Fruchart, S. Cherifi, P.-O. Jubert, S. Heun, A. Locatelli, and

J. Kirschner. Three-dimensional magnetic-flux-closure patterns in mesoscopic fe

islands. Phys. Rev. B, 72(21):214409, Dec 2005.

[51] M. Yan, R. Hertel, and C.M. Schneider. Calculations of three-dimensional mag-

netic normal modes in mesoscopic permalloy prisms with vortex structure. Phys.

Rev. B, 76:094407, 2007.

[52] Jonathan Kin Ha, Riccardo Hertel, and J. Kirschner. Micromagnetic study

of magnetic configurations in submicron permalloy disks. Phys. Rev. B,

67(22):224432, Jun 2003.

[53] F. Boust and N. Vukadinovic. Micromagnetic simulations of vortex-state excita-

tions in soft magnetic nanostructures. Phys. Rev. B, 70(17):172408, Nov 2004.

[54] V. Chembrolu, J. P. Strachan, X. W. Yu, A. A. Tulapurkar, T. Tyliszczak, J. A.
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