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Abstract

Study of spin-dependent transport phenomena in ferromagnetic metals has gained a

lot of interest amongst both theoretical and experimental physicists in the last two

decades. In addition to being a rich field of study in terms of basic research, these

studies have led to some very important technological applications. Discovery of

the Giant Magneto Resistance (GMR) effect in 1988-89 revolutionized the read head

technology for hard drives, thus making very high storage densities possible. The pro-

posal and the subsequent experimental conformation of the existence of Spin Transfer

Torque (STT) effect in ferromagnetic multilayers promises to be a good candidate for

developing high density, non-volatile, magnetic random access memory (MRAM) and

tunable DC driven microwave oscillators. The subject matter of study in this thesis

is investigation of the magnetization switching mechanism in STT devices.

Most of the experimental advances in the study of STT phenomena have been

made via measurements of various electrical transport properties. The primary contri-

bution of the work being presented in this thesis is an introduction of a complementary

technique to study STT phenomena, viz., X-ray imaging based time resolved study of

magnetization dynamics. The possibility of imaging in the sub-100 nm regime, com-

bined with 100 ps time resolution provides a unique way to study the magnetization

dynamics in STT devices.

We have performed pump-probe experiments by using the Scanning Transmission

X-ray Microscope (STXM) at the Advanced Light Source (ALS) in Berkeley. Our

experiments have revealed for the first time, the details of magnetization switching

dynamics under the influence of STT. For our samples, we have identified two types

of switching that primarily occur, viz., vortex-driven switching (VDS) and switching
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by C-state flip-over (CSF). Both these switching mechanisms can be described in a

generic way in terms of the motion of magnetic vortex cores. We have also developed a

simple phenomenological model to consistently explain the switching trends observed

in experiments. An expression for the critical sample size has been derived and its

predictions match reasonably well with experimental results obtained so far. The

model also gives another prediction for temperature dependence of the switching

behavior, which can be tested by future experiments. The organization of the thesis

is as follows:

Chapter 1 gives a general introduction to the understanding of important spin-

dependent transport phenomena in ferromagnetic metals. Chapter 2 describes the

X-ray Magnetic Circular Dichroism (XMCD) effect and its importance in performing

the proposed X-ray imaging experiments. Chapter 3 describes the new experimental

technique of synchronous detection which was developed to perform time-resolved,

X-ray imaging of STT samples. The experimental findings of various samples are dis-

cussed in chapter 4. A new phenomenological model is developed to give a consistent

explanation of all the experimental results in chapter 5. Conclusions and outline for

future work are presented in Chapter 6.
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Chapter 1

Spin Dependent Phenomena in

Ferromagnetic Metals

1.1 Electrical Conduction in Ferromagnetic metals

The electrical resistivity measurements of ferromagnetic metals (Fe, Co, Ni and their

alloys) are found to have interesting characteristics as their temperature is varied

across the Curie temperature (TC). Resistivity measurements for Nickel as a function

of temperature and an external magnetic field were done as early as 1931-32 and

it was found that the resistivity curve has a kink at TC. [1, 2]. The same is true

for Fe and Co also. Fig. 1.1 shows the temperature dependence of resistivity for Co,

Fe and Ni for a wide range of temperatures. The resistivity curves for each of these

ferromagnetic metals has a kink at TC. Mott [7] gave a qualitative explanation for this

phenomenon by extending the quantum theory of electrical conductivity developed

by Bloch and others to metals where the conduction electrons occupy more than one

Brillouin zone. It is known that for ferromagnetic metals, the conduction electrons

at the Fermi level have partial 3d and 4s characters [8]. Mott proposed that the

conductivity of such a metal would be given by sum of the conductivities in the 3d

and 4s energy bands, viz.,

σ =
nse

2τs

ms

+
nde

2τd

md

(1.1)

1



2 CHAPTER 1. SPIN DEPENDENT PHENOMENON IN FM

Figure 1.1: Resistivity as a function of temperature for (a) Co [3] (b) Fe [3, 4] and
(c) Ni [5, 6]. The numbers in the bracket indicate the references from which the data
is taken.



1.1. ELECTRICAL CONDUCTION IN FERROMAGNETIC METALS 3

where τs, τd are the relaxation times for s and d electrons respectively, ms, md, the

effective masses and ns the number of s electrons per unit volume. nd is the number

of positive holes in the d band. For the d band, the overlap of one d wavefunction with

another is very small, and therefore the effective mass md of the holes is very large

compared to the effective mass of the s electrons. Hence only the s electrons can be

thought of as contributing to the conductance, which can then be referred to as the

conduction electrons. In this case, Mott suggested that in addition to the scattering

events of the type 4s → 4s, the resistance offered to the conduction electrons also

has a contribution from scattering events of the type 4s → 4d. A scattering event of

the latter type will also be mediated by the vibrating lattice, but in this case, the 4s

electron will scatter into a d hole. Since the number of d electrons and equivalently the

number of d holes is different for the majority and the minority bands, the scattering

cross-section for the conduction electrons will be higher in one spin channel than in

the other. This analysis is valid only when the spin direction of the electrons does

not change in the scattering process. It is a reasonable assumption to make that

no spin flip scattering events occur as it is very difficult to extract the necessary

angular momentum from the lattice. This would explain the observed kink in the

resistivity curve at TC. Below TC, the majority band is almost full and therefore

does not contribute to resistivity, whereas above TC, both majority and minority

bands contribute equally to resistivity. Therefore the resistivity would change as the

temperature is varied across TC.

This explanation also implies that below TC, the current will be carried mainly

by the electrons whose spin direction is parallel to the majority 3d band. Thus the

current would be inherently spin-polarized.

A more detailed study on the nature of current conduction in ferromagnetic metals

was undertaken by Fert and Campbell [9, 10]. Although Mott originally proposed two

channel current conduction in ferromagnetic metals, it was Fert and Campbell who

formally treated this problem in more detail. By performing several experiments

on dilute alloys of ferromagnetic metals they were able to show that electrons with

spin parallel and antiparallel to the magnetization do not conduct current equally.

Independent experiments by Farrel and Greig [11] and Leonard [12] also gave the
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same result. Thus the “two current” model was formally introduced to understand

electrical transport properties of ferromagnetic metals. However, in order to interpret

the temperature dependence of the resistivity for ferromagnetic metals and alloys, this

simple model is no longer correct and it is necessary to include spin mixing processes

which tend to equalize the two currents. Fert and Campbell write the following

equations for the momentum balance of electrons in the two spin channels.

− e

m
E =

1

τ↑
ν̄↑ +

1

τ↑↓

1

2
(ν̄↑ − ν̄↓) (1.2a)

− e

m
E =

1

τ↓
ν̄↓ +

1

τ↑↓

1

2
(ν̄↓ − ν̄↑) (1.2b)

where E is an electric field which accelerates electrons of charge e and mass m. The

terms on the right hand side are for destruction of momentum due to scattering and by

interchange of momentum between the two spin channels. ν̄↑,↓ represents the velocity

for electrons in the two spin channels and τ↑,↓ represent their relaxation times. τ↑↓

is the characteristic time for momentum conserving scattering of two electrons from

opposite spin channels. If n is the density of conduction electrons, one can write the

following equations for current density and resistivity in each channel

i = neν̄

ρ =
m

ne2τ

(1.3)

and for the momentum conserving scattering involving electrons of opposite spins,

the following equation:

ρ↑↓ =
m

ne2τ↑↓
(1.4)

By using the the above equations, one can write the total resistivity as

ρ =
V

(i↑ + i↓)
(1.5)

ρ =
ρ↑ρ↓ + ρ↑↓(ρ↑ + ρ↓)

ρ↑ + ρ↓ + 4ρ↑↓
(1.6)

Here all the terms ρ↑, ρ↓ and ρ↑↓ depend on the temperature T . Fert showed that
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the spin mixing term ρ↑↓ in the resistivity can be derived by using spin wave-electron

collision processes [13]. By this approach he could show that the temperature depen-

dence of ρ↑↓ agrees very well with the temperature variance obtained experimentally.

This term turns out to be negligible at sufficiently low temperatures (below 20K or

so), but is not negligible at temperatures higher than 100K. Thus the famous “two

current” model for understanding electrical conduction in ferromagnetic metals got

established with a correction term for high temperatures.

1.2 Giant Magneto Resistance Effect

The next important breakthrough in the spin dependent transport phenomena in fer-

romagnetic metals came in 1988 with the discovery of the Giant Magneto Resistance

(GMR) effect. Two groups [14, 15] independently reported a high field dependent

resistivity change in Fe/Cr multilayers. In these studies, the multilayer thin films

were grown by using Molecular Beam Epitaxy (MBE). The importance of this effect

was quickly recognized by Scientists at IBM and they found out that for observing

the GMR effect, it is not necessary to have high quality thin films grown by MBE, but

films grown by sputtering also work [16]. Since it is much easier and faster to grow

thin films by sputtering, the IBM team utilized this technique to optimize the mul-

tilayer stack to maximize the MR ratio and GMR based read heads were introduced

in hard drives in 1997 and this soon became the standard technology.

The initial results for the GMR effect were obtained for the Current In Plane

(CIP) geometry of the multilayers. However Pratt et al. [17, 18] extended the MR

measurements to the case where the current is perpendicular to the plane, i.e the CPP

geometry and they found that CPP-MR is several times larger than CIP-MR. These

experimental results were accounted for in a two current scheme with volume and

interface resistances in series for each spin direction [19]. Johnson proposed to explain

CPP-MR of multilayers by using the “spin coupled interface resistance” concept [20].

This concept was earlier introduced by Johnson and Silsbee [21, 22] and also by

van Son, van Kempen and Wyder [23] to describe the electron transport through an

interface formed between ferromagnetic and nonmagnetic metals. Equations used for
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the spin diffusion process in these two models were macroscopic diffusion equations

which are valid only if the thickness of the films is much greater than the electron

mean free path (MFP). Valet and Fert [24] investigated the validity of the macroscopic

approach by using a microscopic transport model based on the Boltzmann equation.

They found that the macroscopic equations are justified only in the limit where the

spin diffusion length (SDL) in these films is much larger than the MFP. Thus, in this

limit (MFP � SDL), they obtained expressions for CPP-MR as a function of film

thicknesses.

We discussed earlier that in the case of a ferromagnet, there is a difference in the

amounts of current carried by the two spin channels. For a non-magnet, there is no

such difference between spin up and spin down electrons as far as electrical conduction

is concerned. Hence one can think of it as carrying equal amounts of current in the

two channels. Therefore, when a current is passed through a ferromagnet-nonmagnet

metal interface (FNI), due to this mismatch between the capacity of the two spin

channels to carry current, there is a net buildup of spins at the interface which is

called spin accumulation, which is also the cause of an additional resistance at the

interface (spin coupled interface resistance). This spin accumulation helps to reduce

the current asymmetry in the two spin channels at the interface. The length scale

over which the current in the two spin channels equilibrate to the normal value in

the bulk, is called the SDL. Valet and Fert [24] showed that in the limit of the film

thicknesses being much larger than the SDL (tF , tN � lsf ), the spin coupled inter-

facial resistance assumes the same value as obtained by using macroscopic diffusion

equations in [22, 23]. In this case, one can treat all the interfaces as being independent

of each other and therefore the interfacial resistance of adjacent interfaces will simply

add. But in the opposite limit (tF , tN � lsf ), which is the more interesting one to

consider from the point of view of practical applications, the concept of spin coupled

interfacial resistance becomes irrelevant, because spin accumulation from adjacent in-

terfaces interfere with each other. In this case, it turns out that a very simple picture

emerges for the total resistance of a multilayer. Fig. 1.2 shows the simplified picture

for parallel and anti-parallel configurations of two ferromagnetic layers separated by

a non-magnetic spacer. The difference between the resistance in anti-parallel (AP)
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Figure 1.2: Simple resistor model for the FM/NM/FM multilayer in the anti-parallel
and parallel configurations.
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and parallel (P) configuration gives the value of the MR. Here, β is the bulk spin

asymmetry coefficient in the ferromagnet, such that the resistivities of the two spin

channels are

ρ↑,(↓) = 2ρF [1 − (+)β] (1.7)

In the non-magnet, the resistivities for the two spin channels are the same and hence

ρ↑,(↓) = 2ρN . A more realistic situation arises when one considers also the spin-

dependent boundary resistance for a FNI. If we refer to γ as the interfacial spin

asymmetry coefficient, then the boundary resistivities are

r↑,(↓) = 2ρb[1 − (+)γ] (1.8)

In this case also, the simple resistor picture shown in Fig. 1.3 holds in the limit

tF , tN � lsf .

The parameters ρF , ρN , rb, β and γ can be extracted by fitting the extensive range

of experimental results [19] . It is particularly important to note that the value of β

is found to be in the range of 0.35 − 0.50 whereas the value of γ is found to be in

the range 0.75 − 0.85 which implies that GMR is mainly an interface effect. Further

extension of the Valet-Fert model is possible to include the temperature dependence of

the CPP-GMR. The temperature dependence can be explained by taking into account

the spin mixing resistivity ρ↑↓(T ) expressing the bulk electron-magnon scattering. It

is possible to extend the model by introducing also an interface spin mixing resistance

r↓↑(T ). By fitting the extensive amount of experimental data to this model, it was

found out that while the bulk contribution to spin mixing ρ↑↓(T ) is negligible at

low temperatures (up to about 100K), its contribution at room temperature is not

negligible. For example, in the case of Co/Cu multilayers studied by Piraux et al., the

resistivities for the majority (ρ↑) and minority spin (ρ↓) channels at room temperature

are 32µΩ−cm and 68µΩ−cm respectively, whereas the resistivity due to spin mixing

(ρ↑↓) is 4µΩ−cm [25]. In terms of the relaxation times, this corresponds to τ↑ = 1.2 fs,

τ↓ = 2.5 fs and τ↑↓ = 20 fs. These values imply that the scattering rate for the majority

and minority spin channels is approximately 10 and 20 times more than the spin

mixing rate. Although the bulk contribution to spin mixing is negligible only at low
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Figure 1.3: Simple resistor model for the FM/NM/FM multilayer in the anti-parallel
and parallel configurations. In this case, the spin-dependent interface resistance is
included.
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temperatures, it is found that interface spin mixing resistance r↓↑(T ), is negligible at

all temperatures.

1.3 Spin Transfer Torque (STT) Effect

In 1996, J. Slonczewski [26] and L. Berger [27] independently predicted a new effect

in magnetic nano structures. When a current is passed through a CPP-GMR type

of magnetic device, they worked out the influence of spin polarized electrons coming

from one of the magnetic layer on the magnetization of the other layer. They showed

that for such CPP devices, it is possible to excite the magnetization of the second

layer under suitable conditions. In some cases, it is also possible to reverse the mag-

netization from one stable state to another. While in Berger’s model, the exchange

interaction between the itinerant electrons and the localized magnetic moments gives

rise to an enhancement of spin wave excitation, in Slonczewski’s model, the electrons

traversing the magnetic layer transfer some of their angular momentum to the mag-

netization, thus exerting a torque on it. In this thesis, we shall discuss Slonczewski’s

model in more detail as this is the model that is mostly referred to in the literature,

while trying to understand experimental results.

1.3.1 Slonczewski’s Model for STT Effect

Consider the magnetic multilayer device shown in Fig. 1.4(a). Two ferromagnetic

layers F1 and F2 are separated by a non-magnetic spacer N. The thickness of N is

chosen such that F1 and F2 are no longer exchange coupled to each other. M(1) and

M(2) represent the magnetization in the two magnetic layers and the z direction is

chosen to be parallel to M(2). Lets assume that by some means, it is possible to keep

the direction of M(1) fixed, so that it does not move when a current is passed through

the device whereas M(2) is free to move.

Now consider the situation when a current is passed through such a device, with

electrons going from F1 (fixed layer) to F2 (free layer). The electrons going through

F1 become spin polarized and s represents their spin direction in the figure. On
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Figure 1.4: Schematic of a magnetic multilayer device for understanding the spin
transfer torque effect. (a) Shows electrons traversing from ferromagnet F1 to F2.
There is a non-zero angle θ between the the magnetization directions of the two
magnetic layers. The electrons passing through the intermediate non-magnetic layer
are spin-polarized (b) The spin polarized electrons going through F2 experience a
torque due to the exchange field in F2 (c) As the electrons transverse through F2
in different directions, they undergo different amounts of precession. The average of
precession angles for all electrons amounts to an average direction of the electrons
aligned to the magnetization in F2

entering F2, the electrons experience a torque due to the exchange field, as shown

in Fig. 1.4(b). A non-zero angle between the magnetization directions in F1 and F2

is needed for the electrons to experience a non-zero torque. (The dashed blue line

in F2 indicates the equilibrium direction of M(2). In real devices, the presence of

a non-zero angle is ensured by thermal fluctuations at any finite temperature.) In

such a multilayer device, the electrons going through it have various trajectories, as

schematically shown in Fig. 1.4(c). Due to these different trajectories, the precession

angle for different electrons is different and on an average all the electrons coming out

through F2 are aligned to the magnetization direction in F2. Fig. 1.5 gives a summary

of the previous figure. On an average, for an electron going through F2, the result of

the interaction between its spin and the magnetization M(2) is to align the electron

spin to the direction of M(2). This change in angular momentum experienced by the
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Figure 1.5: Schematic representation of the change of angular momentum experienced
by an electrons going through F2. While going through F2, on an average, the electron
spin direction is changed to point in the direction of the magnetization in F2. This
amounts to both the electron and M(2) experiencing an equal and opposite torque.

electron is brought about by M(2) and due to conservation of angular momentum,

M(2) must experience an equal and opposite change of angular momentum. This is

indicated by the torque directions experienced by the electron and M(2).

A detailed calculation by treating the traversing electrons by WKB wavefunctions

and by taking an average over all possible electron trajectories, the following result

is obtained for the net change in angular momentum experienced by M(2).

〈
4M(2)

〉
=

1

2
(sin θ, 0, 0) (1.9)

So far we have only considered the case when all the electrons incident on N-F2

interface are perfectly transmitted through F2. However, there is an important effect

of spin dependent transmission and reflection at the interface which also needs to be

taken into account. Since the majority and minority spin component of the electrons

incident on F2 see different interface potentials (due to the exchange splitting in the

conduction band), the transmission coefficients for the two spin components will not

be the same. If one considers the ideal case of perfect reflection for the minority

spin component, then the change of angular momentum experienced by M(2) has

to be normalized by the transmitted flux. In this case, the net change of angular

momentum is given by

〈
4M(2)

〉
=

sin θ

2 cos2 θ/2
(1, 0, 0) = (tan θ/2)(1, 0, 0) (1.10)
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Equations 1.9 and 1.10 imply that all the transverse (x) component of the incident

electron spin is transferred to the magnetization. The result of this effect is that

M(2) experiences a torque whose direction is in the plane of M(1) and M(2), unlike

the usual precessional torque caused by an external field. This is an entirely new

effect arising from the interaction of conduction electrons and the magnetization. A

detailed calculation on the rate of change of angular momentum experienced by M(2)

yields the following result [26].

Ṁ(2) =
α′

|M(2)|2 (M(2) × (ŝ × M(2))) (1.11)

where α′ indicates the efficiency of spin transfer and is proportional to the magnitude

and the spin polarization of the current. The influence of a torque acting on the mag-

netization is studied by the Landau-Lifshitz-Gilbert (LLG) equation. Conventionally,

the LLG equation for magnetization dynamics is given by

Ṁ = −γ(M × Heff ) +
α

|M |(M × Ṁ) (1.12)

where the first and the second term indicate the precessional and damping torque

respectively. In the presence of an additional torque due to spin transfer effect,

a modified LLG equation can be used to study the magnetization dynamics. The

modified equation is obtained by simply adding the torque due to spin transfer to

Eqn. 1.12

Ṁ = −γ(M × Heff ) +
α

|M |(M × Ṁ) +
α′

|M |2 (M × (̂s × M)) (1.13)

This equation will come up again in a later chapter where we develop a phenomeno-

logical model to understand the magnetization switching processes observed in our

experiments.
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Figure 1.6: Schematic of the torque directions acting on the magnetization of the
free layer due to STT effect. In this case, the electron flow is from the fixed to the
free layer. (a) For the P configuration, the spin torque brings the magnetization into
its equilibrium direction. (b) For the AP configuration the spin torque pushes the
magnetization away from the equilibrium direction.

1.3.2 Magnetization Reversal due to STT

The STT effect is of great significance because it opens up the possibility of manipu-

lating magnetization by electrical currents. More specifically, this effect can be used

for novel memory applications. The mulilayer device discussed in the previous section

can be switched between the P and AP configurations by using the STT effect, while

the relative orientation between the two magnetic layers can be distinguished by using

the GMR effect. Eqn. 1.13 suggests that in order to switch the multilayer device from

AP to P configuration, the electrons need to be injected from the fixed layer (F1)

to the free layer (F2). For this direction of electron flow, the P state is stabilized,

but the AP state is not. This is schematically shown by the directions of the torques

acting on the magnetization for P and AP configurations in Fig. 1.6. In the P con-

figuration, the torque acts such that the magnetization is brought to its equilibrium

position whereas in the AP configuration, the torque brings the magnetization out of

its equilibrium direction. For switching the device from P to AP configuration, the

current direction needs to be reversed, so that the electrons move from the free to
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Figure 1.7: Schematic of the torque directions acting on the magnetization of the free
layer due to STT effect. In this case, the electron flow is from the free to the fixed
layer. (a) For the P configuration, the spin torque moves the magnetization away
from its equilibrium direction. (b) For the AP configuration the spin torque brings
the magnetization into the equilibrium direction.

the fixed layer. In this case, it is the reflected spin component (from N-F1 interface)

of the electrons that interacts with M(2) and switches it.

1.3.3 Review of Experimental Work

In this section, we briefly review the various experimental reports which confirmed

the existence of the spin transfer effect in nano-magnetic devices. The problems en-

countered in interpretation of the experimental data also sets the stage for discussing

why X-ray time resolved microscopy studies of the spin transfer effect are desirable.

The first demonstration of current-induced magnetization excitations was done

by Tsoi, et al. in 1998 [28] . They injected a large current density (108 A/cm2)

into a Co/Cu multilayer structure by using diffusive point contacts formed between a

sharpened Ag tip and the multilayer structure. It was found that the dV/dI spectra

changed dramatically on application of external fields higher than the saturation field

HS for the multilayers.

Fig. 1.8 shows the point contact dV/dI spectra for the multilayers at different
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Figure 1.8: Point contact dV/dI as a function of the applied bias, at different magnetic
fields. Inset shows the bias voltages when a peak in dV/dI is seen, as function of the
magnetic field. Figure taken from [28]

applied fields. The field dependence of the peaks in dV/dI spectra indicate that

these features have their origin in magnetic excitations of some kind in the multilayer

structure. Independent microwave resonance studies on these structures revealed res-

onance peaks symmetric in the applied field ±H that can be attributed to excitations

of standing wave spin waves in the ferromagnetic layers. This result was consistent

with the predictions made in [26, 27].

A similar point contact study was performed by Myers, et al. where the point

contact was formed by introducing a small hole in an insulating silicon nitride layer

separating the magnetic multilayer and the electrical contact [29]. They also saw a

similar spin wave excitation spectra in presence of large current density and applied

fields. In addition, they also reported hysteretic switching of magnetic domains as

a function of the dc current applied to a Co/Cu/Co structure. Since the switching

domains were a part of a continuous film in these point contact studies, the current

densities required for such reversals were very high (∼ 109A/cm2). Soon after this

work, an important breakthrough in this field occured when Katine et al. [30] fab-

ricated Co/Cu/Co nano-pillars and thus isolated a small ferromagnetic element, not

exchanged coupled to a continuous magnetic layer. The main challenge in making
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Figure 1.9: (Left)Schematic of the pillar device. The dark layers are ferromagnetic
(Co), and the light ones are non-magnetic (Cu). (Right) Hysteretic switching of the
magnetic layers in the nano-pillar as a function of dc current I and an external field
H. Inset table lists the current values where the switching process at different applied
field begins. Figure taken from [30]

.

these nano-pillars is that their lateral size has to be ∼ 100 nm, so that the effect of

spin transfer torque on the magnetization will be more than the effect of the oersted

field field produced by the current itself. By successfully fabricating these nano-

pillars, they could demonstrate hysteretic switching of the isolated magnetic layer by

applying dc currents, now at much lower current densities (< 108 A/cm2).

Fig. 1.10 shows the crossection of the nano-pillar geometry and the hysteretic

switching as a function of dc current I and an external applied field H. As in the

point contact studies, they also observed spin wave excitations in the dV/dI spectra as

a function of a high external field (see Fig. 1.10). They showed that all the results can

be consistently explained by incorporating the spin transfer effects into the Landau-

Lifshitz equation, as suggested by Slonczewski.

Further studies by Albert, et al. [31] confirmed current induced hysteretic switch-

ing of an isolated nano-magnetic element. On varying the thicknesses of the free and

spacer layers, the experimental results were found to be consistent with Slonczewski

model based on spin dependent scattering of electrons at F/N interfaces.

Kiselev, et al.[32] performed frequency domain measurements on pillar samples

excited with dc current in presence of a high external field. The external field is
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Figure 1.10: (a)The dV/dI spectra as a function of bias currents, at different applied
fields. The peaks in the dV/dI spectra represent the excitation of spin waves in the
pillar device at different in plane magnetic fields. (b) The dc resistance traces for the
same measurements in (a). Figure taken from [30]

.

applied so that the nano-magnet does not undergo complete switching, but it only

oscillates around the easy axis. The oscillation is sustained by the spin transfer torque

from the current. At the point of steady state precessions, the intrinsic damping in

the nano-magnet is compensated by the negative damping introduced by the current,

so that the effective damping is zero. They measured the microwave power spectra

emitted from the nano-pillars by using a heterodyne mixer circuit.

Fig. 1.11 shows the schematic of the circuit used for these measurements. A plot

of the microwave power emitted by the device and the differential resistance as a

function of an applied current and field is also shown. The authors of this work

identified different regions of this plot as different oscillation modes of the free layer

magnetization based on a model which employs the Landau-Lifshitz-Gilbert (LLG)

equation with the spin transfer torque term of Slonczewski on a single magnetic

domain. Most of the data could be explained by this model satisfactorily, except for

a regime of high currents, where the simple single domain model seems to fail.

The most convincing proof of microwave frequency oscillations and the variation



1.3. SPIN TRANSFER TORQUE (STT) EFFECT 19

Figure 1.11: (Left) Schematic of the sample together with the heterodyne mixer
circuit. (Right) (a) Microwave power in the range 0.1-18GHz as a function of I and
H. (b) Differential resistance for the same range of I and H as in (a). (c) Dynamical
stability diagram extracted from (a) and (b). P indicates parallel configuration, AP
antiparallel, S small-amplitude precession regime, L large angle precession regime,
P/AP parallel/antiparallel bi-stability and W a state with resistance between P and
AP. (d) Microwave spectra at H=500 Oe and 1100 Oe corresponding to dots in (c).
Figure taken from [32]

.

of the effective damping as a function of current was demonstrated in the time domain

measurements of Krivorotov, et al. [33].

Fig. 1.12 shows the oscillatory voltage generated by steady state precessional mo-

tion of the free layer, in presence of an external field. This figure also shows the

time domain oscillatory voltage at two different current values below the critical cur-

rent. From the relaxation times thus measured, the effective damping parameter

α′ = 2/(τdγµ0MS) can be extracted. The linear variation of the parameter α′ is in

accordance with the predictions made by Slonczewski’s spin transfer torque model.
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Figure 1.12: (A) Oscillatory voltage generated by a spin transfer device when excited
by a current pulse, recorded in presence of an applied field. The data was obtained
by recording ∼ 104 oscilloscope traces. (B) and (C) Oscillatory voltage from sample
at zero field, obtained when the current pulse amplitude is less than the amplitude
needed for steady state precession at zero field. (D) Effective damping parameter as
a function of current bias. Figure taken from [33]

.

1.4 Limitations of GMR measurements

All the above mentioned experimental work is based on GMR measurements of

FM/NM/FM type multi-layer structures. Although undoubtedly, GMR measure-

ments constitute a powerful way of studying the behavior of nano-magnetic devices,



1.4. LIMITATIONS OF GMR MEASUREMENTS 21

one shortcoming of such measurements is that they cannot provide spatially resolved

information. All the explanations and modelling of the experimental data are based

on the assumption of a single domain state in the magnetic layers of interest. How-

ever, from the very beginning, there has been evidence for existence of magnetization

configurations which are more complex than a single domain one. In the first report

of current induced magnetization switching [30] (see fig. 1.9), the onset of the tran-

sition from one state to another was gradual as a function of the dc current and the

transition proceeded via multiple plateaus. The authors of this work noted that these

features indicate multiple domains in the nano-magnet and that domain wall motion

might be involved in the switching process.

Furthermore, in microwave oscillation studies [32], the authors reported presence

of a “W” state, accessible at high current densities, whose presence cannot be mod-

elled by applying LLG equations with the spin torque term to a single domain. In

time resolved measurements [33], the authors claim that all the oscillatory voltage

obtained during the precessional modes can be satisfactorily explained by a single

domain picture applied to the nano-magnet. During magnetization reversal, the au-

thors interpret the gradual transition due to the presence of a Gaussian distribution

of initial magnetization directions which smears out the transition edge in a time av-

eraged measurement. However, we would like to note that as far as the precessional

modes are concerned, even if there are small deviations from a single domain state

(the deviations would be small because of the presence of an external field, which

would tend to homogenize the magnetization), they would not be apparent in GMR

measurements. And as far as the magnetization reversal is concerned, a similar re-

sult can also be obtained by the presence of intermediate non-uniform magnetization

states which slow down the switching process. Therefore, just from the GMR mea-

surements, it is not possible to rule out the presence of non-uniform states during the

reversal. Some other groups have also reported the presence of non-uniform states

during magnetization reversal [34].

Moreover, various simulation studies for spin-polarized, current driven magnetiza-

tion reversal [35] have shown the presence of highly non-uniform intermediate states,

although the start and end states are uniform (single domain). This clearly calls for
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an alternative technique of studying the magnetization dynamics which can reveal the

spatial distribution of the magnetization during its reversal. In other words, a mag-

netic microscopy technique is needed which can probe magnetization at small length

scales (∼ 100 nm) and at fast enough time scales (∼ 0.1 ns). In the next chapter, it

will be argued that time resolved X-ray microscopy technique at a synchrotron source

is the best option available to successfully image the switching dynamics.



Chapter 2

X-Ray Magnetic Dichroism

In the previous chapter we discussed the motivation for imaging the magnetization

switching dynamics in a nano-pillar device. The specific requirements of an experi-

ment for performing these imaging studies are the following:

(1) Spatial Resolution: For studying the spin torque effects in nano-pillars, their

lateral dimension has to be on the order of 100 nm. The spatial resolution of the

imaging technique must be therefore less than 100 nm.

(2) Time Resolution: From some of the experimental work that we reviewed in

the last chapter, it is evident that the time scale for the magnetization dynamics is in

the sub-ns regime. We would therefore need a technique which offers time resolution

in this regime.

(3) Strong Magnetic Contrast: The imaging technique should have good sensitiv-

ity to different magnetization directions, since thickness of the magnetic layer to be

imaged is only a few nm.

(4) Imaging a Buried Layer: The structure of the nano-pillars is such that the

magnetic layer of interest is often buried under other thick metallic layers which

serve as contact leads for the device. This requires the imaging technique to be able

23
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to probe the thin magnetic layer buried under other thick metallic layers, in other

words the technique should be element specific.

Laser based techniques allow investigation of magnetic properties by observation

of the change in the polarization of incident light either in transmission (the Faraday

effect) or in reflection (the magneto-optical Kerr effect). Since typical lasers have

energies in 1-4eV range, the Faraday and Kerr effects involve transitions from filled to

unfilled electronic valence states. The time resolution offered by laser based techniques

is very good (< 1 ps), but their spatial resolution is diffraction limited to ∼ 400 nm.

Other magnetic microscopic techniques such as Magnetic Force Microscopy (MFM)

and Scanning Electron Microscopy with Polarization Analysis (SEMPA), although

offering sufficient spatial resolution, are primarily surface techniques and also have

difficulties in achieving the required time resolution. The only option one is left with

is X-ray microscopy.

In recent times, X-ray absorption based techniques to probe magnetic materials

have gained a lot of interest and attention due to their unique capabilities [36, 37,

38, 39, 40, 41]. Very important X-ray dichroism effects have been well established

which offer good magnetic sensitivity. X-ray magnetic circular dichroism (XMCD)

[36, 42, 39, 37, 43, 44] and X-ray magnetic linear dichroism (XMLD) [45, 46, 47, 48,

49, 50, 51, 52, 38] are extensively used to study properties of magnetic materials.

The difference in the absorptions for right and left circular polarized light gives rise

to XMCD, whereas the difference in absorption for different orientations of the E

vector for linear polarized light with respect to a particular magnetic axis gives rise to

XMLD. X-ray microscopy techniques are able to provide spatial resolution of < 50 nm.

In a later chapter we will briefly discuss various state-of-the-art X-ray microscopy

techniques and give reasons for using a specific one for our studies. X-rays produced

by a synchrotron source are naturally pulsed and therefore by suitable synchronization

methods, they can be used to perform time resolved studies. The time resolution

offered by synchrotron radiation is limited by the pulse width of the X-ray pulses,

which is typically ∼ 100 ps. Lastly, X-rays are able to penetrate through several

100 nm thick materials without getting completely absorbed and hence can be used

to probe a buried magnetic layer, as is required in our case. Another important
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advantage is that X-ray absorption studies involve transitions from the core level

to the valence states. Since binding energy of the core level varies from element to

element, X-rays also provide elemental specificity. Thus by tuning the energy to the

right value, one can choose to study a particular layer of interest in the sample. Due

to this special capability, one can specifically select one of the two magnetic layers of

interest in the nano-pillar and study the magnetization dynamics in them separately,

which is otherwise not possible.

The X-ray dichroism effects form the basis of using X-rays for studying magnetic

materials and by themselves are very interesting to investigate. In this chapter we

show the origin of these dichroism effects with calculations based on a simple atomic

model.

2.1 Calculating Transition Matrix Elements

The transition matrix elements calculated here correspond to the intensities of ab-

sorption between two levels for the cases of linear and circularly polarized light. These

calculations are based on the single atom energy levels in a one-electron picture which

is simple to understand and serves the purpose of illustrating the phenomenon of

dichroism. In quantum mechanical treatment the absorption process is described by

time dependent perturbation theory. The interaction between the incident radiation

and the atom is specified by the interaction hamiltonian HI(t), which produces tran-

sition between the initial state |i〉 and the final state |f〉. Here |i〉 and |f〉 refer to the

combined states of the X-ray field and atom. According to the Fermi’s golden rule, the

rate of transition in the case of interaction hamiltonian of the form HI(t) = HIe
−iωt

is given by [53]

W =
2π

h̄
|Mif |2δ(Ef − Ei − h̄ω) (2.1)

where Mif is the matrix element 〈f |HI |i〉 and the delta function represents the density

of states for a single atom case. The total absorption which depends on the number

of transitions per second therefore is proportional to the transition matrix amplitude

squared |Mif |2. The interaction hamiltonian is derived from the expression for the



26 CHAPTER 2. X-RAY MAGNETIC DICHROISM

hamiltonian for a charged particle in an electromagnetic field and is given by

HI =
eA ·p

m
+

e2A2

2m
(2.2)

where the vector potential A for a plane wave in second quantized notation is given

by [54]

A = ~ε

√

h̄

2ε0V ω
[ake

i(k.r−ωt) + a†
ke

−i(k.r−ωt)] (2.3)

Here V is the volume of the box used for field quantization as well as wavefunction

normalization. The operator for A is linear in the annihilation and creation operators.

Hence when it acts on a number state of the photon field, it can either destroy or

create a photon in that state. Absorption corresponds to the former, and it is clear

that the first term in HI results in absorption. Scattering on the other hand involves

the destruction of a photon in one state (labelled by k say), and the creation of a

new photon in a state (labelled by k′). This process then requires a combination

of operators of the form a†
k′ak which arise only from the term in the hamiltonian

that is quadratic in A. Since dichroism is an absorption dependent process, only the

first term of the interaction hamiltonian HI needs to be included while calculating

the matrix elements |Mif |2(this is also the term with the right time dependence).

Explicitly the matrix element with the linear term is

Mif = 〈f | e

m
p.A|i〉 (2.4)

where now |i〉 and |f〉 refer only to the atomic states (the annihilation operator on

acting on the right |1〉 and |0〉 as the initial and final states of the photon field just

gives unity). The atom sees an electric field of the incident radiation which is given

by

E = −∂A

∂t
= iωA1 (2.5)

1considering only the part of A which contributes to absorption.
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The electric field couples to the atom via its dipole moment µ = −er and hence HI

can also be written as

HI = −µ.E (2.6)

It can be shown that this expression for HI is equivalent to the one previously con-

sidered i.e HI = e
m
A.p[55]

For the purpose of the present calculations it is sufficient to stay within the dipole

approximation. The dipole approximation assumes that the electric field which drives

the electronic transition, can be approximated as

~E(~r, t) = ~εp E0 ei(~k ·~r−ωt) = ~εp E0 (1 + i~k ·~r + ...)e−iωt ' ~εp E0 e−iωt , (2.7)

so that the dependence on ~k is eliminated. This simply means that ~k ·~r � 1 or that

the size of the absorbing atomic shell |~r| � 1/|~k| = λ/2π is small relative to the

X-ray wavelength. In our case we are interested mostly in the photon energy range

h̄ω ≤ 1000 eV corresponding to a wavelength λ ≥ 1.2 nm and transitions from the

2p core shell of radius |~r| ' 0.01 nm so that we have |~r| ' 0.01nm � λ/2π ' 0.2 nm

and it is reasonable to use the dipole approximation. In this approximation, Mif is

therefore proportional to 〈f |~εp ·~r|i〉 where ~εp represents the polarization of the electric

field. The absorption intensity is therefore proportional to

Iabs ∝ |〈f |~εp ·~r|i〉|2 (2.8)

In order to evaluate matrix elements, it is important to understand the form of the

polarization dependent dipole operator ~εp ·~r and we discuss this in the next section.

2.2 The Polarization Dependent Dipole Operator

According to (2.8) the polarization dependent dipole operator is given by the dot

product ~εp ·~r. Here ~r is the electron position vector, given in Cartesian coordinates

by

r = xex + yey + zez . (2.9)
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We are particularly interested in the X-ray absorption intensity for pure linear or

circular polarization and want to distinguish cases of different polarization and dif-

ferent X-ray incidence directions in the (x, y, z) coordinate system of the sample. We

use the angular momentum label q = 0 for linearly polarized light and q = +,− for

circularly polarized light.

For linearly polarized X-rays, the direction of the ~E vector determines the X-ray

absorption intensity, and for the three extreme cases where ~E is aligned along x, y

and z we have the corresponding unit polarization vectors

~ε0
x = ~εx = ~ex ~ε0

y = ~εy = ~ey ~ε0
z = ~εz = ~ez . (2.10)

For circularly polarized X-rays we consider the cases where the angular momenta,

which are parallel to the X-ray wavevector ~k, are aligned along x, y and z. For

circularly polarized X-rays with ~k ‖ z we write the unit polarization vector as

~ε±z = ∓ 1√
2
(~εx ± i~εy) , (2.11)

and for propagation along x or y we use a similar notation according to a right handed

coordinate system, e.g. for ~k ‖ x

~ε±x = ∓ 1√
2
(~εy ± i~εz) . (2.12)

The dipole operators P q
α = ~εp · r = ~εq

α · r in (2.8) can then be rewritten in terms of

the familiar spherical harmonics Yl,m(θ, φ)[56]

P±
z = ~ε±z · r = ∓ 1√

2
(x ± iy) = r

√

4π

3
Y1,±1 (2.13)

P 0
z = ~εz · r = z = r

√

4π

3
Y1,0 (2.14)

Because of the prefactors of the spherical harmonics, it is more convenient to

express the dipole operators in terms of Racah’s spherical tensor operators defined as
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[56],

C(l)
m =

√

4π

2l + 1
Yl,m(θ, φ) ,

(
C(l)

m

)∗
= (−1)mC

(l)
−m . (2.15)

Linear Polarization

Ẽ ‖ x : P 0
x = x = r

1√
2
[ C

(1)
−1 − C

(1)
1 ]

Ẽ ‖ y : P 0
y = y = r

i√
2
[ C

(1)
−1 + C

(1)
1 ]

Ẽ ‖ z : P 0
z = z = r C

(1)
0

Circular Polarization

k̃ ‖ x : P+
x = − 1√

2
(y + iz) = − r

i√
2
C

(1)
0 − r

i

2
[ C

(1)
−1 + C

(1)
1 ]

P−
x =

1√
2
(y − iz) = − r

i√
2
C

(1)
0 + r

i

2
[ C

(1)
−1 + C

(1)
1 ]

k̃ ‖ y : P+
y = − 1√

2
(z + ix) = − r

1√
2
C

(1)
0 − r

i

2
[ C

(1)
−1 − C

(1)
1 ]

P−
y =

1√
2
(z − ix) = r

1√
2
C

(1)
0 − r

i

2
[ C

(1)
−1 − C

(1)
1 ]

k̃ ‖ z : P+
z = − 1√

2
(x + iy) = r C

(1)
1

P−
z =

1√
2
(x − iy) = r C

(1)
−1

Table 2.1: Polarization dependent dipole operators P q
α, expressed in terms of Racah

tensors C
(l)
m where α indicates the direction of ~k or ~E and q = 0, +1,−1 (abbreviated

q = 0, +,−) characterizes the photon angular momentum

The polarization dependent electric dipole operators are related to Racah’s tensor

operator of rank l = 1, and we have
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P 0
z = r C

(1)
0 = r cos θ = z (2.16)

P±1
z = r C

(1)
±1 = ∓r

1√
2

sin θe±iφ = ∓ 1√
2
(x ± iy) (2.17)

The dipole operators for all polarization cases and X-ray propagation along the prin-

cipal axes x, y, z of our sample coordinate system are listed in Table 2.1.

We can summarize as follows. The polarization dependent X-ray absorption

intensity is given by

Iq
α = A |〈f |P q

α|i〉|2 . (2.18)

where A is a constant and the dipole operators P q
α with α = x, y or z and q = +1, 0

or −1 are given in Table 2.1. For all the calculations that follow we always consider

α = z case for both linear and circularly polarized light and hence 2.18 can be written

as

Iq
α = A |〈f | rC(1)

q |i〉|2 . (2.19)

with q = 0, +1,−1 for linear, left circular and right circular polarization respectively.

This is the starting point for all the calculations that will follow.

2.3 The Atomic Transition Matrix Elements

The calculation of the transition matrix element depends on the wavefunctions |i〉
and |f〉. For single atom in an one-electron picture the initial state |i〉 is given by

the core electron wavefunction. The final state |f〉 consists of the valence electron

wavefunction. In the case of the 3d transition metals, these correspond to 2p and

3d wavefunctions respectively. In the one electron case, we can assume for simplicity

that this electron to be in a central potential whose wavefunction consists of a radial,

orbital and spin part. The simplest wavefunctions are thus given as

Rn,l(r)Yl,ml
χs,ms

= |Rn,l(r); l,ml, s,ms〉 (2.20)
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where the Dirac notation is given on the right. Rn,l(r) is the radial component of

a shell n with angular momentum l, the spherical harmonics Yl,ml
characterize the

angular part and χs,ms
is the spin part. We shall see below that a general wavefunc-

tion appropriate for an atom in a solid, i.e. a ligand field or band state that includes

bonding, exchange and spin-orbit effects, can in fact be written as a linear combina-

tion of atomic like basis functions of the form (2.20). The atomic like functions are

therefore of paramount importance and we shall first take a look at the calculation

of transition matrix elements with the simple functions in (2.20).

For a transition from a core shell with angular momentum c to an unfilled valence

shell with angular momentum l the initial state will have a form

|i〉 = |Rn,c(r); c,mc, s,ms〉 , (2.21)

where Rn,c(r) is the radial component of the core state of shell n with angular mo-

mentum c, and |s = 1/2,ms〉 describes the spin state of the electron. The final state

will be of the form

|f〉 = |Rn′,l(r); l,ml, s,m
′
s〉 , (2.22)

where Rn′,l is the radial component of the valence state of shell n′ with angular

momentum l. The exclusion principle does not allow electrons to be excited into

occupied states, and hence the final states are determined by the empty states in the

l subshell. The task before us is then to calculate the transition matrix element

〈f |P q
α |i〉 = 〈Rn′,l(r); l,ml, s,m

′
s|P q

α |Rn,c(r); c,mc, s,ms〉 , (2.23)

with the direction and polarization dependent dipole operators P q
α given in Table 2.1.

For the case of P q
z , a transition from a core shell with angular momentum c to an

unfilled valence shell with angular momentum l we obtain

〈f |P q
α |i〉 = δ(m′

s,ms)
︸ ︷︷ ︸

spin

〈Rn′,l(r)|r|Rn,c(r)〉
︸ ︷︷ ︸

radial

〈 l,ml|C(1)
q |c,mc〉

︸ ︷︷ ︸

angular

, (2.24)

The matrix elements factors into spin, radial and angular parts. We see that the dipole
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operator does not act on the spin and only transitions are allowed that preserve the

spin. The polarization dependence is entirely contained in the angular part of the

wavefunctions. The radial part R = 〈Rn
′
,l(r)|r|Rn,c(r)〉 depends only on n, l and n′, l′.

It is the same for all the transitions we want to consider here (2p → 3d). Hence the

relative strengths of the transitions depend only on the angular part. The following

relations will be useful to evaluate the required matrix elements [53].

〈l + 1,m|C(1)
0 |l,m〉 =

√

(l + 1)2 − m2

(2l + 3)(2l + 1)

〈l + 1,m + 1|C(1)
1 |l,m〉 =

√

(l + m + 2)(l + m + 1)

2(2l + 3)(2l + 1)

〈l + 1,m − 1|C(1)
−1 |l,m〉 =

√

(l − m + 2)(l − m + 1)

2(2l + 3)(2l + 1)

(2.25)

The non-zero matrix elements for 2p → 3d have been evaluated in table 2.2

2.4 Step by Step Calculation of the Absorption

Intensities in p → d Transitions

Although we take a simple one-electron picture to evaluate the absorption intensities,

in reality various interaction mechanisms influence the magnetic properties. It is im-

portant to consider the relative size of the various interactions that affect the d shell

in a solid, e.g., for the metals. There are five interactions whose relative importance

may be judged by their characteristic energies:

(1) The interaction of the d electrons on one site with those of the neighboring sites,

resulting in a bandwidth of 3-5eV [57]

(2) The Coulomb and exchange interactions between the d electrons on the same site,

resulting in multiplet splitting of about 2-5eV [58, 59]

(3) The Magnetic exchange interaction giving rise to an exchange splitting in the d

band of 1-2eV [60].

(4) The spin-orbit interaction within the d shell, which for the 3d metals is 0.05-0.1eV
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Linear Polarization

〈Y2,1|C(1)
0 |Y1,1〉 =

√
1
5

=
√

3
15

〈Y2,0|C(1)
0 |Y1,0〉 =

√
4
15

=
√

4
15

〈Y2,−1|C(1)
0 |Y1,−1〉 =

√
1
5

=
√

3
15

Left Circular

〈Y2,2|C(1)
1 |Y1,1〉 =

√
2
5

=
√

6
15

〈Y2,1|C(1)
1 |Y1,0〉 =

√
1
5

=
√

3
15

〈Y2,0|C(1)
1 |Y1,−1〉 =

√
1
15

=
√

1
15

Right Circular

〈Y2,0|C(1)
−1 |Y1,1〉 =

√
1
15

=
√

1
15

〈Y2,−1|C(1)
−1 |Y1,0〉 =

√
1
5

=
√

3
15

〈Y2,−2|C(1)
−1 |Y1,−1〉 =

√
2
5

=
√

6
15

Table 2.2: Relevant matrix elements for 2p → 3d transitions using 2.25

[61].

(5) The interaction of the d electrons with local point charge potential of the sur-

rounding atoms, characterized by a crystal field splitting of about 0.05-0.1eV [57].

Of all the interactions listed above, the one arising from magnetic exchange inter-

action is of most importance for the origin of the dichroism effect and for simplicity
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we only consider that. In addition, since we consider transitions from 2p → 3d, the

spin-orbit interaction in the p shell which is about 15eV also needs to be considered

to understand the origin of dichroism. Although origin of circular dichroism can be

understood with help of these two interactions, the exchange interaction in the core

state (about 200 meV) as we shall see is important for the origin of linear dichroism.

We start with the simple atomic case and evaluate the angular part of the transition

matrix elements. The intensities corresponding to these transitions are proportional

to the amplitude squared of these matrix elements. Then we do the same after intro-

ducing the interactions.

2.4.1 Atomic Case

| =2, , >l m m
l sd

+,-,L4/3

| =1, , >l m m
l s

p

Figure 2.1: Simple atomic case without any interactions

For the atomic case, we need to consider the transition from the 2p shell to the

3d. Since all |l,ml〉 levels are degenerate, the total intensity is just the sum of the

intensities from the individual transitions shown in 2.25. The sum of the squares of

the matrix elements for linear and circularly polarized light is 2
3
. Further there is a

spin degeneracy of 2, so the absorption intensity is 4
3
. This is shown in Fig. 2.1.
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2.4.2 Core Level Split by Spin Orbit Interaction

The total hamiltonian for the 2p level can be written as

H = H0 + Hs−o (2.26)

Hs−o = ξpl̄.s̄ =
1

2
ξp[j

2 − l2 − s2]; (j = l + s) (2.27)

Although |n, l,ml,ms〉 are eigenstates of H0, Hs−o mixes the spin and orbital part,

hence ml,ms are no longer good quantum numbers. The spin-angular functions de-

fined as

Yj=l± 1

2
,m

l = ±

√

l ± m + 1
2

2l + 1
Yl,m− 1

2

(θ, φ)α +

√

l ∓ m + 1
2

2l + 1
Yl,m+ 1

2

(θ, φ)β (2.28)

where α and β represent the spin-up and spin-down wavefunctions, are by construction

simultaneous eigenfunctions of l2, s2, j2, and jz [53]. Since Hs−o = ξpl̄.s̄ = 1
2
ξp[j

2 −
l2 − s2], these functions are eigenfunctions of Hs−o also. This is nothing but the

|j,mj, l, s = 1
2
〉 basis to represent the angular part of the wavefunction. Also, these

states are eigenstates of H0 since H0 depends only on n and l quantum numbers.

Since

〈j ′
,m

′

j, l,
1

2
|1
2
ξp[j

2−l2−s2]|j,mj, l,
1

2
〉 = δjj

′δmjm
j
′ δll

′
1

2
ξph̄

2[j(j+1)−l(l+1)−s(s+1)]

(2.29)

and for any l, j = l ± 1
2

the degeneracy of the p levels is lifted and we get

Es−o =
1

2
ξpl; j = l +

1

2
(2.30)

Es−o = −1

2
ξp(l + 1); j = l − 1

2
(2.31)

So for the 2p state, with l = 1, we get the splitting due to the spin-orbit interaction

as shown in Fig. 2.2. The angular part of the wavefunctions in the |j,mj〉 basis for

the p 1

2

and p 3

2

are listed in table 2.3
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p

p
1/2

p
3/2

p
x

2

1

p
x-

Figure 2.2: Splitting of the 2p level due to Spin-Orbit interaction

One-electron Label |l, s, j,mj〉 Basis |l, s,ml,ms〉 Basis

lj |j,mj〉 Y ml

l χms

p 1

2

|1
2
, 1

2
〉 1√

3
(Y1,0α −

√
2Y1,1β)

|1
2
,−1

2
〉 1√

3
(
√

2Y1,−1α − Y1,0β)

p 3

2

|3
2
, 3

2
〉 Y1,1α

|3
2
, 1

2
〉 1√

3
(
√

2Y1,0α + Y1,1β)

|3
2
,−1

2
〉 1√

3
(Y1,−1α +

√
2Y1,0β)

|3
2
,−1

2
〉 Y1,−1β

Table 2.3: One-electron p wavefunctions

Now we can consider the L2 (2p 1

2

→ 3d) and L3 (2p 3

2

→ 3d) transitions as shown

in Fig. 2.3.

The 3d can be represented in |l, s,ml,ms〉 basis, so there are a total of six states

which are degenerate viz. Y2,0α, Y2,±1α, Y2,±2α, Y2,0β, Y2,±1β and Y2,±2β. We can

now evaluate the matrix elements for the allowed transitions as shown in table 2.4.
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p
p1/2

d

L
3

L
2

p3/2

Figure 2.3: L2 and L3 transitions

The total intensity for p 1

2

→ d transition can be calculated by summing over the

squares of the individual transitions. From 2.4, one can find that the total intensity

is proportional to 4
9

for all three cases (Right circular, Left circular and Linearly

polarized light). The intensities are the same in all three cases since light couples to

only the orbital part of the wavefunction and there is no spin selectivity in the 3d

states.

Similarly one can evaluate the matrix elements corresponding to the transitions

2p 3

2

→ 3d which are shown in table 2.5. The total intensity obtained by summing over

all transitions and in this case is equal to 8/9 for all three cases. Fig. 2.4 summarizes

the calculations done in tables 2.4 and 2.5.

2.4.3 Exchange Splitting in 3d Level

In the last section we saw that no spin selectivity in the 3d level gives rise to identical

transition amplitudes for all three cases of light polarization. In this section we
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|l, s, j,mj〉 Basis |l, s,ml,ms〉 Basis Allowed transitions Matrix elements

|j,mj〉 Y ml

l χms

Right Circular

| 1
2
, 1

2
〉 1

√

3
(Y1,0α −

√
2Y1,1β) Y2,−1α

1
√

3
×

√

3

15
=

√
3

45

Y2,0β −
√

2

3
×

√
1

15
= −

√
2

45

| 1
2
,− 1

2
〉 1

√

3
(
√

2Y1,−1α − Y1,0β) Y2,−2α
√

2

3
×

√
2

5
= 2

√

3
√

45

Y2,−1β −
√

1

3
×

√
1

5
= −

√
3

45

Left Circular

| 1
2
, 1

2
〉 1

√

3
(Y1,0α −

√
2Y1,1β) Y2,1α

1
√

3
× 1

√

5
=

√
3

45

Y2,2β −
√

2

3
×

√
2

5
= − 2

√

3
√

45

| 1
2
,− 1

2
〉 1

√

3
(
√

2Y1,−1α − Y1,0β) Y2,0α
√

2

3
×

√
1

15
=

√
2

45

Y2,1β − 1
√

3
× 1

√

5
= −

√
3

45

Linear

| 1
2
, 1

2
〉 1

√

3
(Y1,0α −

√
2Y1,1β) Y2,0α

1
√

3
×

√
4

15
= 2

√

45

Y2,1β −
√

2

3
×

√
3

15
= −

√
6

45

| 1
2
,− 1

2
〉 1

√

3
(
√

2Y1,−1α − Y1,0β) Y2,−1α
√

2

3
×

√
3

15
=

√
6

45

Y2,0β − 1
√

3
×

√
4

15
= −

√
4

45

Table 2.4: Allowed transitions for 2p1/2 → 3d

consider the magnetic exchange splitting in the 3d level which lifts the degeneracy
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p

p1/2

p3/2

d
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8/9+,-,L 4/9 +,-,L

Figure 2.4: Intensities for the L2 and L3 transitions

between spin-up and spin-down levels. The hamiltonian for the interaction is

Hex = edSz; ed ' 1eV (2.32)

Since the interaction hamiltonian acts only on spin, Hex is already diagonal in the

|l,ml,ms〉 basis.

Hex|l,ml,ms〉 = edms|l,ml,ms〉 (2.33)

=⇒ E = E0 +
ed

2
(2.34)

Fig. 2.5 shows the splitting on the 3d level into spin-up and spin-down levels due

to the exchange interaction. In this case, the transitions to the two 3d levels can be

found out by adding the intensities to the Y2,ml
α and Y2,ml

β levels separately from

the values listed in tables 2.4 and 2.5. Table 2.6 shows this calculation.

Fig. 2.6 shows the transitions calculated in table 2.6
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Figure 2.5: Splitting of the 3d level into spin-up and spin-down levels due to the
magnetic exchange interaction
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Figure 2.6: Transition intensities from the spin-orbit split 2p level to magnetic ex-
change split 3d level

Calculation of XMCD

Now since the absorption intensities for any particular transition are different for the

right circular and left circular polarized light, polarization dependent absorption can

be obtained provided there is a net spin imbalance in the 3d level. Assuming that the
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3dβ level in completely filled and there is vacancy only in the 3dα levels, we can find

the XMCD. The intensities of the transitions for the L3 and L2 edges are given by

I+
L3

=
5

9
R2

I−
L3

=
3

9
R2

(2.35)

I+
L2

=
1

9
R2

I−
L2

=
3

9
R2

(2.36)

where R represents the radial integral corresponding to p to d transition. The XMCD

contrast can be calculated as follows:

4IL3
= I−

L3
− I+

L3

= −2

9
R2

(2.37)

4IL2
= I−

L2
− I+

L2

=
2

9
R2

(2.38)

The difference in the absorption intensity for right and left circular polarized light is

the magnetic dichroism effect. Fig. 2.7 schematically shows the XMCD effect in this

simple atomic picture. Finite lifetime in the final states gives rise to the broadening

shown in this figure.

2.4.4 Core Exchange Splitting

The exchange interaction in the 2p level gives rise to a finer splitting of the 2p levels.

The core exchange interaction, similar to the 3d exchange interaction is given as

Hex = epSz; ed ' 200meV (2.39)
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Figure 2.7: XMCD signal for a simple atomic case

Now one can treat the exchange interaction as a perturbation,

H = H0 + Hex; H0 = Hatom + Hs−o (2.40)

Since Hex acts only on the spins, the angular part of the wavefunctions (Refer to

table 2.3). Also since 〈l′ ,ml
′ |l,ml〉 = δl,l

′δmlml
′ , states within the same j do not mix.

Instead |1/2, 1/2〉 ↔ |3/2, 1/2〉 and |1/2,−1/2〉 ↔ |3/2,−1/2〉 mix. |3/2, 3/2〉 and

|3/2,−3/2〉 continue to remain as eigenstates. This is a case of degenerate and non-

degenerate perturbation. Since Hex does not mix the two p 1

2

and four p 3

2

states among

themselves, it is already diagonal in the space spanned by p 1

2

and p 3

2

separately. It

is also reasonable to assume all other states are far away from these two and p 1

2

, p 3

2

states are the only relevant ones for this problem. This problem can not be solved

exactly anymore and standard results of perturbation theory can be applied [62].

First order correction to energy is given as

〈φ|Hex|φ〉 ∼ O(ep) (2.41)
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The second order correction is

|〈φ|Hex|φ′〉|2
3
2
ξp

∼ O(
e2

p

ξp

) (2.42)

Since ep ∼ 0.2meV and ξp ∼ 15eV , this is quite small and it is therefore ok to

keep terms up to first order. The first order corrections to energy eigenvalues are

evaluated in table 2.7

p

p
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p
3/2 p

e
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p
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1

Figure 2.8: Splitting of the core level as a result of the exchange interaction

Fig. 2.8 shows the splitting of the core 2p levels because of the exchange splitting

Calculation of XMLD

In order to calculate the magnetic linear dichroism, we have to calculate

IE‖M − IE⊥M = IL − IE⊥M (2.43)

Since IE⊥M = 1
2
(IRCP + ILCP ) and also since IL = 1

2
(IRCP + ILCP ) for all transitions

shown in Fig. 2.6, there is no XMLD signal in this case. If all the 2p states are

degenerate, the sum over these states for linear polarization exactly equals the average

of right circular and left circular polarization. Hence only when this degeneracy is

lifted, there will be a XMLD signal. It is therefore important to consider the splitting

in the p state due to the core exchange interaction. Strictly speaking one has to solve

this problem using perturbation theory, but for simplicity we assume here that the
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perturbation is weak enough and the new energy eigenkets are not very different from

the unperturbed |j,mj〉 levels. We can then use the numbers evaluated in tables 2.4

and 2.5 and calculate the different transition intensities.

+

ad

+ + - - - L L L + + - - L L

18/45 6/45 1/45 3/45 6/45 6/45 9/45 8/45 3/45 2/45 3/45 12/45 3/45 6/45 4/45
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|3/2, 1/2>
|3/2, 1/2>

|3/2, -3/2>

|1/2, -1/2>
|1/2, 1/2>

Figure 2.9: Transitions from the exchange split core level to the 3dα state

Fig. 2.9 shows the transitions from the exchange split 2p level to the 3d state. We

can continue to assume here that only the 3dα states are available.

We can now evaluate the XMLD for all the allowed transitions as shown in table

2.8. Fig 2.10 schematically shows the XMLD effect in this simple atomic picture.

2.5 Sum Rules and Experimental Confirmation

Although the simplistic derivation of X-ray magnetic dichroism effects discussed above

is good for pedagogical reasons, in practice the materials one deals with are much

more complicated and in order to calculate the dichroism effects, more sophisticated

calculations are required. Two main papers in this connection are the ones which

derive the sum rules for the spin and the orbital moment. The advantage of using

the XMD effects is that, in addition to determining the total magnetization, it is also

possible to determine the contributions from spin and orbital moments to the total

magnetization. [63] and [64] give the derivations for these sum rules. Experimental



2.5. SUM RULES AND EXPERIMENTAL CONFIRMATION 45

)(
2

1
+-

+- III
L

E

|3/2, 3/2>

|3/2,1/2 >

|3/2, -1/2> |1/2, -1/2>

|1/2, 1/2>

Figure 2.10: XMLD signal for a simple atomic case

confirmation of these sum rules was reported soon later in [37].

Fig. 2.11 schematically shows the L3 and L2 resonant absorption edges for right

and left circular polarized light. A and B denote the area under the peaks which

show the difference of the right and left circular polarized light. The charge, spin and

orbital sum rules are also given. C is a the same proportionality constant in all the

sum rules.

Fig. 2.12 shows an actual experimental magnetic dichroism spectra taken for Fe

metal.

After having discussed the XMD effects, we will now discuss the details of the

experimental setup used for performing the actual measurements in the next chapter.
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Figure 2.11: XMCD sum rules. Schematic illustrating the determination of valence
band properties such as the number of empty d states Nh, the spin moment ms =
µB(N ↑

h −N↓
h) = µB(N+ms

h −N−ms

h ) and the orbital moment mo = µB(N+m`

h −N−m`

h ).
Figure taken from [65]
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|l, s, j, mj〉 Basis |l, s, ml, ms〉 Basis Allowed transitions Matrix elements

|j, mj〉 Y
ml

l
χms

Right Circular

| 3
2
, 3

2
〉 Y1,1α Y2,0α

√
1

15
=

√
3

45

| 3
2
, 1

2
〉 1√

3
(
√

2Y1,0α + Y1,1β) Y2,−1α
√

2

3
×

√
3

15
=

√
6

45

Y2,0β
√

1

3
×

√
1

15
=

√
1

45

| 3
2
,− 1

2
〉 1√

3
(Y1,−1α +

√
2Y1,0β) Y2,−2α

√
1

3
×

√
2

5
=

√
6

45

Y2,−1β
√

2

3
×

√
1

5
=

√
6

45

| 3
2
,− 3

2
〉 Y1,−1β Y2,−2β

√
6

15
=

√
18

45

Left Circular

| 3
2
, 3

2
〉 Y1,1α Y2,2α

√
6

15
=

√
18

45

| 3
2
, 1

2
〉 1√

3
(
√

2Y1,0α + Y1,1β) Y2,1α
√

2

3
×

√
1

5
=

√
6

45

Y2,2β
√

1

3
×

√
2

5
=

√
6

45

| 3
2
,− 1

2
〉 1√

3
(Y1,−1α +

√
2Y1,0β) Y2,0α

√
1

3
×

√
1

15
=

√
1

45

Y2,1β
√

2

3
×

√
1

5
=

√
6

45

| 3
2
,− 3

2
〉 Y1,−1β Y2,0β

√
1

15
=

√
3

45

Linear

| 3
2
, 3

2
〉 Y1,1α Y2,1α

√
3

15
=

√
9

45

| 3
2
, 1

2
〉 1√

3
(
√

2Y1,0α + Y1,1β) Y2,0α
√

2

3
×

√
4

15
=

√
8

45

Y2,1β
√

1

3
×

√
3

15
=

√
3

45

| 3
2
,− 1

2
〉 1√

3
(Y1,−1α +

√
2Y1,0β) Y2,−1α

√
1

3
×

√
3

15
=

√
3

45

Y2,0β
√

2

3
×

√
4

15
=

√
8

45

| 3
2
,− 3

2
〉 Y1,−1β Y2,1β

√
3

15
=

√
9

45

Table 2.5: Allowed transitions for 2p3/2 → 3d
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Transition Right Circular Left Circular Linear

p1/2 → 3dα 3

45
+ 2

45
= 1

9

12

45
+ 3

45
= 3

9

4

45
+ 6

45
= 2

9

p1/2 → 3dβ 12

45
+ 3

45
= 1

9

3

45
+ 2

45
= 3

9

4

45
+ 6

45
= 2

9

p3/2 → 3dα 25

45
= 5

9

15

45
= 3

9

20

45
= 4

9

p3/2 → 3dβ 15

45
= 3

9

25

45
= 5

9

20

45
= 4

9

Table 2.6: Result of adding the transitions to 3dα and 3dβ levels separately

2p 1

2

2p 3

2

〈1/2, 1/2|Hex|1/2, 1/2〉 = − ep

6
〈3/2, 3/2|Hex|3/2, 3/2〉 =

ep

2

〈1/2,−1/2|Hex|1/2,−1/2〉 =
ep

6
〈3/2, 1/2|Hex|3/2, 1/2〉 =

ep

6

〈3/2,−1/2|Hex|3/2,−1/2〉 = − ep

6

〈3/2,−3/2|Hex|3/2,−3/2〉 = − ep

2

Table 2.7: First order correction to energy eigenvalues
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Transition from (to 3dα) I+ I− IL XMLD = IL − 1

2
(I+ + I−)

|3/2, 3/2〉 18

45

3

45

9

45
− 3

90

|3/2, 1/2〉 6

45

6

45

8

45

4

90

|3/2,−1/2〉 1

45

6

45

3

45
− 1

90

|3/2,−3/2〉 0 0 0 0

|1/2,−1/2〉 2

45

12

45

6

45
− 2

90

|1/2, 1/2〉 3

45

3

45

4

45

2

90

Table 2.8: Calculation of XMLD
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Figure 2.12: The XMCD effect illustrated for the L-edge absorption in Fe metal. The
shown density of spin-up and spin-down states closely resembles that calculated for
Fe metal. The data on the right are from Chen et al. [37], having been corrected
to correspond to 100% circular polarization. We show the case of circularly polar-
ized X-rays with positive angular momentum (helicity), and the color coded spectra
correspond to the shown sample magnetization directions. Figure taken from [65]



Chapter 3

Experimental Techniques

In this chapter we shall discuss details of the experimental techniques used for per-

forming time-resolved X-ray microscopy measurements. All experiments have been

performed at the scanning transmission X-ray microscope (STXM) beam line at the

Advanced Light Source (ALS), Berkeley. In the first part of the chapter, we will

discuss as to why STXM is the only option available for performing the proposed

time-resolved studies. In the second part, we will discuss how the requirements of

optimally performing the measurements can be met by use of suitable electronic in-

strumentation and software.

3.1 X-ray Microscopy Techniques

There are three different types of X-ray microscopy techniques that are available at

Synchrotron sources to perform imaging studies. In this section, we shall briefly dis-

cuss these different techniques and give reasons as why we choose one of them for our

proposed experiments. The three X-ray microscopy techniques are (1)Photoemission

electron microscopy (PEEM), (2) Transmission imaging X-ray microscopy (TIXM)

and (3) Scanning transmission X-ray microscopy (STXM).

A schematic illustration of all three techniques is shown in Fig. 3.1. PEEM works

on the principle of X-rays in, electrons out. This technique was pioneered by Tonner

et al. [66]. The sample is illuminated by a monochromatic X-ray beam that is

50
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Figure 3.1: Schematic illustration of the three different X-ray microscopy techniques.
The working principle of these techniques are discussed in the main text. Figure
taken from [65]

moderately focussed, typically to tens of micrometers, so as to match the maximum

field of view of the microscope. The energy resolution is determined by the X-ray

monochromator in the beam line (not shown in figure). The spatial resolution of the

microscope is determined by the quality of electron optics. Three factors affecting

the spatial resolution are spherical abberation, chromatic abberation and diffraction.

In practice, for X-ray excitation of electrons, chromatic abberations dominate due to

errors in focusing electrons with different kinetic energies.

TIXM is based on photons in, photons out principle. As the name suggests, this

microscope works in the transmission geometry. Monochromatic X-ray beam coming

from a monochromator is focused onto the sample by means of a condenser zone plate.

The focal spot size on the sample sets the field of view in the imaging process. X-rays

going through the sample after partially being absorbed, are incident onto another

zone plate which forms a magnified image of the illuminated area on the sample. The

image is generated on a phosphor screen or a X-ray sensitive CCD camera, as shown

in the figure. The spatial resolution of such a microscope is determined by the width

of the outermost zones of the micro zone plate and a resolution of 15nm is the best

that has been obtained so far [67].

STXM is also based on photons in, photons out principle just like the TIXM and
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also works in the transmission geometry. The difference here is that the X-ray beam

is focused to a tight spot on the sample by a zone plate and the X-rays going through

the sample are captured by a X-ray detector placed closely behind the sample. The

detector thus measures the X-ray absorption only from a very small area on the

sample and the sample is scanned in orthogonal directions to the beam propagation

in order to make an image. In this case also, the spatial resolution is determined by

the width of the outermost zones of the zone plate.

Since the electrons coming out of the sample in PEEM are secondary electrons

generated in the X-ray excitation process, this is mainly a surface technique and it is

not possible to extract information from a buried magnetic layer as we are required to

do for our samples. In the case of TIXM, although it is operating in the transmission

geometry and the magnetic layer on interest can be probed, it is not possible to

perform precise time-resolved experiments on this microscope. The problem with full

field imaging is that one needs to use a large X-ray detector, like a CCD camera and

such detectors have a very slow response time. The time it takes to read out such a

detector once is in the range of milliseconds and therefore it is not possible to perform

experiments requiring time resolution in the range of nanoseconds. In STXM on the

other hand, since an image is made by collecting data point by point on the sample,

a fast avalanche photo diode can be used as the detector. Due to the possibility of

its fast read out, time resolved experiments can be performed in this case.

The STXM at ALS is a excellent piece of instrumentation put together by sci-

entists working there [68]. This instrument is specially designed to make use of an

interferometer controlled sample position stage. The interferometer determines the

relative position of the sample stage with respect to the zone plate and thus helps to

compensate for the sample drifts caused due to thermal and vibrational effects from

the surroundings [69, 70]. Such a sample stage with fine positional precision is very

crucial for our experiments since the image scan sizes are typically less than 0.5 mi-

crons. All controls to the STXM are operated through the Graphical User Interface

(GUI) software running on a nearby computer dedicated for this purpose. The GUI

allows one to choose the scan parameters like the image scan size, number of points to

scan and the dwell time at each point of the scan. The GUI interfaces partially with
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the beam line optics which also helps the user to choose the X-ray beam parameters

like its energy, polarization and the beam size.

3.2 Achieving the Optimal Conditions for Experi-

ments

Synchrotron source of X-ray radiation is by nature a pulsed source. Therefore, by

suitably synchronizing the excitation signal on the sample with the X-ray pulses, a

variety of pump-probe experiments can be performed [71, 72, 73, 74, 75, 76, 77, 78,

79, 80]. Time resolution for such experiments will then be fundamentally limited by

the pulse width of the X-ray pulses which is ∼ 100 ps.

Fig. 3.2 schematically shows the filling pattern of the synchrotron ring in the two

modes of operation. There are a total of 328 RF buckets which can potentially have

an electron bunch in it. Each electron bunch while going around in the synchrotron

ring produces a X-ray pulse at the beam line. Depending on the requirements of the

experimenters, the filling pattern of the ring can be changed as desired. The ALS

usually operates in two modes, viz., the two bunch mode and the multi bunch mode.

As the name suggests, in the two bunch mode, only two electron bunches revolve

around in the synchrotron ring which are widely spaced and give rise to X-ray pulses

at 3 MHz frequency. Most of the pump-probe experiments at the Synchrotron are

performed in this mode of operation. Since the time delay between the two X-ray

pulses is 328 ns, it is usually long enough for the sample to relax into its original

state. In the multi-bunch mode, X-ray pulses are generated at 500 MHz so that the

spacing between consecutive pulses is only 2 ns. It is advantageous to use the multi-

bunch mode as the total flux during this mode of operation is approximately six

times greater than in two-bunch mode. Due to this, the measurement time is reduced

significantly in the multi-bunch mode. However, since 2 ns is a relatively short time,

the time scale on which the magnetization dynamics are expected to take place, the

actual pump-probe experiment has to be run at a frequency lower than 500 MHz,

while still using all the X-ray pulses for measurement.



54 CHAPTER 3. EXPERIMENTAL TECHNIQUES

2-bunch mode 3MHz
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2 filled at 30mA each

Only 4 weeks per year!

a)

Bucket spacing 328 ns

Bunch width ~50 ps

2 filled at 30mA each

Only 4 weeks per year!

b) Multi-bunch mode 500MHz

328 RF buckets

276+1 filled at ~1.4mA each

Normal mode of operation

b)

Normal mode of operation

Bucket spacing 2 ns

Bunch width ~50 ps

“Camshaft” pulse
Gap

Bucket spacing 2 ns
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“Camshaft” pulse
Gap

Figure 3.2: Schematic representation of the filling pattern of the synchrotron ring in
(a) two-bunch mode and (b) multi-bunch mode.
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X-rays

Figure 3.3: Schematic representation of the pump-probe experiment where data at
eight time points is collected in eight different counters during the pulse excitation
sequence. The positive pulse switches the free layer of the sample from anti-parallel
(AP) to parallel (P) configuration. The negative pulse causes the reverse transition.
Both pulses are 4 ns long and the relaxation time between them is also 4 ns long.

The type of pump-probe experiment that we perform at the STXM is schemati-

cally shown in Fig. 3.3. By using such a scheme, all the X-ray pulses are utilized to

accumulate data and the actual pump-probe experiment is run at 500/8 MHz.

This detection scheme calls for special electronic instrumentation to be used as the

signal from the consecutive X-ray pulses has to be recorded separately. In addition

to counting the signal from consecutive X-ray pulses separately, we also need to

generate current pulses to excite the sample which are properly synchronized to the

X-ray pulses. In the next section, we discuss in detail the design and implementation

of this new detection scheme, as documented in Acremann, et al. [81] and Strachan,

et al. [82].

3.2.1 Hardware and Software for Synchronous Detection

We designed and built a novel software defined photon counting system which can be

freely configured for a variety of experiments using a fast point detector and single

photon counting. Pulse generators excite the sample synchronously to the bunch



56 CHAPTER 3. EXPERIMENTAL TECHNIQUES

S

E

R

-

D

E

S

Pulser

controller

Counters

(x14)

Micro-

controller

(Altera

NIOS-2)

b

u

s

Altera Stratix-2 FPGA

Signal conditioning,

discriminator

Pulse generator

tcp/ip

Detector

Sample

Current
Pump

Photon
Probe

Single Photons

Figure 3.4: Overview of the photon counting system. The output of the pulse con-
trollers is serialized and fed to the pulse generators. The pulse generator excites the
sample which is probed by X-ray pulses. Single photons are detected by the detector,
the resulting analog signal is amplified and converted to digital data by a discrimi-
nator. The digital data is deserialized and distributed to all the counters. The pulse
controllers and the counters are controlled by the micro processor through a data bus.
The devices and the processor are implemented on a FPGA.

structure of the storage ring. Up to 16 photon counters can each be freely configured

to count on any bucket pattern. This way, many different bunches following the pump

pulse can be acquired in separate counters, allowing to simultaneously measure the

response of the sample at up to 16 different times after the pump pulse.

Fig. 3.4 gives an overview of the detection system. The signal from an avalanche

photo diode is amplified and it goes through a signal conditioning circuit developed

by B. Van Waeyenberge et al. (see, for instance, the work in [80]). As we expect

less than one photon on average per electron bunch, a simple discriminator is used

to transform the analog detector signal into a digital bit stream. A fast D-flipflop is

used to sample the detector signal synchronously with the arrival times of photons.

This leads to a 500 Mbps data stream. The bits which are ‘1’ indicate that a photon

was detected on the corresponding incoming X-ray pulse.

In order to reduce the complexity of our setup and to improve flexibility, we im-

plemented the photon counting system on a field programmable gate array (FPGA).

A StratiX-2 FPGA from Altera inc. on the Altera High Speed Development Kit was
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used. Today’s FPGAs don’t allow a core clock frequency directly compatible with the

500 Mbps data rate. Therefore, the built-in serializer - de-serializer (SER-DES) circuit

is used to transform the 1-bit 500 Mbps serial data stream into 8 bits at 500/8 Mbps.

The counting logic on the FPGA can therefore run at a clock frequency of 62.5 MHz.

This way, a lower clock frequency is obtained at the price of a higher complexity of the

counting circuit. However, complex logic can easily be implemented on the FPGA.

The de-serialization factor of 8 has been chosen to reduce the clock frequency on

the FPGA well below the maximum frequency. Careful design of the counters would

allow for a de-serialization factor of 4 or even 2. As the main complexity is caused

by other parts of the system, we decided to use this relatively high de-serialization

factor with the advantage of a non-critical low frequency design on the FPGA. The

output signal of the de-serializer is distributed to 14 counter circuits implemented on

the FPGA. The SER-DES is also used to generate the pulse pattern to excite the

sample. All the circuits on the FPGA are controlled by a micro processor (NIOS-2

from Altera inc.) through a data bus. As the NIOS-2 micro processor is implemented

on the FPGA, the data and address bus are internal and don’t require additional

wiring on the circuit board. The micro processor communicates with the graphical

user interface (GUI) running on a PC through TCP/IP.

Fig. 3.5 shows the principle of the configurable counters. Each photon counter

circuit contains a RAM with the counter’s configuration: each bit corresponds to a

particular bucket of the storage ring. If a bit is set, photons from this bucket will be

counted by this particular counter. As we work with a 1:8 de-serialized data stream,

the RAM of each counter is organized in 8 × 64 bits. 64 bytes correspond to 512

bits and these are more than enough to store the configuration for 328 buckets in

the synchrotron. For our application, a dual port RAM on the FPGA is used: the

first port is configured to be read and has a separate address and data bus. The

second port is used to write the counter’s configuration by the micro processor. In

the following, we just look at the first (read) port. The address bus of the RAM

is driven by one counter that counts at 62.5 MHz and is reset synchronously with

a single revolution of the storage ring. As the number of buckets at the Advanced

Light Source is divisible by eight, each bit of the RAM always corresponds to the
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Figure 3.5: Schematic of a configurable counter. Each counter has 64 bytes of RAM,
each byte stores the counter configuration for 8 incoming data bits. The incoming
data bit is counted if the corresponding bit in the RAM is ‘1’, otherwise not. The
address counter changes the address of the RAM at 500/8 MHz, the same rate as the
incoming deserialized detector data. The 8-bit AND gate selects the photons that
should be counted. The output of the AND gate goes to a combinational logic block
which counts the number of ‘1’s. This represents the total number of photons of
interest which is then added to an accumulator. The accumulator accumulates until
the integration time for the current data point is over.

same bucket of the storage ring. For storage rings with the number of buckets not

being divisible by eight, a special circuit has been implemented that measures the

exact rising edge of the revolution synchronization signal and shifts the data output

from the RAM on a cycle by cycle basis accordingly.

The data output of the RAM contains information regarding which of the current

eight buckets should be counted. AND gates select the photons of interest from

the de-serializer. From here on, just the total number of ‘1’s are of interest as they

correspond to the number of photons of interest. A combinational circuit is used to

determine the number of bits that are ‘1’ within the 8 bit output of the AND gates.

This number of photons of interest is added to an accumulator for every cycle of the

500/8 MHz clock. The accumulator counts until the integration time for the current

pixel is over.
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Figure 3.6: Overview of the pulse pattern generator. A graphical user interface is used
for easy configuration of the pulse pattern via TCP/IP. The FPGA implements the
generation of the pulse pattern which is stored in a RAM as 8 bit words. A counter
running at 1

8
of the 500 MHz bunch rate of the synchrotron source is used to address

the RAM. As this counter is reset by the orbit frequency of the synchrotron, each
bit in the RAM is associated to a specific bucket number of the synchrotron source.
The 8 bit data output of the RAM is serialized to generate a bit stream indicating on
which buckets a pulse is generated. The output of the serializer is used to trigger the
pulse shaping board where a well defined pulse is formed. Additional amplification
provides the amplitude required for the experiment.

In a similar way, a RAM can be used to control the pulse generators. It is also

organized as 8× 64 bits and contains a map of bunches on which the pulse generator

should be active. Its data bus is connected to a serializer that generates a 500 Mbps

serial data stream to control a pulse generator.

Fig. 3.6 gives an overview of the system. Since the same clock which samples the

detector output is used to drive the address counter for the RAM, the current pulses

are already synchronized with the detector. The main delay for the clock signal can

adjusted so as to sample the detector on the X-ray pulses, thereby synchronizing the

current pulses and the X-ray pulses. The fine delay between the X-ray pulses and

the current pulses can be adjusted by changing the fine delays on the pulse shaping

boards.

An arbitrary pulse pattern is simply a sequence of 1’s and 0’s designating pulser

ON and OFF, respectively, generated at the bucket frequency (in our case 500 MHz).
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Figure 3.7: Schematic of pulse generating hardware. Signals from FPGA are shown
in gray. The bit stream from the FPGA is re-sampled by a D-flipflop to the 500 MHz
bunch frequency to improve the timing jitter. After that, the signal is delayed by
two delay generators. Delay generator 1 defines the start time of the pulse whereas
delay generator 2 determines its end time. All parts except for the amplifier and shift
registers are from the high speed emitter coupled logic (ECL) family. Also note that
all high speed signals shown are differential.

This pulse pattern is represented in the RAM of the FPGA as a sequence of 8-

bit words. For generating the pulses, the RAM is addressed by a counter which

is incremented at the bunch frequency of 500 MHz divided by 8 and reset at the

orbit frequency of the synchrotron. Therefore, each bit of the RAM corresponds to a

particular bucket of the storage ring. The data output from the RAM is serialized into

a bit stream. The pulse shaping circuit described below transforms this bit stream

into pulses of the proper width, start delay, and amplitude. Fig. 3.7 shows a schematic

detailing the pulse shaping circuit. In order to meet our strict timing requirements,

this hardware has been developed using high performance Silicon Germanium devices

made by ON Semiconductor as part of their GigaComm parts family.
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Generating pulses from the bit stream works in the following way: the bit stream

from the FPGA is re-sampled by a fast D Flip-flop (ON Semiconductor, NBSG53A)

clocked by the bucket clock in order to reduce timing jitter, and distributed along

two different paths (clock distribution chip - ON Semiconductor, NBSG11). The top

path is delayed (Delay Generator 1, ON Semiconductor, MC100EP195) to set the

desired start time of the pulse and the bottom path is delayed (Delay Generator 2) to

set the stop time. By inverting the bottom waveform and performing a logical AND

(ON Semiconductor, NBSG86A) with the top signal, a pulse of the desired width

and timing is generated. The resulting signal is then AC-coupled and amplified

by a bipolar amplifier (Picosecond Pulse Labs, Model 5865). Non-linearities of the

amplifier lead to steepening of the pulses. The gain of the amplifier is tuneable with

an output voltage of maximum 4 volts.

The primary features of the system described here are 1) fast risetimes of < 30 ps

and low jitter in the excitation pulse in order to achieve the best time-resolution,

2) precise synchronization of the excitations with various detection schemes, 3) high

repetition rate up to 250 MHz, 4) pulse configurability (amplitude, pattern shape,

delay, etc.) in order to accommodate the relaxation time of the sample or the time

structure of the probe system.

Fig. 3.8 shows resulting waveforms delivered from the pulse generating hardware

for various controllable pulse widths. Pulse width and start delay are adjustable in

10 ps steps, allowing very fine control for time-resolved studies. The waveform at the

output of the amplifier has a risetime of ∼ 100 ps. Since this will ultimately set the

limit in the time resolution for a pump-probe study, it is desirable to improve this

risetime. This can be done with a non-linear transmission line (e.g. Picosecond Pulse

Labs, Part 7003) which introduces a voltage-dependent group delay. These devices

perform best when operated with a forward bias current (5-10mA). A risetime of

∼ 30 ps was attained, as shown in the inset to Fig. 3.8. The risetime is defined as

the transition time between 20 and 80%. We have also found that cascading two

non-linear transmission lines can reduce the risetime to 20 ps.

Fig 3.9 shows how to generate a high repetition rate pulse train of positive and
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Figure 3.8: Resulting waveform output from the pulse generator for pulses of width
1, 2, 4, 6, and 8 ns. Inset shows the rising edge of the pulse.

negative pulses (as used for the experiment in [79]). This bipolar pattern was gen-

erated by using two pulse shaping boards as well as amplifiers, inverting the output

of one, and combining the outputs in a resistive power splitter. In the experiment,

the positive pulse was used to excite the magnetization reversal of a nanopatterned

device, and the negative pulse was used to reset the magnetic state. Hence, it is only

the positive pulse risetime which sets the time-resolution for the dynamics of interest

and a non-linear transmission line was used on the positive pulse only. Resulting

waveforms are shown in Fig. 3.10.

For simplicity, a single-master bus has been implemented on the FPGA that con-

figures the counters and the pulse controllers. The same bus is used to read the

counter values. As the master of this bus, we use a NIOS-2 soft core processor from

Altera inc. As this processor resides on the FPGA, no additional wiring is required.

Fig. 3.11 shows the software architecture of our photon counting system. The control
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software running on the NIOS-2 processor is based on the eCOS real time operating

system. The processor communicates with the GUI through TCP/IP and allows to

access the bus of the counting system. Since the bus is directly accessible by TCP/IP

commands, all the device driver logic is implemented on the user interface side. Thus,

all the devices for the counting system are configured by the GUI through the NIOS-2

processor. The processor is also used to read the counters and communicate with the

control system of the STXM. In order to meet the real time requirements for scan-

ning images, a buffering scheme is used. A new pixel measurement is requested by

the STXM control system by a TTL signal. A state machine on the FPGA starts the

counters for the integration time. At the end of the integration time, the counters are

stopped and an interrupt is triggered for the NIOS-2 processor. The interrupt service

routine reads all the counters and stores the values in a buffer which is read by a

server and sent to the STXM control system. This way, sub-microsecond real time

performance can be combined with the lack of real time capabilities of the network

transporting the data.

Fig 3.12 shows some results obtained by our system. In Fig. 3.12(a), the filling pat-

tern of the storage ring has been measured: for each data point, one counter has been

configured to just count on one particular bunch. The equally filled bunches 1-276 as

well as the stronger bunch 318 can clearly been seen. Fig. 3.12(b),(c) shows STXM

images and demonstrates that the dynamic response of a ferromagnet to a current

pulse can be measured. The magnetization of a 100× 150 nm elliptical ferromagnetic

disk has been modified by current pulses of 4 ns length. The magnetization has been

imaged using STXM. The details of this experiment are explained later in this thesis

and in Ref. [79]. Figures 3.12(b) and (c) show the magnetization of the ferromagnet

along the short axis of the ellipse. The data leading to figures 3.12(b) and 3.12(c)

have been recorded with two different counters separated by 4 ns. Fig. 3.12(b) shows

the magnetization before a pulse was applied to the sample whereas Fig. 3.12(c) was

measured during the pulse. After that, the sample was reset into its original configura-

tion by an additional pulse and the sequence was repeated. The changing black-white

contrast shows that the magnetization along the short axis of the ellipse is reversed

by the current pulse. As the pulse sequence was 16 ns long, the two images have been
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Figure 3.11: Schematic of the software architecture. The Bus Server on the NIOS-2
processor communicates with the GUI on PC through TCP/IP and gives access to the
bus on the FPGA. At the end of the integration time for a pixel, the Interrupt Service
Routine reads the values of all counters and stores them in a buffer. The Pixel Server
on the processor sends these values from the buffer to the STXM control system
through TCP/IP. The Sync Signal from STXM is used to start the measurement for
a new pixel.
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acquired quasi-simultaneously [79]. By shifting the time delay of the pulse generator

with respect to the photon pulses of the synchrotron, images at different times can

be obtained.

2000

0

Number of counts

Bucket number0 318

a)

b) c)

100 nm

Figure 3.12: a)Filling pattern of the storage ring measured by our photon counting
system. It shows that buckets 1-276 have the same intensity and amongst buckets
277-327, only 318 is filled with a higher intensity. b) shows the magnetization of a
ferromagnetic disk of 100× 150 nm size imaged by STXM. c) shows the same sample
during a current pulse of 4 ns which is used to modify the magnetization. The sample
is reset by another pulse, allowing to observe magneto-dynamics in a pump-probe
measurement. Notice that the magnetic contrast in b) and c) is opposite, showing
magnetization reversal caused by the current pulse.



Chapter 4

Sample Details and Experimental

Results

In this chapter we will first discuss the structural details of the samples used for spin

transfer studies. Before performing any X-ray imaging studies we also perform basic

electrical characterization of the samples, to make sure that they are good enough

to be used for our very precious beam time at the ALS. We will discuss the results

of the electrical characterization studies and then go on to discuss the results of

time-resolved X-ray imaging.

4.1 Samples for Spin Transfer Studies

The samples that we use for spin transfer studies are fabricated by Jordan Katine

and Mathew Carey at Hitachi Global Storage Technologies (HGST). The details of

the sample fabrication are recorded in the thesis of John Paul Strachan [83] and that

of Scott Andrews [84]. A schematic cross section of the samples is shown in Fig. 4.1.

Ta is a sticking layer, and is usually deposited before depositing any other metal.

The Cu leads on the top and bottom of the device are thick enough to carry high

current densities through the device. The fixed layer comprises of a synthetic anti-

ferromagnet i.e. two ferromagnetic CoFe layers separated by a thin Ru layer. The

thickness of the Ru layer is chosen such that the Ruderman-Kittel-Kasuya-Yosida

67
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Figure 4.1: Schematic of the sample crossection used for spin-transfer studies. The
different metallic layers in the sample and their thicknesses are indicated. A synthetic
anti-ferromagnet comprising of two anti-parallel coupled CoFe layers form the fixed
layer of the sample. Another CoFe layer forms the free layer. The fixed layer is fixed
on account of it being directly exchange coupled to another anti-ferromagnet made
out of PtMn shown with arrows of alternating directions.

(RKKY) coupling arranges them in an anti-ferromagnetic configuration. Due to the

strong inter-layer exchange coupling, the two layers always remain anti-parallel to

each other. The green layer is an anti-ferromagnet made out of PtMn and its axis

is pinned in a particular way during the sample fabrication process. Due to strong

exchange coupling between the PtMn layer and the bottom layer of the synthetic anti-

ferromagnet (one with the black arrow), the orientation of the latter also becomes

fixed. This is how the fixed layer is designed to remain fixed. The top layer of the

synthetic anti-ferromagnet (the one with the red arrow) spin polarizes the current

going through and injects it into the free layer. The free layer is another CoFe
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layer (one with red arrow pointing in both directions) separated from the fixed layer

by 3.5 nm of Cu. The Cu layer is thick enough to break the inter-layer exchange

coupling between the fixed and the free layers and at the same time maintain a high

spin polarization for the current injected into the free layer. The lateral dimension

for these samples is on the order of 100 nm as shown in the figure and such low

dimensions are obtained by use of e-beam lithography. The e-beam lithography step

and the patterning of the entire nano-pillar is performed after pinning the direction

of PtMn layer and hence the synthetic anti-ferromagnet. The samples are usually

patterned as small ellipses (looking from the top) with different aspect ratios. The

ellipse shape defines an easy axis for the orientation of the free layer by introducing

shape anisotropy. This kind of sample fabrication allows the flexibility to vary the

angle of the long axis of the ellipse with respect to the axis of fixed layer, thereby

allowing study of samples with different angles between the free and the fixed layers.

We received samples in two batches from HGST during the course of this research

work, ones which had 4 nm thick free layer and another which had 2 nm thick free

layer. We performed X-ray imaging experiments on samples from both batches. We

also studied samples having different lateral dimensions and also samples which had

different angles between the fixed and the free layer. The results of all these studies

will be reported in this chapter.

4.2 Resistance Measurements

The electrical characterization for spin transfer samples mainly consists of measur-

ing the resistance of the sample under different conditions. Since the samples show

Current Perpendicular to Plane (CPP) GMR effect, the orientation of the free layers

with respect to the fixed can be ascertained by measuring the resistance of the sam-

ple. We measure the resistance of the sample as a function of an external magnetic

field and also as a function of applied DC current. Magnetic field measurements help

us determine the switching field for the samples and the DC current measurements

help us to determine the critical current for switching. In addition, we also perform

resistance measurements as a function of applied current pulses in order to determine
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Figure 4.2: The top row shows the pulse sequence during which four images are
recorded using STXM. The differences in the neighboring images give differential
magnetic contrast. By using some information from GMR measurements, the absolute
magnetic contrast corresponding to all images can be reconstructed.

the sample switching efficiency.

These measurements are performed by applying a small (100µA) AC current at

∼ 300Hz to the sample and measure the voltage across it with a lock-in amplifier

(Stanford Research Systems SR830). The four point resistance of the sample is in the

range of 15 − 25Ω and the GMR is in the range of 20 − 35mΩ. Through a software

running on a computer which is interfaced to the current source, power supply for

the magnet and the lock-in amplifier, the required measurements can be obtained.
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Figure 4.3: Vector reconstruction for the images shown in previous figure. By com-
bining X-ray data in horizontal and vertical sample configurations (with respect to
the X-ray polarization axis), full vector field can be reconstructed. The vector field
now represents the magnetic configuration in the sample.

4.3 Image Reconstruction from X-ray Data

Before we go on to discuss the experimental results, in this section we briefly describe

the image processing procedure for X-ray data. The details of this procedure are

recorded in [83], here we only summarize it. X-ray data is acquired by using the

pump-probe setup discussed in the previous chapter. By using the special photon

counting system, images of the sample at various points in time during the excitation

pulse sequence are obtained quasi-simultaneously. The magnetic information of the

sample during the switching process is obtained by using the XMCD effect and for this

purpose, we have to take the difference between images acquired with right and left
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circular polarized X-rays. The typical time interval between acquisition of images with

opposite polarities is ∼ 5 mins and for obtaining a reasonable Signal to Noise Ratio

(SNR), we need to record several such pairs. Due to sample drifts in the course of

image acquisition, on taking difference between images of opposite X-ray polarization,

only topographic contrast dominates. The synchronous detection scheme comes to

rescue here, as by taking the difference between adjacent counters, we are able to

eliminate the topographic contrast completely and extract the differential magnetic

contrast. The absolute magnetic contrast at different points in time are obtained by

using some additional information about the magnetic configuration of the sample

from resistance measurements. For example, in Fig. 4.2, we know from resistance

measurements that the magnetic state corresponding to A in the pulse sequence is a

uniform state. By using this information, we can reconstruct the absolute magnetic

contrast corresponding to points B, C and D in the pulse sequence. By rotating the

sample by 900 in the microscope, we can obtain magnetic contrast in two orthogonal

orientations and by combining these magnetic contrasts, we can reconstruct the vector

plots showing the actual magnetic configuration in the sample. An example of this is

show in Fig. 4.3. Typically, we vary the delay between current pulses and the X-ray

pulses in steps of 200 ps. Thus, by recording data at ∼ 10 different time steps, we

can cover the whole pulse sequence time interval (16 ns) and get ∼ 80 snapshots of

the magnetization in the sample. This process of data acquisition helps us to uncover

the details of magnetization dynamics in the sample.

4.4 Samples with 4 nm Thick Free Layer, 100 ×
150 nm in Size

Samples in the first batch had 4 nm thick free layer. The results for the particular

sample size mentioned above are discussed in this section. We start by showing the

resistance measurements as a function of an applied field, DC current and alternating

current pulses in Fig. 4.4.

For comparison purposes, we first show the measurements on a sample with the



4.4. SAMPLES WITH 4 NM THICK FREE LAYER, 100 × 150 NM IN SIZE 73

1

2

1

2

3

W

A C

B D

A C

B D

W

100 nm x 50 nm pillar

100 nm x 150 nm pillar

(a)

(c)

(b)

(d)

Figure 4.4: (a) Hysteresis loop with an applied DC current for 100 × 50 nm sample.
The sample switches cleanly from AP to P and from P to AP states. Inset: Hysteresis
loop with an applied external field. (b) The resistance of the sample as function of
time when alternating pulses of opposite polarity are applied to it. The current pulses
are 4 ns long and their amplitude is such that the current exceeds the critical current
required for switching. The sample is seen to be switching alternately between the
AP and P states. (c) Hysteresis loop with an applied DC current for 100 × 150 nm
sample. After switching from AP to P state, at a slightly higher current the sample
resistance changes to a value between the AP and P state and it remains trapped in
this state. In the reverse direction, the sample again goes to the AP state. Inset:
Hysteresis loop with external applied field does not show any intermediate states as
seen with the application of DC current. (d) On applying pulses of alternate polarity,
the sample switches from AP state to an intermediate state. It never reaches the P
state with current pulses.
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same thickness (4 nm), but with lateral dimensions 100×50 nm . In all measurements,

we can see that the sample switches alternately between P and AP states. For the

100 × 150 nm sample, the switching from AP to P state is not complete, instead

the sample seems to be stable in an intermediate state (indicated by transition 3 in

Fig. 4.4 (c) and by state C in Fig. 4.4 (d).

4.4.1 X-ray Imaging Studies

With the help of X-ray imaging studies, we hope to be able to ascertain the details

of the intermediate state in which the sample remains for half the time during the

pulse sequence.

The images that were used to demonstrate the vector plot reconstruction in Fig. 4.3

in fact show the data obtained for this particular sample. In a slightly modified version

of the same figure, we show the vector plots of the magnetization together with the

resistance measurements while applying an alternate pulse sequence. In Fig. 4.5 the

arrow plots show the snapshots of the magnetization configuration in the free layer

at different points in the pulse sequence. The magnetization is uniform to start with.

During the positive pulse, a C-state is formed in the sample whose orientation is

opposite to that of the uniform state in the beginning. The C-state is stable enough

to be present in the sample even after the positive current pulse. During the negative

current pulse, a vortex state is seen in the sample. We note that the state with

intermediate resistance that we saw in GMR measurements corresponds to the C-

state observed in X-ray measurements.

After having determined the mystery of the intermediate resistance observed in

resistance measurements, in Fig. 4.6, we show the snapshots of the magnetization in

the sample at a few selected times in the pulse sequence, the times at which the

magnetization switching dynamics takes place.

The switching behavior for the 100 × 150 nm samples can be described by the

lateral motion of vortices, starting from infinitely far away (frame (a), uniform state)

to actually entering the sample (frame (b)). After the positive pulse the sample is

left in a bent C-state as seen in frame (d) and it does not relax into an uniform state.
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Figure 4.5: Vector plot of the magnetization configuration in the sample at different
points in the pulse sequence. The varying resistance of the sample with the application
of alternate current pulses is also shown. State B corresponds to the uniform AP state
attained after the negative pulse, whereas state C corresponds to the intermediate
state between the pulses.

This C-state configuration can now be associated with the intermediate resistances

measured and shown previously in Figs. 4.4 (c) and (d).

The final step in the switching behavior for the 100 × 150 nm samples is the

response to the negative current pulse. This switching is shown in frames (e) - (i)

of figure 4.6. For the reversed current direction, the vortex which moves across the

sample has the opposite handedness (designated by a green dot). This vortex runs
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Figure 4.6: Evolution of the magnetization during the pulse sequence on the
100 × 150 nm sample measured by way of time-resolved scanning transmission x-
ray microscopy. Red and green dots denote a vortex core which can be inside or
outside of the magnetic element. The two different colors represent the two types of
handedness which are possible.
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through the sample (frames (e), (f), and (g)) and leaves the magnetic element in a

reversed C-state. When the pulse is turned off, the C-state then relaxes into a uniform

state (frames (h) and (i)).

Recent numerical simulations [85] as well as dynamical experiments using GMR

[86] have suggested that the Oersted field caused by the charge current produces a

transient curled magnetization distribution in the free layer. Our experiment demon-

strates that C-states of various shapes are indeed generated during and after spin

current injection. The C-state, which in the case of frame (d) is bistable with the

uniform state, can solely be reached by injection of a current, but not by application

of an external field. The realistic interpretation of these observations requires numer-

ical studies which will be discussed in the next chapter. In this chapter, we give a

simple physical argument in support of the observed results.

We assume that the free layer of thickness t has an elliptical shape with major

radius R1 = 75 nm and minor radius R2 = 50 nm. Our sample has a shape anisotropy

of Hani ≈ 200 Oe. The energy barrier for switching by uniform rotation is therefore

ER = 1
2
HaniMsR1R2πt. The energy cost for switching by the motion of a magnetic

vortex can be estimated as follows: Ref [87] shows that the uniform magnetization

can co-exist with C-states and vortices in Cobalt nanodots. Therefore, we assume

that the C-state does not cost more energy than the uniform state. In fact, the

strong circular Oersted field at the outer edge of the sample is HOe ≈ 950 Oe and

favors the formation of a C-state over the uniform configuration. The energy barrier

for switching by vortex motion can therefore be estimated as the energy to create

a vortex core of radius rc ≈ 5 nm [88]. The vortex core is created to reduce the

exchange energy in the center of the vortex and costs the stray field energy of a

perpendicularly magnetized disk of radius rc: EV ≈ M2
s

2µ0

r2
cπt. With Ms = 2 T, the

ratio P = EV

ER
= 0.17, it is plausible that switching by vortex motion is favored.

In the final uniform state reached after the reset pulse, ~M is antiparallel to the

magnetization ~MP in the polarizer. The uniform state is thus stabilized by the stray

field of the polarizer. In contrast, the C-state of Fig. 4c forms when ~M is parallel

to ~MP and in this case the stray field opposes and destabilizes a potential uniform

state. Based on our experience with other samples, the possible relaxation of the
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C-state into the uniform state depends on fine details of the magnetic couplings and

other properties of the nano-pillar. Such meta-stable C-states are undesirable in

technological applications.

Our experiment shows that vortex dynamics, previously observed in micometer-

sized magnetic structures [89, 80], can also dominate the switching mechanism in the

nanometer-sized spin transfer nanopillars, at least for the samples investigated in our

experiment. Two kinds of symmetry breaking effects work hand-in-hand. First, the

curled Oersted field brakes the mirror symmetry along the spin direction and creates

a non-zero torque on the magnetization of the free layer immediately after the rising

edge of the current pulse, so that no thermal fluctuations are needed to initiate the

switching. In response to the Oersted field a vortex state is formed. Second, the spin

polarized current, aligned in a unique direction by the polarizer, simply shifts the

vortex upwards so that its center lies outside the sample. This motion is expected to

involve precessional motion of the magnetization as well, but this is extremely fast

and cannot be resolved within the time resolution of our experiment. The combined

actions explain the short switching time of ≈ 500 ps observed here and the even

faster times of 100 ps observed previously [86]. For example, a switching speed of

500 ps leads to a vortex speed of about 150 m/s. This is the first experimental work

of its kind to have revealed the details of spin transfer switching, both spatially and

temporally.

4.5 Samples with 2 nm Thick Free Layer, 100 ×
180 nm in Size

In the next batch of samples that we received, the free layer thickness was reduced

to 2 nm and the rest of nano-pillar structure was left intact. The free layer thickness

was reduced so that the current densities required to switch the magnetization and

the associated Oersted fields in the sample would also be reduced. Fig. 4.7, shows

the standard resistance measurements on a particular sample as a function of applied

field, DC current and alternating current pulses.
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Figure 4.7: Resistance measurements on a 100 × 180 nm sample. (a) Hysteresis loop
with an applied external field (b) Hysteresis loop with an applied DC current for
100 × 180 nm sample. The sample switches cleanly from AP to P and from P to AP
states. (c) The resistance of the samples as function of time when alternating pulses
of opposite polarity are applied to it. The current pulses are 4 ns long and their
amplitude is such that the current exceeds the critical current required for switching.
The sample is seen to be switching alternately between the AP and P states.
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We notice that in these samples, the switching between the AP and P state, on

the application of DC or pulsed currents is complete. This implies that the sample

is switching from one complete uniform state to another. Unlike the samples studied

in the previous section, there are no meta-stable intermediate states.

4.5.1 X-ray Imaging Studies

In total, four nominally identical samples of this size were studied—two measured

at a horizontal and two at a vertical orientation. All four samples showed consistent

behavior, in both x-ray data and static GMR measurements. Using two sets of data—

one for the horizontal and one for the vertical component of the magnetization—a full

vector reconstruction was made possible. Results using other pairs of horizontal and

vertical data were found to be consistent with the overall switching behavior observed

in Fig. 4.8. In this figure, snapshots of the magnetization configuration in the free

layer at different points in the pulse sequence are shown.

In this case also, it is seen that the magnetization switching during both polarities

of the current pulses involves a vortex moving through the sample laterally. In the

beginning, a C-state is formed due to the bending caused by the Oersted field and

this leads to the formation of vortex which then leaves the sample, thus reversing the

orientation of the initial C-state. The C-state then relaxes to an uniform state after

the current is off. Vortex induced switching seems to be a new way to describe the

switching dynamics in these spin transfer samples.

4.6 Samples with 2 nm Thick Free Layer, 100 ×
150 nm in Size

In this section, the results of the experiments performed on samples with a 2 nm

thick free layer but with slightly smaller dimensions are reported. Fig. 4.9, shows the

standard resistance measurements on a particular sample as a function of applied

field, DC current and alternating current pulses.

Since these samples also switch completely from one uniform state to another, we
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Figure 4.8: Evolution of the magnetization during the pulse sequence on the 100 ×
180 nm sample. Red and green dots denote a vortex core which can be inside or
outside of the magnetic element. The two different colors represent the two types of
handedness which are possible. The uniform anti-parallel configuration (a) is bent
into a C-state with parallel Mx component (b). The switching process involves motion
of a magnetic vortex through the magnetic element, visible in (c). A reversed C-state
is seen in (e) which subsequently relaxes after the falling edge of the pulse (f). The
negative pulse also bends the magnetization into another C-state (g). This opposite
switching is caused by lateral vortex motion as well, leaving a uniformly magnetized
configuration, (j) then back to (a).
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Figure 4.9: Resistance measurements on a 100 × 150 nm sample. (a) Hysteresis loop
with an applied external field (b) Hysteresis loop with an applied DC current for
100 × 150 nm sample. (c) The resistance of the samples as function of time when
alternating pulses of opposite polarity are applied to it. The current pulses are 4 ns
long and their amplitude is such that the current exceeds the critical current required
for switching. The sample is seen to be switching alternately between the AP and P
states.
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perform X-ray imaging studies on them to compare its switching mechanism with

that observed in the previous section.

4.6.1 X-ray Imaging Studies

The important transition frames during the magnetization reversal are shown in

Fig. 4.10. At 3.00 ns the magnetization is uniform. During the subsequent two frames

at 3.60 and 4.00 ns, the magnetization arrows seem to shorten in length. By the next

frame at 4.60 ns the magnetization arrows have grown back, but in the opposite di-

rection. The action of the current pulse is to successfully reverse the magnetization,

but by a mechanism that is not clearly revealed by the data.

The same behavior is seen during the negative pulse. At 9.60 ns the magnetization

begins in a uniform state. During the negative current pulse, at times 11.60 and

12.00 ns, the arrows once again shorten in length. By the next frame at 12.60 ns, the

reversal is complete.

It is not conclusively known from the measurements performed as to why the

magnetization signal reduces during switching. This point will be further discussed

in the next chapter, where we will talk about the modelling of the switching processes.

We have performed careful measurements on several similar samples and have checked

that there is no signature of vortices during the switching. Measurements of the out-

of-plane component of the magnetization have also been performed and these also

did not yield any signal, therefore eliminating the possibility that the magnetization

during frames (b), (c), (f), and (g) of Fig. 4.10 is out of plane. But assuming that the

magnetization is a conserved quantity (a good assumption below TC), any reduction

in signal must due to some kind of a time-averaging effect. This is quite likely, given

that measurements are performed by a pump-probe technique. Since pump-probe

measurements are only sensitive to deterministic and repeatable signals, the lack of

signal does not necessarily imply zero magnetization.

Similar results have been obtained on samples with the same free layer thickness

(2 nm), but with even smaller dimensions, viz., 85×135 nm. In summary, from X-ray

measurements alone, the details of the switching mechanism for 100×150 nm and for
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Figure 4.10: Evolution of the magnetization during the pulse sequence on the
100 × 150 nm sample measured by way of time-resolved scanning transmission x-ray
microscopy.

85 × 135 nm remain unknown. There is no signature of a vortex going through these

samples and the magnetic signal simply seems to reduce during magnetization rever-

sal. From some simple arguments, we conclude that the vanishing of the magnetic

signal must be due to some kind of a time-averaging effect in our experiments. More

physical insight obtained from micro-magnetic simulation studies will be discussed in

the next chapter.
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4.7 Samples with 2 nm Thick Free Layer, at 45 de-

grees to the fixed layer, 100 × 200 nm in Size

In this section and the next, the results from measurements on samples with 450 angle

between the free and the fixed layers will be discussed. First, we discuss results for

samples with size 100 × 200 nm. Fig. 4.11, shows the resistance measurements on a

particular sample of this type, as a function of an applied field and alternating current

pulses.

4.7.1 X-ray Imaging Studies

Fig. 4.12 shows the snapshots of the magnetization reversal in the free layer during

the positive current pulse. After the onset of the current pulse, a vortex core is seen

to enter the sample (frame (b)) and the vortex core stays in the sample as long as

the current pulse is on. The vortex state is stabilized by the Oersted field from the

current and it leaves the sample from the other side after the current is off (frame (h)).

The magnetization in the sample is reversed as a result of the vortex core moving

through the sample. This vortex-induced magnetization reversal is similar to the

reversal process observed in samples with zero angle between the free and the fixed

layers. The difference is that while the vortex core leaves the sample very quickly

in the zero degree samples, it does not do so in the samples being discussed in this

section.

Fig. 4.13 shows the magnetization reversal in the opposite direction during the

negative current pulse. Here also we see that the vortex core enters the sample

after the current is on (frame (k)) and stays as long as the current is on (frames

(k) to (p)) and leaves the sample after the current is off (frame (q)). The reason

why the vortex core is stabilized in the sample during the current pulse is that the

critical current for switching the magnetization in this configuration (non-zero angle

between the free and the fixed layers) is higher than that required to switch in the

zero degrees configuration. Although the torque at the beginning of the switching

process is higher for the non-zero configuration, it decreases as the angle between the
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Figure 4.11: Resistance measurements on a 100× 200 nm sample. (a) Hysteresis loop
with an applied external field (b) The resistance of the samples as function of time
when alternating pulses of opposite polarity are applied to it. The current pulses are
4 ns long and their amplitude is such that the current exceeds the critical current
required for switching. The sample is seen to be switching alternately between the
AP and P states.
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Figure 4.12: Evolution of the magnetization during the positive pulse on the
100 × 200 nm sample measured by way of time-resolved scanning transmission x-ray
microscopy. The magnetization reversal proceeds via a vortex core moving through
the sample. The vortex core stays in the sample as long as the current is on. The fig-
ure on the right below the schematic pulse sequence is a STXM image of the sample.
The magnetization direction of the fixed layer is shown by a red arrow in this image.

free and the fixed layer reduces with time and therefore the overall efficiency of the

switching due to spin-transfer torque is lower than in the zero degree configuration.

A detailed discussion on this will occur in the next chapter where a simple model of

the magnetization switching due to spin-transfer torque under some approximations

will be discussed.
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Figure 4.13: Evolution of the magnetization during the negative pulse on the
100 × 200 nm sample measured by way of time-resolved scanning transmission x-ray
microscopy. The magnetization reversal proceeds via a vortex core moving through
the sample. The vortex core stays in the sample as long as the current is on.

4.8 Samples with 2 nm Thick Free Layer, at 45 de-

grees to the fixed layer, 100 × 150 nm in Size

In this section, we discuss results on samples with slightly smaller dimensions than

those discussed in the previous section. Fig. 4.14, shows the resistance measurements

on a particular sample of this type, as a function of applied field and alternating

current pulses.
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Figure 4.14: Resistance measurements on a 100× 150 nm sample. (a) Hysteresis loop
with an applied external field (b) The resistance of the samples as function of time
when alternating pulses of opposite polarity are applied to it. The current pulses are
4 ns long and their amplitude is such that the current exceeds the critical current
required for switching. The sample is seen to be switching alternately between the
AP and P states.
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4.8.1 X-ray Imaging Studies

Fig. 4.15 shows the snapshots of the magnetization reversal in the free layer during

the positive current pulse. Before we discuss the reversal process, we first note that

in this figure, a STXM image of the sample is provided. The magnetization direction

of the fixed layer is shown with a red arrow. Since the aspect ratio of the ellipse

is close to 1 for these samples, although the angle between the free and the fixed

layers by design is 450, it appears to be less than that. The magnetization reversal

seems to proceed via a mechanism similar to that seen for 100 × 150 nm sample in

the zero degree configuration. After the current is turned on, at 5.0 ns (frame (b)),

the magnetization appears slightly bent. In the next three frames ((c) to (e)), it

is seen that the magnetic contrast almost vanishes and no information about the

magnetization in the sample is available. At 5.5 ns (frame (f)), the magnetization in

the opposite directions appears and the full magnetization is reached by 6.6 ns (frame

(h)). We thus see that the details of magnetization reversal are somehow smeared

out in the measurement and in particular, we do not see any signature of vortices.

Fig. 4.16 shows the snapshots of the magnetization reversal in the free layer during

the negative current pulse. In this figure we see that the magnetization bends after the

onset of the current (frames (i) and (j)) and this leads to the formation of the vortex

core inside the sample as seen in frames (l), (m) and (n). The vortex core moves

out by 13.9 ns (frame (o)), thereby reversing the magnetization. During the negative

current pulse, we thus see that the reversal proceeds via a vortex core moving through

the sample, unlike during the positive current pulse. This is a very interesting result

as we see two types of switching processes in the same sample for the two directions

of the magnetization reversal.

In conclusion, in this chapter, we discussed the transport measurements and the

X-ray imaging measurements for five different types of samples.

(1) For 100 × 150 nm samples with a 4 nm thick free layer, the magnetization

reversal is incomplete and an intermediate state between the AP and P states was

observed. X-ray data revealed that this intermediate state is a C-state which is equally

stable as an uniform state in the opposite direction. The reversal in both directions
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Figure 4.15: Evolution of the magnetization during the positive pulse on the
100 × 150 nm sample measured by way of time-resolved scanning transmission x-
ray microscopy. The magnetic contrast seems to vanish during the reversal just like
in 100 × 150 nm. The image on the right below the schematic pulse sequence is a
STXM image of the sample. The magnetization direction of the fixed layer is shown
by a red arrow in this image.

proceeded via movement of a vortex core.

(2) For 100 × 180 nm samples with a 2 nm thick free layer, the magnetization re-

versal is complete between the AP and P states and the X-ray data revealed that the

reversal in both directions proceeded via movement of a vortex core.
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Figure 4.16: Evolution of the magnetization during the negative pulse on the
100 × 150 nm sample measured by way of time-resolved scanning transmission x-ray
microscopy. The magnetization reversal proceeds via a vortex core moving through
the sample, unlike the reversal during the positive pulse.

(3) For 100 × 150 nm samples with a 2 nm thick free layer, the magnetization re-

versal is complete between the AP and P states and the X-ray data shows that the

reversal does not involve any vortices. The details of the reversal are not revealed

in the X-ray data as the magnetic contrast simple seems to reduce during the reversal.

(4) For 100× 200 nm samples with a 2 nm thick free layer, and with the free layer

at 450 to the fixed layer, the magnetization reversal proceeds via vortices in both di-

rections. Unlike the samples in the zero degree configuration, the vortex core remains

in the sample as long as the current is on in both directions.



4.8. 100 × 150 NM, 2NM THICK FREE LAYER, 450 SAMPLES 93

(5) For 100× 150 nm samples with a 2 nm thick free layer and with the free layer

at 450 to the fixed layer, the magnetization reversal during the negative current pulse

proceeds via a vortex, whereas during the positive pulse, no vortex is seen. Dur-

ing the positive pulse, the magnetic contrast simple vanishes, just like the result for

100 × 150 nm in the zero degree configuration.

In the next chapter, we shall develop physical insight into the various switching

mechanisms. We will attempt to explain all the above mentioned experimental results

by a simple phenomenological model for magnetization reversal induced by spin-

transfer torque.



Chapter 5

Simulations Studies and a

Phenomenological Model

In this chapter, we develop a physical understanding of the different switching mech-

anisms observed in X-ray imaging experiments. Based on the generic understanding

obtained from micromagnetic simulations, we develop a phenomenological model to

describe the different switching mechanisms. We will see that this model agrees quite

well with the experimental results and also gives a prediction which can be tested by

future experiments.

5.1 Micromagnetic Simulations

Micromagnetic simulations were performed by using the “LLG Micromagnetic Simula-

tor” developed by M. R. Scheinfein, which implements finite-difference and boundary

element methods for computing the effective fields used in the Landau-Lifshitz-Gilbert

(LLG) equations. The simulator takes into account the modified LLG equation which

includes a spin-torque term [26] resulting from the spin polarized current. Simula-

tions were performed on a single layer representing the free layer which switches in

our experiments. A full fledged simulation of the entire stack similar to the actual

device is also possible to perform, but they are much more complicated. For pur-

poses of maintaining the simplicity of the problem and in order to understand the

94
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underlying principle, we performed simulations on a representative single layer. Sim-

ulations of 85 × 135 nm and 100 × 180 nm samples were carried out with a grid size

of 3.33 nm, saturation magnetization Ms = 1.76 T, damping α = 0.04, and spin po-

larization β = 40%. A current step with rise time of 100 ps is driven through the

magnetic layer, similar to that in the actual experiment. The simulation includes the

effect of the Oersted field for modelling the magnetization dynamics. The details of

the simulations have been given in [83], here we only summarize the results of these

studies. Important simulation snapshots of the magnetization reversal are shown in

Fig. 5.1. Beginning with simulations for the 100 × 180 nm samples, Fig. 5.1a shows

a good reproduction of the experimental data involving the formation and movement

of a vortex across the sample. This vortex-driven switching process was observed for

a broad region of the simulation phase space as one varies the applied charge and

spin currents, as well as the damping constant [83]. However, the current threshold

needed for complete reversal was found in the simulations to be much higher than

that needed in the actual experiments (40 mA rather than 23 mA). The exact source

of this discrepancy is uncertain, but it may be due to the chosen values of materials

parameters, which could not be independently measured for our samples.

The simulations of Fig. 5.1 allow for a better understanding of the physical mech-

anism driving the observed reversal process. At the top of Fig. 5.1a, the magnetic

structure starts in the uniform state anti-parallel to the fixed layer and, thus, the ini-

tial spin-torque on the magnetization is zero. The dominant torque initially is then

that of the Oersted field, which by itself is not strong enough to form a full vortex

at the experimental currents used (23 mA). Instead, the magnetization is bent into a

C-state (Fig. 5.1a, top) which leads to a non-zero spin-torque. Furthermore, because

the spin-torque is angle-dependent, the magnitude of the torque varies across the sam-

ple, being strongest at both edges where the C-state has maximum angle from the

easy axis. In the center of the sample, the spin-torque remains small because there is

less bending. Through the action of the spin-torque, the C-state non-uniformities are

amplified, causing the angles at the edges to increase further away from the easy axis.

This increased bending grows until a vortex is formed near the top of the sample. The

vortex is then driven across the sample by the action of the spin-torque which favors
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Figure 5.1: Results from simulations. (a) shows vortex-driven switching of a 100 ×
180 nm sample. (b) is for a 85 × 135 nm sample, showing instead the flip-over of a
C-state. In (c) the same simulation is repeated as in (b), but with a 5% reduction in
current, leading to a similar reversal but through an alternative path (see text).
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growth of the reversed domain. In the final state of the sample, the vortex has been

pushed out and the magnetization is almost entirely reversed, with a slight C-state

bending favored by the Oersted field. The removal of the current and its associated

magnetic field allows the sample to relax into a fully uniform state.

The success of the micromagnetics code to reproduce the observed switching be-

havior of the 100×180 nm sample provides the basis for modelling the experimentally

less clear switching behavior for the 100 × 150 nm and 85 × 135 nm samples. The re-

sults of simulations for the 85×135 nm sample, using the same simulation parameters,

are shown in Fig. 5.1b. The magnetic element begins in a uniform state which then

proceeds into a C-state, with the center forming either on the top left or right. In

this case, however, no vortex forms within the sample and the center of the C-state

rotates around the sample, finally leading to a reversed C-state. We refer to this rever-

sal process as a “C-state flip-over” (CSF), and the final state is a switched uniform

state with the removal of current. The CSF switching can proceed by two paths:

the C-state can flip over clockwise, as shown in Fig. 5.1b, or counter-clockwise, as

in Fig. 5.1c. Since either path is allowed, this becomes a bifurcation point for the

magnetization dynamics. The simulations exhibit chaotic behavior—a critical depen-

dence on the precise initial and driving conditions, namely the starting angles of the

magnetization and amplitude of the driving current. Small changes in the initial con-

ditions can lead to one path being taken over the other. For the actual experiments at

room temperature there are many sources of variation between switching iterations,

including current amplitude from pulse to pulse, as well as thermal effects which lead

to magnetization variations across the sample. On the basis of the simulations in

Fig. 5.1 and the experimental data, we propose that it is likely for both CSF paths

to be taken in the actual experiment, and their superposition led to the time-average

reduced magnetic signal for the 85 × 135 nm and 100 × 150 nm samples. The CSF

mechanism can thus explain the switching observed in time-resolved X-ray imaging

of these samples. Fig. 5.2 schematically shows the summary of the simulation results.

Fig. 5.2a shows an idealistic situation in which the magnetization of the free layer

remains as a uniform single domain during the reversal. In practise, this is never

observed due to the presence of the Oersted field which bends the magnetization.
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Figure 5.2: (a) Schematic representation of magnetization switching by uniform rota-
tion mode. This is an ideal situation and it never occurs in real samples (b) The pro-
cess of switching observed in real samples is shown here schematically for 100×150 nm
size samples. The switching takes place by the C-State Flip-over mechanism (c) For
100 × 180 nm samples, the virtual vortex core enters into the sample as shown and
moves across it, thereby switching it. This is the process of vortex induced switching.

Fig. 5.2b shows the result of the simulation for 85 × 135 nm and 100 × 150 nm where

the C-state turns in either clockwise or anti-clockwise direction, thereby reversing the

magnetization. In an actual experiment, both the paths of CSF are possible which

would give rise to a reduced signal in the X-ray imaging experiments. Except for the

bent magnetization, this process of reversal is similar to reversal of the uniform state

in Fig. 5.2a. If one considers a uniform state to be a state where a virtual vortex core

is situated at infinity, then a bent magnetization in Fig. 5.2b would imply that this

core has now moved closer to the edge of the sample. The virtual vortex core is shown

in the figure by red circles. The vortex core becomes real when it actually enters the
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Figure 5.3: This figure shows the multispin model discussed in this chapter. Blue
arrows point to the direction of the magnetization M in different regions of the
sample and the red arrows show the direction of Oersted field in these regions. The
coordinate system is shown and the five regions are also numbered for reference.

sample and moves across it which is the case for 100 × 180 nm samples in our exper-

iment. This is schematically shown in Fig. 5.2c. Although the switching process for

85× 135 nm and 100× 150 nm samples is topologically similar to reversal of uniform

single domain, the reversal for 100 × 180 nm samples is distinctly different. Here we

have discussed results only for the zero degree samples, but the same analysis and

results hold for samples which have an angle between the free and the fixed layers.

5.2 Phenomenological Model

In the previous section, we could qualitatively understand the physical mechanisms

involved in the switching processes for different sample sizes. In this section, we

attempt to develop further physical insight into the different switching mechanisms

by developing a simple phenomenological model for magnetization switching in the

free layer. We start by considering a free layer consisting of five different regions as

shown in Fig. 5.3. The blue arrows show the magnetization in these regions. For

simplicity, we consider the free layer to have a circular shape (instead of an ellipse).

The reason for considering five regions in this way is to highlight the influence of

the Oersted field from the current. The direction of the Oersted field is shown by

red arrows. In the center of the sample, Oersted field is zero. The easy axis in the

sample is along the x direction. The idea is to solve the Landau-Lifshitz-Gilbert

(LLG) equation at different points in the free layer while taking into account the
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influence of the torque due to spin current and the Oersted fields. From the collective

dynamics of the magnetization in different regions, we expect to get physical insight

into the switching behavior. We use SI units for all the calculations in this chapter.

The modified LLG equation which needs to be solved was introduced in 1.3.1. The

same equation (Eqn. 1.13) is given below:

Ṁ = −γ(M × Htot) +
α

|M |(M × Ṁ) +
α′

|M |2 (M × (̂s × M)) (5.1)

Htot is the total field acting on the magnetization, consisting of the anisotropy field,

the Oersted field and an external applied field. The last term in the equation repre-

sents the torque due to spin current.

Htot = Han + Hoer + Hext (5.2)

Since the magnitude and direction of the Oersted field in different regions is different,

so is the LLG equation and its solution. α is the conventional Gilbert damping

parameter whereas α′ represents the efficiency of spin transfer torque and is given by

the following equation.

α′ =
µBJeg∗

et
≈ µBJeη

et
(5.3)

Here, µB is the Bohr magneton, Je is the current density, e the electronic charge and

t the thickness of the sample. The parameter g∗ depends on the angle between the

fixed and free layers and the spin polarization of the current [26]. For small angles

between the free and fixed layers, the angular dependence in g∗ is small and therefore

can be approximated by simply the spin polarization η. The direction of the incoming

spins from the fixed layer is considered to be at an angle θ to the easy direction (x)

as shown in Fig. 5.4.

5.2.1 Total Field

As mentioned before, the total field acting on the magnetization consists of the

anisotropy field, the Oersted field and an external field. The anisotropy field can
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Figure 5.4: This figure shows the angle of the incoming spins with respect to the easy
(x) and hard (y) axes.

be written in terms of the demagnetization tensor as follows

Han = −N ·M =







−nxMx

−nyMy

−(1 − nx − ny)Mz







(5.4)

nx, ny and nz are the demagnetization factors in the three orthogonal directions. For

thin film samples, as is the case in our experiments, the demagnetization factor in

the z direction dominates over the x and y directions. The Oersted field exists only

in the plane of the sample and hence it can be written as follows.

Hoer =







Hx

Hy

0







(5.5)

Since we do not apply any external field in our experiments, Hext = 0. The total field

therefore can be written as

Htot = Han + Hoer =







Hx − nxMx

Hy − nyMy

−(1 − nx − ny)Mz







(5.6)
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5.2.2 Linear Approximation

The magnetization dynamics given by the LLG equation is quite complicated and

cannot be solved analytically unless one uses certain approximations. We are trying

to model the magnetization switching behavior in the free layer which involves the

description of the movement of magnetization away from the easy axis. The simplest

approximation in our case is to treat the sample when the precession cone angles of

the magnetization about the easy axis are relatively small, so that we can write

Mx ≈ Ms (5.7)

My,Mz � Ms (5.8)

where Ms is the saturation magnetization of the free layer. This linear approximation

allows one to simplify the problem significantly and solve the LLG equation. So our

approach to the problem is to solve the LLG equation in different regions of the

sample under the linear approximation and predict the switching behavior based

on their collective dynamics. In this analysis, the exchange coupling between the

neighboring regions is neglected which further helps to keep the problem simple. In

Appendix A, we will justify as to why the exchange interaction can be neglected under

the conditions discussed above. In Appendix B, we will comment on why the dipolar

interactions between the neighboring regions can also be neglected in comparison to

the Oersted field from the current. These two approximations allow us to treat the

magnetization in adjacent regions independent of each other.

Under the linear approximation, the term in the LLG equation due to the fields

can be written as

−γ(M × Htot) ≈ −γ







−MzHy

(1 − nx − ny)MsMz + Mz(Hx − nxMs)

MsHy − My(Hx − nxMs) − nyMsMy







(5.9)
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and the Gilbert damping and the spin torque terms can be written as shown below

α

|M |(M × Ṁ) ≈ α







0

−Ṁz

Ṁy







(5.10)

α′

|M |2 (M × (̂s × M) ≈ α′

Ms







− sin θMy

− cos θMy − sin θMs

− cos θMz







(5.11)

5.2.3 Driven, Damped Harmonic Oscillator

All the terms discussed above can be combined to write the complete LLG equation

in the linear approximation as follows







Ṁx

Ṁy

Ṁz







≈ −γ







−MzHy

(1 − nx − ny)MsMz + Mz(Hx − nxMs)

MsHy − My(Hx − nxMs) − nyMsMy







+ α







0

−Ṁz

Ṁy







+
α′

Ms







− sin θMy

− cos θMy − sin θMs

− cos θMz







(5.12)

For understanding the dynamics, we are interested in the My and Mz components

of the magnetization and by considering their second order time derivatives, their

equations of motion reduce to

M̈y,z + bṀy,z + ω2
0My,z = Fy,z (5.13)
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where b, ω2
0 and Fy,z are given by the following equations.

b =
αγ [Ms(1 − nx) + 2(Hx − nxMs)] + 2α1

1 + α2
(5.14)

ω2
0 =

[γ2(Hx − nxMs + nyMs)(Hx − nxMs + (1 − nx − ny)Ms) + α2
1]

1 + α2
(5.15)

Fy =
γ2(1 − nx − ny)M

2
s Hy − α1α2

1 + α2
= Fy1 + Fy2 (5.16)

Fz =
−γMsα1Hy − α2γ(Hx − nxMs + nyMs)

1 + α2
= Fz1 + Fz2 (5.17)

where α1 = α′ cos θ
Ms

and α2 = α′ sin θ.

We can readily recognize that Eqn. 5.13 is an equation for a simple harmonic

oscillator (SHO) with natural frequency ω0 and which is damped with a damping

constant b. Fi represents the driving force on the harmonic oscillator and it has

contributions from both the Oersted field and the spin current.

5.2.4 Solution to the SHO Equation

The solution to the above SHO equation is well known and is given by the following

equations

My(t) = Aye
− bt

2 cos(ω1t + φ) +
Fy

ω2
0

(5.18a)

Mz(t) = Aze
− bt

2 sin(ω1t + φ) +
Fz

ω2
0

(5.18b)

where ω1 =
√

ω2
0 − ( b

2
)2 is the modified frequency of oscillation. As expected, the solu-

tions are oscillatory with an exponential pre-factor. When the net damping constant,

which is a combination of the intrinsic Gilbert damping and the negative damping

due to spin current is less than zero (i.e. when negative damping exceeds the intrinsic

damping), the amplitude of the oscillatory motion increases exponentially. In this

case, the oscillatory motion of the magnetization would lead to switching. Therefore,

although we treat the problem in the linear regime, we can identify the situation

when switching would occur by looking at the net damping constant. The critical
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condition for switching that can be imposed in this model would then be b < 0. This

implies

α1 < −1

2
αγ [Ms(1 − nx) + 2(Hx − nxMs)] (5.19)

In terms of the current density, this condition reduces to

|Je| >
αγetMs

ηµB cos θ

(
Ms

2
(1 − nx) + Hx − nxMs

)

(5.20)

This gives the critical current density required for switching. An expression for the

critical current density was derived by J. Sun, also in the linear approximation [90]

and we would like to note that our expression is same as that obtained by Sun. The

first term in the bracket is the contribution from out-of-plane anisotropy, the second

term is due to an external field, which is only the Oersted field in our case and the last

term is due to the in-plane uniaxial anisotropy. The difference between our approach

and that of J. Sun is that we do not treat the free layer as a single domain. Instead

we treat the free layer as consisting of several smaller, uncoupled single domains. The

initial condition that we choose for time t = 0 is the following

My(t = 0) = M0

Mz(t = 0) = 0
(5.21)

The justification for the above initial condition is that at any finite temperature, due

to thermal fluctuations, the magnetization will tend to deviate from the equilibrium

easy axis. Since the in plane anisotropy in much less than the out of plane anisotropy,

the out of plane (z) component of the magnetization due to thermal fluctuations is

expected to be negligible compared to the in plane (y) component. Hence we set Mz

to zero and My to a finite value. The value of M0 depends on the temperature and

the volume of the free layer under consideration and its value will be evaluated a little

later. These initial conditions help us to evaluate the phase and the amplitudes of
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the oscillatory motion and we get the following equations.

cot φ ≈
√

ny

1 − nx − ny

(
Fy − M0ω

2
0

Fz

)

(5.22)

Ay cos φ = −
(

Fy

ω2
0

− M0

)

(5.23)

Az sin φ = −Fz

ω2
0

(5.24)

5.2.5 Possible Modes of Magnetization Motion

In order to understand the possible modes of magnetization motion, we consider the

solution for the in plane component of the magnetization My. Its amplitude is given

by a combination of the driving force and the initial magnetization. First, we will

consider the nature of the driving force in more detail.

The driving force for My, given by Eqn. 5.16 is a combination of terms due to

the Oersted field (Fy1) and spin current (Fy2). In Appendix C, we will show that

Fy2 is actually negligible in comparison to Fy1. This implies that the driving force is

mainly given by the Oersted field, proportional to Hy. Hy is equal in magnitude and

opposite in direction in regions 1 and 2. This implies that the initial kick that the

magnetization in these regions get along the y direction is equal and opposite and

hence they would move 180 degrees out of phase.

In order to understand its implication, consider first the case when M0 = 0.

Magnetization in regions 1 and 2 would move out of phase with respect to each other

and the place where the phase changes sign is the center of the sample. In regions

3, 4 and 5 torque from both the Oersted field is zero. The collective motion of the

magnetization in this case would look like an oscillating C-state. Fig. 5.5a shows a

snapshot of this type of motion. We call this type of mode as the C-state bending

mode.

Next, when we consider the more general case of M0 6= 0, the place where the phase

changes sign is now off center. In regions 3, 4 and 5 the magnetization has a non-zero

starting angle, given by M0. Due to the influence of the Oersted field, magnetization in

regions 1 and 2 would still oscillate out of phase, but the amplitudes of their oscillation
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C-State Bending mode C-State Rocking mode

à Indicates the boundary where the phase changes sign

a) b)

Figure 5.5: (a) Schematic representation of the C-state bending mode, which occurs
when M0 = 0. In this case, the phase changes sign in the center of the sample. (b)
Schematic representation of the C-state rocking mode, which occurs when M0 6= 0.
In this case, the phase changes sign away from the center of the sample.

will not be the same. Due to this, the collective motion of the magnetization will

appear like the oscillating C-state which is also rocking about the central pivot. This

rocking mode is caused due to the the non-zero starting angle of the magnetization

in region 3. Fig. 5.5b shows a snapshot of this type of motion.

To summarize this section, we schematically show the C-state bending and C-

state rocking mode in Fig. 5.6. The C-state bending mode represents a virtual vortex

core moving up and down and the C-state rocking mode represents a virtual vortex

core moving sideways. In general, the collective magnetization dynamics is given by

a superposition of both modes. The C-state bending mode will eventually lead to

the vortex core entering the sample and thereby lead to vortex-induced switching,

whereas the C-state rocking mode will lead to switching by C-state flip-over. Since

the solution to the LLG equation that we are considering is valid only in the linear

regime, i.e. at times close to t = 0, by using this model, we analyze which of the

above mentioned mode dominates in this regime and predict which way the switching

would proceed at later times, although the actual magnetization motion is then too
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C-State Bending mode C-State Rocking mode
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Figure 5.6: Schematic representation of the two modes, shown with the displacement
of the virtual vortex cores for (a) C-state bending mode and (b) C-state rocking mode.

complicated to treat analytically. If C-state bending mode dominates at initial times,

then the sample would switch by a vortex core moving through it and if the C-state

rocking mode dominates, switching would proceed by C-state flip-over.

5.2.6 Estimate of the Critical Radius

Since we observed a size dependent threshold on the switching behavior in the ex-

periments, based on our simple model, we estimate the critical sample size where the

switching behavior changes. In this section, we compare the rate of growth of the two

modes at initial times and this will give an estimate of the critical sample size.

The rate of growth for the bending mode is determined by the rate of growth of

the cone angle for magnetization in regions 1 and 2, whereas for the rocking mode, it

is determined by the rate of growth of the cone angle for magnetization in region 3.

The rate of growth of the cone angle in a particular region is determined by the

amplitude of motion at time t = 0 and the damping constant b, since the rate of
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growth of the amplitude (|d(Aye
− bt

2 )/dt|) is simply equal to |Ay(b/2)|. Since the

damping constant is almost the same in different regions, the comparison primarily

reduces to the comparison of the amplitudes of motion at time t = 0.

At the center, the Oersted field is zero. Hence Ay is given by

|Ay|centre =

√

(δFz2)2 + (Fy2 − M0ω2
0)

2

ω2
0

(5.25)

where δ =
√

1−nx−ny

ny
and at the edge it is given by

|Ay|edge =

√

(δFz)2 + (Fy − M0ω2
0)

2

ω2
0

(5.26)

M0, the value of My at time t = 0 can be estimated from the thermal energy at

temperature T as follows
1

2
µ0nyM

2
0 V = kBT (5.27)

where V is the volume of the ferromagnetic free layer under consideration.

In Appendix D, we will show that the critical condition (|Ay|centre = |Ay|edge)

reduces to the following equation.

2M0ω
2
0 ≈ (δFz1)

2

Fy1

+ Fy1 (5.28)

This equation indicates that the critical condition is basically given by the balance

of the strength of Oersted field at the edge and the strength of thermal fluctuations

in the center. In Appendix E, the derivation for the expression for critical radius will

be given. Here, we present only the final result of the calculation. On using the value

of the Oersted field at the edge for a value of current equal to the critical current for

switching, the critical condition reduces to the following expression for the critical

radius.

r2
crit ≈

(
8 cos θ

t

) (
µBηny

αγM2
s e

)
√

2kBT

µ0nyπt
(5.29)

For samples smaller than the critical size, switching would proceed by CSF, whereas
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for samples bigger than the critical size, switching would proceed by vortices.

First of all, we note that the expression for the critical radius is qualitatively

consistent with the switching behavior observed in experiments. The cos θ dependence

implies that for non-zero angle between the free and the fixed layers, vortex induced

switching should take place in samples with sizes smaller than the zero degree samples.

This is indeed our observation. As discussed in the previous chapter, there is a

signature of vortex induced switching in 100×150 nm samples with 450 angle between

the free and the fixed layers, whereas there is no such signature in 100×150 nm samples

in the zero degree configuration. Next, we note that the inverse dependence on the

thickness of the free layer also indicates that vortex induced switching for thicker free

layer samples with smaller dimensions should be favorable. This is also consistent

with our experiments where 100 × 150 nm samples with 4 nm thick free layer switch

by vortices, whereas same size samples with 2 nm thick free layer do not. In order to

get a quantitative estimate of the critical size for the samples with no angle between

the free and the fixed layers, we use the following material parameters.

Ms = 1.19 × 106A/m = 15kOe

α = 0.01

nx = 0.01, ny = 0.02

η = 0.3

t = 2 nm

(5.30)

The value of nx is chosen such that the switching field along the easy axis is 150 Oe

and the value of ny is chosen such that the field required to bring the magnetization

along the hard direction is 300 Oe. These values are close to the corresponding values

measured for our samples. Plugging in these values together with the standard values

for µ0, µB, γ and e, we have the following value for the critical radius and diameter.

rcrit ≈ 55 nm (5.31a)

dcrit ≈ 110 nm (5.31b)



5.2. PHENOMENOLOGICAL MODEL 111

The value of the critical size as estimated from the experiments is close to 150 nm.

Therefore, keeping in mind the simplicity of the model, the quantitative estimate of

the critical size is reasonably close to the value observed in the experiments.

5.2.7 Temperature Dependence of Critical Radius

Finally, we would like to note that the model gives a prediction for the temperature

dependence of the critical sample size. Due to the influence of thermal fluctuations,

the temperature dependence enters into the expression for the critical radius (see

equation 5.29) which implies that with the lowering of temperature, vortex induced

switching should be observable in smaller sample sizes. This is something that can

be tested by future experiments.

In conclusion, the phenomenological model discussed in this chapter gives physical

insight into the factors effecting the different types of switching behavior observed

in X-ray imaging experiments. The interplay of the Oersted field and the thermal

fluctuations of the magnetization determine the switching mechanism. The model is in

good agreement with the experiments and also gives a prediction for the temperature

dependence of the critical size.



Chapter 6

Conclusions and Future Outlook

In the course of research work leading to this thesis, we have demonstrated a new,

powerful technique to understand the magnetization dynamics in spin transfer torque

devices at small length scales and at fast time scales. The X-ray imaging experiments

performed at the STXM, in combination with the special FPGA based electronics

has enabled us to combine the ultra-small and ultra-fast capabilities. By using this

technique, we have been able to reveal very interesting and rather unexpected mag-

netization dynamics in the process of spin transfer switching. Specifically, we observe

two distinct mechanisms of switching which have been called as C-state flip-over and

vortex induced. The C-state flip-over switching is not directly observed in exper-

iments, but this mechanism is proposed based on the simulation results which are

consistent with experimental results. The vortex induced switching on the other

hand is directly observed in the experiments and it is this particular mechanism that

is very interesting. The two types of switching behaviors depend on the lateral di-

mensions of the nano-pillar, thickness of the free layer and the angle between the

free and fixed layers. Before these studies were performed, it was not known that

switching in spin transfer samples could proceed through vortices. Although there

was a lot of discussion about non-uniform states in the switching process based on

micro-magnetic simulations, there was no direct experimental evidence for the same.

Our experimental work has filled this gap.

Furthermore, the phenomenological model described in the previous chapter helps

112
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us to gain physical insight into the switching processes. According to this model, the

Oersted field from the current going through the sample plays an important role for

the overall switching process. In the linear regime, it compares the rates of growth of

two competing magnetization modes and predicts how the switching would proceed.

When the C-state bending mode, which corresponds to the virtual vortex core moving

perpendicular to the easy axis of the sample dominates, the switching proceeds by the

vortex core entering and going through the sample. On the other hand, when C-state

rocking mode, which corresponds to the virtual vortex core moving parallel to the

easy axis dominates, the switching proceeds by C-state flip-over. A comparison of

the rates of the two modes gives an estimate of the critical sample size which agrees

well with experimental observations.

6.1 Future Outlook

There are several interesting experiments that can be pursued in future by using the

imaging technique developed during the course of this thesis work. Here we outline a

few of them.

(1) Imaging of vortex motion under the influence of DC spin current

Currently, a collaboration with the Cornell group is underway to study vortex oscil-

lations in spin valve samples [91]. In these samples, the free layer is thick enough

to support a vortex state as the ground state of the system. A DC spin polarized

current is injected from the fixed layer and under its influence, it is proposed that the

resonance peaks observed in frequency domain measurements are due to oscillations

of the vortex core in the free layer. We propose to image these vortex oscillation dy-

namics and thus gain more insight into the nature of these oscillations. Furthermore,

experiments can also be performed to study the magnetization dynamics in the fixed

layer.

(2) Imaging of spin transfer switching in perpendicularly magnetized spin

valve structures

Recent experiments have shown that spin transfer switching can also be achieved

in spin valve structures whose magnetic layers are perpendicularly magnetized. The
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magnetization dynamics in these samples is expected to be quite different than the

samples with in-plane magnetization [92]. Another collaboration with the research

group at Hitachi is underway to study these samples.

(3) Studying temperature dependence of magnetization dynamics

A new ultra high vacuum (UHV) Scanning Transmission X-ray Microscope is being

built at the Stanford Synchrotron Radiation Laboratory which will have the ability

to cool samples below room temperature. This instrument will allow us to study how

the magnetization dynamics in spin transfer samples changes with temperature. The

prediction temperature dependence of the critical sample size in the phenomenologi-

cal model can also be tested.



Appendix A

Estimate of Exchange Interaction

In this section, we will discuss why the exchange interaction between neighboring

regions in the simple phenomenological model can be neglected in the linear ap-

proximation. Consider the specific geometry of the sample and the magnetization

directions shown in Fig. A.1.

Magnetization on either side of the center are canted in opposite directions, thus

their y-components are equal and opposite. In this simple picture, we intend to

estimate the strength of the exchange interaction between neighboring regions. The

easy axis of the sample is along its length.

The exchange field at different points in the sample can be written in terms of the

spatial variation of magnetization as

Hex =
2A

µ0M2
s

∇2M (A.1)

2l2l
x

y

Figure A.1: Consider a sample whose longer edge is of length 2l. For purposes of
illustration a sample with a rectangular shape is shown. The exact shape does not
influence the result of the calculation.
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where A is the exchange stiffness in the free layer. For small deviations of M from

the easy axis, we assume that the variation in the y−component of M is given by

My(x) = My(l)f
(x

l

)

(A.2)

where f(x
l
) = −f(−x

l
). For this geometry, the exchange field can be written as

Hex =
2A

µ0M2
s

∇2
xMy(x) (A.3)

The strength of the exchange field, at the edges can thus be estimated as basically a

constant times the magnitude of My as shown below.

Hex(x = l) =
2A

µ0M2
s l2

My(l)f
(2)(1)

= nyJMy

(A.4)

The exchange field therefore looks similar to the anisotropy field, where the anisotropy

constant depends on the exchange stiffness. Since the exchange interaction prevents

magnetization curling, this would amount to a higher effective anisotropy field. In

terms of the radius of the sample, one can now write

nyJ ≈ 2Af (2)(1)

µ0M2
s r2

(A.5)

For r = 50 nm and A = 3 × 10−11Jm−1, (the standard value for Co), the value of

nyJ is 0.012f (2)(1). The value of nyJ depends on the function f , but apart from

this numerical factor, we want to note that the value of nyJ is comparable to the

value of ny = 0.02. This consideration of the exchange field would therefore only

influence the anisotropy constant in the equation for the critical size. It will modify

the quantitative estimate of the size, but qualitatively speaking the general behavior

of the magnetization in the free layer would still be the same.

The final point regarding exchange interaction is that, since nyJ depends on the

inverse square of the sample radius, at much smaller sample sizes, the exchange
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interaction will not be negligible. However, for sample sizes that we are concerned

with in our experiments, the above analysis would be reasonable.



Appendix B

Estimate of Dipolar Interaction

In order to estimate the influence of the dipolar field from neighboring regions, we

compare the dipolar field to the Oersted field from the current. The dipolar magnetic

field at a distance r from the dipole is given by

|HD| =
|m|
4πr3

√

1 + 3 cos2 φ (B.1)

where φ is the angle between the dipole moment and the position vector r. The

strength of the field reduces according to r−3.

For the purpose of this calculation, we consider the magnetic moment m to

be equal to MsV/5, where V is the volume of the free layer. The factor of 5 is

there to account for five regions that we are considering in this model. For φ = 0,

t(thickness) = 2 nm, r = 50 nm and HD is approximately equal to 4.76 kA/m or 60 Oe.

On the other hand, the Oersted field at the edge of the sample is given by

HOe =
Jer

2
(B.2)

For the same sample size and a total current of 20 mA (comparable to the value

of current pulses used in our experiments), the Oersted field at the edge is about

64 kA/m or 800 Oe. In comparison to the Oersted field, we find that the dipolar field

is at least an order of magnitude smaller and hence it is reasonable to neglect it.
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Terms in the Driving Force

In this section, we will show that the second term in the expression for the y−
component of the driving force is negligible compared to the first term. This amounts

to saying that the contribution of the spin-torque term to the driving force is negligible

compared to the contribution from the Oersted field.

The first and the second terms, Fy1 and Fy2 respectively are

Fy1 =
γ2(1 − nx − ny)M

2
s Hy

1 + α2
(C.1a)

Fy2 = − α1α2

1 + α2
(C.1b)

where α1 = α′ cos θ
Ms

and α2 = α′ sin θ and α′ = µBJeη
et

.

Eqn. 5.19 gives the critical condition for switching in the linear approximation.

Since we are interested in the regime where switching occurs, the minimum value of

α1 which satisfies this condition is given by

|α1| =
1

2
αγ [Ms(1 − nx) + 2(Hx − nxMs)] (C.2)

The first term in the bracket is due to the out-of-plane anisotropy and it is much larger

than the contributions from Oersted field (second term) and the in-plane anisotropy

(third term). Typical value of Ms for CoFe free layer is 15 kOe whereas the maximum

contribution from Oersted field and the in-plane switching field is about 1.6 kOe and

119



120 APPENDIX C. TERMS IN THE DRIVING FORCE

300 Oe respectively. It is therefore reasonable to neglect the last two terms and use

the approximate value of αγMs/2 for α1. Then the ratio of the two terms can be

written as

∣
∣
∣
∣

Fy2

Fy1

∣
∣
∣
∣
=

α2
1Ms tan θ

γ2(1 − nx − ny)M2
s Hy

=
(αγMs/2)

2Ms tan θ

γ2(1 − nx − ny)M2
s Hy

≈ α2Ms tan θ

4Hy

(C.3)

For θ = 0, this is zero and the second term does not contribute at all. For other

values of θ ≤ 450, the ratio can be approximated by

∣
∣
∣
∣

Fy2

Fy1

∣
∣
∣
∣
≈ α2Ms

4Hy

(C.4)

For α = 0.01 and the current density Je = 2 × 108A/cm2 and radius of sample

r = 50 nm ∣
∣
∣
∣

Fy2

Fy1

∣
∣
∣
∣
≈ 10−3 (C.5)

Hence it is quite safe to neglect Fy2 in comparison to Fy1.



Appendix D

Critical Condition for Switching

In this section, we derive the critical condition that determines whether the switching

proceeds by a vortex entering the sample or by C-state flip-over.

The rate of increase of the cone angle of the magnetization is given by

|Ay| =

√

(δFz)2 + (Fy − M0ω2
0)

2

ω2
0

(D.1)

At the center of the sample, the Oersted field is zero, hence also the Oersted field

dependent terms in the driving forces. Therefore, for the center we have

|Ay|center =

√

(δFz2)2 + (Fy2 − M0ω2
0)

2

ω2
0

(D.2)

The critical condition |Ay|center = |Ay|edge can then be written as

(δFz2)
2 + (M0ω

2
0 − Fy2)

2 = (δFz)
2 + (M0ω

2
0 − Fy)

2

(δFz2)
2 + (M0ω

2
0 − Fy2)

2 = δ2(Fz1 + Fz2)
2 + (M0ω

2
0 − (Fy1 + Fy2))

2

2Fy1M0ω
2
0 = δ2(F 2

z1 + 2Fz1Fz2) + F 2
y1 + 2Fy1Fy2

2M0ω
2
0 =

δ2F 2
z1

Fy1

+
2δ2Fz1Fz2

Fy1

+ Fy1 + 2Fy2

(D.3)

In Appendix C, it was shown that that Fy2 � Fy1. By a very similar calculation, it
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can also be shown that 2δ2Fz1Fz2 � Fy1. Hence the critical condition reduces to

2M0ω
2
0 ≈ δ2F 2

z1

Fy1

+ Fy1 (D.4)



Appendix E

Expression for Critical Radius

In this section, we shall derive the expression for the critical radius of the sample. In

Appendix D, it was shown that the critical condition for switching is given by

2M0ω
2
0 ≈ δ2F 2

z1

Fy1

+ Fy1 (E.1)

F 2
z1/Fy1 can be written as

F 2
z1

Fy1

=
α2

1Hy

(1 + α2)(1 − nx − ny)
(E.2)

Hence the critical condition can be written as

2M0ω
2
0 =

[
δ2α2

1

(1 + α2)(1 − nx − ny)
+

γ2M2
s (1 − nx − ny)

1 + α2

]

Hy

2M0ω
2
0 =

[
α2

1

(1 + α2)ny

+
γ2M2

s (1 − nx − ny)

1 + α2

]

Hy

(E.3)

The expression for the frequency is given by

ω2
0 =

γ2(Hx − nxMs + nyMs)(Hx − nxMs + (1 − nx − ny)Ms) + α2
1

1 + α2

≈ γ2ny(1 − nx − ny)M
2
s + α2

1

1 + α2

(E.4)
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Again, by using the value of α1 ≈ αγMs/2, we can now write

2M0

[

γ2ny(1 − nx − ny)M
2
s +

(
αγMs

2

)2
]

=

[

(αγMs/2)
2

ny

+ γ2(1 − nx − ny)M
2
s

]

Jer

2

2M0

[

ny(1 − nx − ny) +
α2

4

]

=

[
α2

4ny

+ (1 − nx − ny)

]
Jer

2

(E.5)

The value of M0 is given by the amount of thermal fluctuations at temperature T

1

2
µ0nyM

2
0 V = kBT

or

M0 =

√

2kBT

µ0nyV

M0 =
1

r

√

2kBT

µ0nyπt

(E.6)

The value of the critical current can also be written from the expression for α1 as

follows

α1 =
αγMs

2
α′ cos θ

Ms

=
αγMs

2
µBJeη cos θ

etMs

=
αγMs

2

i.e

Je =
αγM2

s et

2µBη cos θ

(E.7)

Using the expressions of M0 and Je in the expression for the critical condition, we get

2

r

√

2kBT

µ0nyπt

[

ny(1 − nx − ny) +
α2

4

]

=

[
α2

4ny

+ (1 − nx − ny)

]
1

2

(
αγM2

s et

2µBη cos θ

)

r

(E.8)
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By rearranging the terms, we get

r2 =

(
8µBη cos θ

αγM2
s et

)
√

2kBT

µ0nyπt

[

ny(1 − nx − ny) + α2

4

]

[
α2

4ny
+ (1 − nx − ny)

] (E.9)

For ny = 0.02 and α = 0.01, the terms that depend on α are small and hence can be

dropped. We therefore have

r2
crit ≈

(
8 cos θ

t

) (
µBηny

αγM2
s e

)
√

2kBT

µ0nyπt
(E.10)
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